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Phenotypic variation in natural populations is influenced
by both genetic and environmental variation among individ-
uals. One important source of environmental variation is the
maternal effect—nongenetic influences of maternal pheno-
type or environment on progeny phenotype, independent of
progeny genotype (Mousseau and Dingle 1991; Riska 1991).
Thus, maternal effects provide a nongenetic mechanism by
which environmental variation in the parental generation af-
fects the phenotype of their progeny (Riska et al. 1985).
However, maternal effects are generally only studied for a
single generation, and often only at early developmental
stages of progeny. Surprisingly few studies have examined
how long maternal effects persist within populations (Ber-
nardo 1996a), and those that have done this typically examine
the persistence of environmental variation in nonstressed
populations (e.g., Fox 1994a). These few studies suggest that
although maternal effects often have large effects on progeny
phenotype early in ontogeny, they are often undetectable later
in ontogeny (Roach and Wulff 1987; Mousseau and Dingle
1991; Mousseau and Fox, in press), presumably due to com-
pensatory growth by progeny.

In animals, body size is an important maternal character
that affects offspring phenotypes because maternal size gen-
erally affects egg size and/or composition, which in turn can
affect progeny growth and development, and possibly even
progeny size at reproduction (reviews in Fleming and Gross
1990; Kaplan 1991; Reznick 1991; Fox 1994b; Bernardo
1996b; Fox and Mousseau 1996). Thus, environmental vari-
ation affecting egg production in the grandparental generation
may affect an animal’s body size—environmental variation
affects female size, and thus the size of her propagules, which
in turn can affect offspring size, and thus the size of their
propagules, and so on. As a result, nongenetic variation in
maternal body size might be transmitted across multiple gen-
erations (Falconer 1965).

In the seed beetle Stator limbatus (Coleoptera: Bruchidae),
there is substantial variation in body size both within and
among populations. Much of this variation is due to resource
competition among larvae in nature. Stator limbatus females
lay their eggs on seeds of their host plants, and larvae sub-
sequently complete larval development inside the seed se-
lected by their mothers, emerging only after pupation. Thus,
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these larvae develop on discrete resource patches. In nature,
seeds of S. limbatus host plants appear to be a limiting re-
source (Fox et al. 1996), so that most seeds must support
multiple larvae. Due to intense larval competition within
seeds (Siemens et al. 1992; Fox et al. 1996), beetles devel-
oping from seeds bearing more eggs emerge at much lower
body weight than beetles developing from seeds bearing few-
er eggs—Ilarge beetles from low-density seeds and small bee-
tles from high-density seeds can differ in body weight by
more than an order of magnitude (Fox et al. 1996). These
smaller females lay, on average, smaller eggs than larger
females (Fox et al. 1995a), which could subsequently produce
smaller adult progeny. Thus, body size variation resulting
from larval competition may persist for many generations in
a population, even when resource competition is no longer
a factor.

Here I test the hypothesis that the substantial nongenetic
body size variation generated by resource competition among
larvae of S. limbatus persists in the population for multiple
generations after resource competition has been relaxed. Den-
sity-induced body size variation in S. limbatus provides an
excellent opportunity to demonstrate the persistence of non-
genetic body size variation across generations because body
size varies by over an order of magnitude, and survivorship
of beetles is very high at any density on some host plants
(Fox et al. 1996), such that selection on body size can be
largely eliminated during experiments. I find that environ-
mentally induced body size variation does not persist across
generations in S. limbatus. Instead, although beetles reared
at high density are substantially smaller than beetles reared
at lower density, these females lay eggs that are only slightly
smaller (3—5%) than those laid by females reared at lower
density, and progeny developing from these smaller eggs de-
velop longer (0.5-0.8 d, on average) to eventually obtain the
same adult body size as progeny developing from eggs laid
by low-density-reared females.

MATERIALS AND METHODS
Natural History of Stator limbatus

Stator limbatus is a generalist seed parasite distributed from
northern South America to the southwestern United States
(Johnson and Kingsolver 1976; Johnson et al. 1989; Nilsson
and Johnson 1993). Throughout its large geographic range,
S. limbatus has been reared from seeds of more than 50 plant
species in at least nine genera. In the United States, and
particularly in Arizona, S. limbatus is abundant on many spe-
cies of Acacia (Fabaceae: Mimosoideae) and two species of
Cercidium (C. floridum and C. microphyllum; paloverdes; Fa-
baceae: Caesalpinioideae), although only one or a few hosts
may be available in any single locality.

Female S. limbatus oviposit directly onto host seeds in
fruits that have either dehisced or been damaged by other
organisms. Upon hatching, the larvae burrow into the seed,
where they complete development, pupate, and emerge as
adults. Adults are the only dispersing stage; larvae are re-
stricted to the host their mother has chosen for them. In the
lab, mating and egg laying begin approximately 24-48 h
postemergence. Beetles require only the resources inside of
a single seed to complete development and reproduce. Thus,
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neither food nor water supplementation is necessary for the
following lab experiments.

In previous experiments in which the number of larvae
developing within a seed was manipulated (Fox et al. 1996),
both egg-to-adult development time and adult-emergence
weight of S. limbatus were developmentally plastic; at higher
density beetles emerge sooner and are smaller. Body weight
of emerging S. limbatus is also affected by seed size (larger
seeds produced larger beetles than small seeds), consistent
with the hypothesis that food stress due to resource com-
petition among larvae is directly responsible for the observed
effect of density on body size of S. limbatus.

Further details on the ecology of these beetles and their
host plants can be found in Fox et al. (1994, 1995b), Siemens
and Johnson (1990), and Siemens et al. (1991, 1992).

Study Populations

Beetles for this experiment were collected from two lo-
calities. On July 15, 1995, beetles were collected from seeds
of Cercidium floridum and C. microphyllum along Highway
62 and Old Parker Dam Road near Earp, San Bernardino
County, California (Earp population). On August 20, 1995
beetles were collected from these same hosts at numerous
locations in Apache Junction, Pinal County, Arizona (Apache
Junction population). These two populations are more than
240 km apart, with acceptable host plants distributed through-
out the intervening region.

Beetles were collected by picking mature seed pods from
more than 25 plants at each site. Mature pods were transferred
to the lab, and seeds containing beetles were separated from
uninfested seeds. Seeds containing entrance or emergence
holes of other bruchids (such as Mimosestes spp.) were dis-
carded. Both laboratory populations were initiated with more
than 300 field collected individuals. Each population was
reared in the laboratory on Acacia greggii (a natural host for
S. limbatus in Arizona and California) for about three to five
generations, at 30°C, L:D 15:9 prior to this study. During the
experiment, beetles were reared on A. greggii rather than
either C. floridum or C. microphyllum because, unlike on C.
floridum or C. microphyllum, survivorship of S. limbatus on
A. greggii is very high at any density (Fox et al. 1996). This
allows the manipulation of body size (by manipulating den-
sity) without natural selection occurring during the experi-
ment.

Experimental Methods

To test the hypothesis that variation in body size generated
by resource competition persists for multiple generations af-
ter resource competition has been relaxed, I reared experi-
mental lines at low, medium, or high density for a single
generation, producing substantial variation in body size
among lines. I then reared all lines at a common density until
they converged on a common average body size.

To create experimental treatments, virgin males and fe-
males were collected from isolated seeds of A. greggii within
24 h of adult emergence. Each beetle was weighed and then
paired with a single virgin beetle of the opposite sex. These
beetles are subsequently referred to as the parental genera-
tion. To create treatment lines for Generation 1, pairs were
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confined in a 30-mm petri dish containing one A. greggii
seed. Dishes were checked daily for eggs until females had
laid 20 or more eggs on the seed (high-density treatment, N
= 30 pairs in each population) or 10 or more eggs on the
seed (medium-density treatment, N = 30 pairs, Apache Junc-
tion population only). Eggs in excess of 20 (high-density) or
10 (medium-density) were scraped from each seed. Control
lines were established by confining pairs in a 30-mm petri
dish (as above) with 10 A. greggii seeds (N = 30 pairs in
each population). These pairs were checked daily until a fe-
male had laid an egg on each of eight or more seeds. These
control larvae were reared to adult at one egg/seed (excess
eggs were scraped from each seed). Beetles in all lines were
reared to adult at 30°C, L:D 15:9.

Emerging progeny were collected and weighed on an elec-
tronic balance within 24 h of their emergence as adults from
their rearing seed. To initiate Generation 2 of the experiment,
two females and two males were randomly selected from each
family within the high density and control lines (only one
female and one male were selected from each family in the
medium-density line), and randomly paired with a nonsibling
from the same line (within populations only). This subsample
of beetles chosen to be parents of Generation 2 did not differ
in size from the average size of all beetles emerged in their
respective lines (#-tests comparing family-mean size with size
of beetles chosen to be parents of Generation 2, P > 0.05
for each sex, line, and population). Each pair was confined
in a 30-mm petri dish with 10 A. greggii seeds. Dishes were
checked daily for eggs until females had laid eggs on six or
more seeds. Egg size (egg length and width) was recorded
for two haphazardly selected eggs laid by each female (both
egg length and egg width are positively correlated with egg
weight; egg length, R? = 0.88; egg width R? = 0.61; Fox
and Mousseau 1996). Egg weight was estimated from egg
width and length as egg weight = —0.035 + 0.0086(egg
length) + 0.0022(egg width). Larvae were reared to adult at
one egg/seed (excess eggs were scraped from each seed), 29—
30°C, L:D 15:9. As above, all emerging progeny were col-
lected and weighed within 24 h of their emergence as adults
from the seed. As will be discussed below, a third generation
was unnecessary in either replicate.

The two replicates of the experiment (Apache Junction and
Earp populations) were executed sequentially. Thus, although
population is included in all statistical analyses to control for
population and/or time effects, population differences are not
discussed.

RESULTS AND DISCUSSION

In both the Apache Junction and Earp populations, beetle
families reared at high density (20 eggs/seed) emerged at
substantially smaller adult body sizes than families reared at
10 eggs/seed, which in turn were much smaller than beetles
reared at one egg/seed (Fig. 1; Table 1). Females emerging
from the high-density seeds also laid smaller eggs than fe-
males reared at lower density (Table 2), as expected due to
a positive relationship between maternal body size and egg
size (Fox et al. 1995a; Fox and Mousseau 1996). However,
although increasing female rearing density resulted in a sta-
tistically significant decrease in egg size, this decrease was
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TABLE 1. Analysis of variance for the effects of experimental lines
on body size of Stator limbatus. Generation 1 beetles were reared
under high (20 eggs/seed), medium (10 eggs/seed), or low (one egg/
seed) density. Generation 2 beetles were all reared under densities
of one egg/seed. Treatment means are presented in Figure 1. Results
are presented for female progeny only. Results for male progeny
are qualitatively the same. Family, nested within popula-
tion*treatment, was included in the analysis because siblings are
not independent of each other. *** P < 0.001.

Generation 1 Generation 2

df F df F
Population 1 22.07%%** 1 1.18ns
Treatment 2 101.74%** 2 044ns
Population*treatment 1 0.02 ns 1 092ns
Family (pop*treat) 138 2.99%** 217 0.80ns

very small—high-density females laid eggs that were only
4.6% and 3.3 % lighter (Apache Junction and Earp popula-
tions, respectively) than low-density-reared females (Table
2). Progeny developing from these slightly smaller eggs laid
by high-density—reared mothers (Table 2) eventually attained
the same adult body size as progeny developing from eggs
laid by low-density mothers (Fig. 1; Table 1) by developing
on average 0.5—0.8 d longer (Table 3).

Thus, there was no evidence from these two populations
of S. limbatus that the substantial body size variation gen-
erated by variable larval density within seeds in nature and
in the laboratory (e.g., Fox et al. 1996) persists across gen-
erations. Instead, although females reared at high density laid
smaller eggs than females reared at lower density (although
only 3-5 % smaller), larvae developing from these eggs com-
pensated for their smaller egg size by developing longer to
pupate at the same body size as beetles developing from
larger eggs laid by lower-density-reared mothers.

The results from this study are consistent with general
observations on maternal effects in animals: we typically find
large maternal effects on early progeny life history (egg size
and early development) that gradually disappear and become
undetectable by the time progeny mature (Mousseau and Din-
gle 1991; Fox 1994a; Bernardo 1996a). This reduction in the
magnitude of the maternal effect as the organism develops
is likely most often due to developmental plasticity in prog-
eny. The results of my experiment indicate that S. limbatus
larvae are developmentally plastic. In the presence of an en-
vironmental stressor, such as food shortage (resulting from
intense larval competition), they can emerge sooner and at
a smaller size (see also Fox et al. 1996). In the absence of
an environmental stressor, larvae modify development time
as necessary to attain a genetically targeted body size, such
that the large environmental effect of larval density on body
size does not persist into the next generation. Similar results
have been reported in another seed beetle, Callosobruchus
maculatus (Fox 1993, 1994a; Fox and Dingle 1994). For ex-
ample, in C. maculatus, eggs laid by older mothers are smaller
than eggs laid by younger mothers, but larvae compensate
for this smaller egg size by developing longer to eclose at a
targeted body size. Also, using a half-sib breeding design,
Fox (1994a) demonstrated that although maternally induced
nongenetic variation in egg size has dramatic influences on
early C. maculatus life history, these larvae develop toward
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Mean body size (mg) of Stator limbatus reared for one generation at low density (one egg/seed), then a single generation at

either low (one egg/seed), medium (10 eggs/seed), or high (20 eggs/seed), and then again at low density. Note that the environmental
variation in body size induced by manipulating larval density does not persist into the next generation. The slight mean decrease in body
size between generations observed in all lines of the Earp population is probably due to a change in the electronic balance used to weigh
the beetles (the two experiments were executed sequentially, so this change in balance did not affect the Apache Junction population).
While this affected estimates of the absolute body weights, it should have had no effect on relationship between two treatments.

a genetically determined adult size, and evidence of maternal
effects disappear by the time offspring reach the adult stage.

Although apparently uncommon in animals, persistence of
environmental variation across multiple generations, medi-
ated via maternal effects, has been detected in many studies
with plants (Bernardo 1996a). For example, in Plantago ma-

jor, both maternal and grandmaternal nutrient environment
affects the probability of germination, germination rate, and
final spike biomass (Miao et al. 1991). Similarly, in Plantago
lanceolata, grandparental temperature affects leaf area, leaf
allometry, and the proportion of plants flowering within 94
d (Case et al. 1996). In animals, expression of maternal ef-

TaBLE 2. The size of eggs (egg weight, mg/100; mean *+ SEM [number of families]) laid by female Stator limbatus reared under high
(20 eggs/seed), medium (10 eggs/seed), or low (one egg/seed) density. Note that females reared at higher density, which are smaller, lay
smaller eggs than females reared at lower density. * P = <0.05, ** P = <0.001.

Mean egg weight (mg)

Analysis of variance

Apache Junction Earp Source df F
Low density 1.95 * 0.03 (57) 2.11 = 0.03 (50) Population 1 43.48%*
Medium density 1.92 = 0.03 (29) Treatment 2 3.77*
High density 1.86 = 0.02 (52) 2.04 * 0.03 (50) Pop*treat 1 0.23 ns
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TABLE 3.

1009

Development time in days (mean = SEM [number of families]) of Stator limbatus females developing from eggs laid by

mothers reared at high (20 eggs/seed), middle (10 eggs/seed), or low (one egg/seed) density. Data are for female progeny. Patterns for
male progeny are qualitatively identical. Note that progeny developing from eggs laid by high density females took, on average, 0.5-
0.8 d longer to reach their final adult body size than progeny developing from eggs laid by low density females. ** P = <0.01, *** P

= <0.001.

Mean development time (d)

Analysis of variance

Apache Junction Earp Source df F
Low density 23.3 = 0.1(53) 23.7 = 0.2 (45) Population 1 12.26%**
Medium density 23.7 = 0.3 (28) Treatment 2 6.54**
High density 23.8 = 0.1 (49) 24.5 = 0.2 (48) Pop*treat 1 0.68 ns
Family (pop*treat) 218 1.80***

fects variation by adult progeny appears to be more rare, but
not unknown. For example, in many aphids, such as Myzus
persicae and Megoura viciae, grandparental photoperiod af-
fects the production of alate (and sexual) progeny (Lees 1959;
Blackman 1975) with more alates produced at shorter pho-
toperiods. Likewise, diapause in aphids can be triggered by
the environmental conditions experienced by grandparents
(in which photoperiod stimulates the production of sexual
morphs, which mate and lay diapausing eggs; Blackman
1975).

Despite previous observations that some seed beetles are
developmentally plastic and that environmental effects rarely,
if ever, persist into a third generation in animals, I expected
the large environmental effects on body size observed in S.
limbatus to persist across generations in this experiment. Pre-
vious experiments have examined the persistence across gen-
erations of environmental variation in body size, but gen-
erally only in unstressed populations of animals showing sub-
stantially less variation in body size than S. limbatus (e.g.,
Fox 1994a). In S. limbatus, food stress in the form of high
larval density (e.g., 20 eggs/seed in this paper) causes larvae
to emerge on average 34% and 26% smaller (Apache Junction
and Earp populations, respectively) than progeny reared at
low density, and produces variation in body size of over an
order of magnitude (largest low-density beetles relative to
smallest high-density beetles). If these high-density—reared
females had laid eggs that were likewise 25-35 % smaller,
larvae would have needed to develop substantially longer to
make up for this disadvantage. However, high-density fe-
males did not lay eggs that were 25-35 % smaller. Instead,
these high-density females laid eggs that were only about 5—
3 % smaller by weight (Apache Junction and Earp popula-
tions, respectively), compensating for their small body size
by increasing egg size. Subsequently, their progeny devel-
oped slightly longer to emerge at the same body size as nor-
mal, nonstressed beetles.

That egg size does not decrease proportionally with female
body size may represent a life-history adaptation to intense
selection on egg size of S. limbatus in nature (Fox and Mous-
seau 1996; Fox et al. 1997). When larvae are reared on the
blue paloverde, Cercidium floridum, there appears to be a
threshold egg size below which larval mortality is nearly
100%. Although this threshold effect of egg size on larval
survivorship does not exist for larvae reared on A. greggii,
both populations examined in this study use C. floridum in
nature in addition to A. greggii (in fact, C. floridum is more
common than A. greggii for both populations). Thus, selec-

tion should favor females that lay eggs larger than the thresh-
old size for penetrating the coat of a C. floridum seed, re-
gardless of their body size. Because larval competition is
common in natural populations of S. limbatus (Mitchell 1977;
Siemens and Johnson 1992), resulting in small females, we
may expect selection to favor a decoupling of body size vari-
ation from egg size under conditions of food stress.

In addition to a partial decoupling of egg-size and body-
size variation, S. limbatus larvae are developmentally plastic
in response to variable food stress. This also may be an ad-
aptation to variable larval densities in nature. In many insects,
increasing larval density substantially reduces the survivor-
ship of larvae (Wilson 1994 and references cited therein).
However, in S. limbatus, increasing larval density results in
earlier emergence at a smaller size, and only a small decrease
in egg-to-adult survivorship. Among-population comparisons
in another seed beetle, C. maculatus, demonstrate that life-
history responses to larval competition can respond to se-
lection. In some highly competitive C. maculatus populations,
larval survivorship decreases substantially with increasing
larval density, while in less competitive populations larvae
respond to increasing larval competition by pupating at
smaller sizes, with little effect on egg-to-adult survivorship
(Messina 1991). Similar among-population differences are
suggested for S. limbatus: Siemens and Johnson (1992) re-
ported large effects of larval density of larval survivorship,
although in a separate study on a different population of
beetles Fox et al. (1996) found at most a weak effect of larval
density on larval survivorship.

In summary, body size in S. limbatus varies by as much
as an order of magnitude, due largely to variation in the
intensity of larval competition within host seeds. Also, mor-
tality of S. limbatus on A. greggii is very low, even at high
larval density, such that selection on body size can be largely
eliminated during experiments (Fox et al. 1996). Thus, this
animal provided an excellent opportunity to demonstrate the
persistence of environmental variation in body size across
generations. However, I found that environmentally induced
body size variation does not persist across generations in S.
limbatus. Instead, developmental plasticity allows progeny to
compensate for reduced egg size associated with higher ma-
ternal density. This failure to find persistence of body size
variation across generations in this ideal study system is con-
sistent with observations from other animal studies, and sug-
gests that crossgenerational persistence of maternal effects
is likely to be very rare in animals.
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