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Abstract Seed beetles (Coleoptera: Bruchidae) lay their
eggs on discrete resource patches, such that competition
among larvae for food is an important component of
their biology. Most seed beetles, including Stator limba-
tus, lay eggs singly on individual seeds and avoid super-
parasitism except when seeds are limiting. In contrast, S.
beali, a closely related congener, lays eggs in clutches on
a single seed. We tested the hypothesis that natural selec-
tion on larval life history characters favors small clutches
(selction against large clutches) in S. limbatus, but that

selection against large clutches is relaxed in S. beali be-

cause of the large size of its host’s seeds. We manipulat-
ed clutch size and examined its relationship to offspring
fitness. Clutch size affected the survivorship of S. limba-
tus larvae (r2=0.14), but had no detectable effect on the
survivorship of S. beali larvae (r2=0.04). Also, clutch
size had a large effect on development time and body
weight of S. limbatus, but not of S. beali. We discuss the
implications of this result for the evolution of clutch size
in S. limbatus and S. beali.

Key words Bruchidae - Resource patches - Clutch size -
Larval survival - Larval development

Introduction

May insects lay their eggs in clutches on discrete re-
source patches (Godfray et al. 1991). These patches are
often the only food available for progeny, which makes
competition for food among siblings an important aspect
of their biology. Optimatily models predict that females
should lay smaller clutches on poorer-quality and/or
smaller resource patches (Godfray 1987; Godfray et al.

C.W. Fox (x0)! - ].D. Martin - M.S. Thakar - T.A. Mousseau
Department of Biology of Biological Sciences,
University of South Carolina, Columbia, SC 29208, USA

Present address:

! The Louis Calder Center of Fordham University, Box K,
Armonk, NY 10504, USA .
Fax: 914-273-2167; E-mail: Fox @murray.fordham.edu

1991) because sibling competition increases, and thus
progeny fitness decreases, with decreasing resource qual-
ity and size. Studies of parasitic insects generally support
this prediction (Hardy et al. 1992; Vet et al. 1993). For
most parasitoids, small hosts produce fewer and smaller
offspring than large hosts (Hardy et al. 1992; Vet et al.
1994), and females preferentially oviposit on large hosts.
When forced to lay on specific hosts, females lay smaller
clutches on small hosts (Hardy etal. 1992; Vet et al.
1993).

Seed beetles (Coleoptera: Bruchidae) lay their eggs
on seeds (or fruits) of their host plants. In most species,
larvae subsequently complete their life cycle inside the
seed selected by their mothers, emerging only after pu-
pation. Thus, these larvae develop on discrete resource
patches, and larval competition structures their behavior
and life history (Messina 1991). Most seed beetles, such
as Stator limbatus, lay a single egg in each oviposition
bout, and usually visit several seeds between successive
ovipositions. These beetles generally avoid superparasit-
ism or multiple ovipositions on the same host (Fox and
Mousseau 1995a) except when seeds are limiting (e.g.
Messina et al. 1992). However, some seed bettles, such
as S. beali, lay multiple eggs in each oviposition bout
(i.e. clutches) without leaving their host between each
egg (Fox and Mosseau 1995a, b; Nilsson and Johnson
1993).

Differences in the degree of resource competition
among larvae may explain why S. limbatus females lay
eggs individually, while S. beali females lay clutches. In
S. limbatus there is intense competition among larvae
within a seed resulting from the small size of its host’s
seeds. In S. beali, however, there is likely less competi-
tion among sibling larvae within the seed and thus re-
laxed selection against laying clutches, because of the
large size of its host’s seeds. S. beali is a specialist on
Chloroleucon ebano (=Pithecellobium flexicaule) (Fa-
baceae; Mimosoideae) (Johnson and Kingsolver 1976;
Nilsson and Johnson 1993) which produces seeds that
are large relative to the size of an adult S. beali (natural
seed weight range: =0.3-1.2 g; beetle weight range:



=2.5-5.9 mg: Fox and Mousseau 1995b) and large rela-
tive to most other legumes (Fabaceae: e.g.. Fox et al.
1995a). S. limbatus. on the other hand, is a generalist
seed parasite that uses seeds of >50 plant species in the
Fabaceae (Johnson and Kingsolver 1976: Johnson et al.
1989), each of which produces substantially smaller
seeds than C. ebano (e.g., Fox et al. 1995a).

We speculate that this small size of S. limbatus hosts
results in intense larval competition within seeds bearing
more than one egg. such that the fitness gain associated
with increasing clutch size is low or negative. The large
size of C. ebano, on the other hand, likely allows large S.
beali clutches with little or no cost to progeny. In this
manuscript, we test the hypothesis that increasing the
number of eggs per seed has a negative effect on growth
and development of S. limbatus but has little effect on
the growth and development of S. beali by manipulating
the number of eggs laid per seed and examining the con-
sequences of artificial clutch size on progeny survivor-
ship and development.

Materials and methods
The biology of 8. limbatus and 8. beali

S. limbarus is a widespread, generalist seed parasite that occurs
from northern South America to the southwestern United States
(Johnson and Kingsolver 1976: Johnson et al. 1989), It is an un-
usual member of the genus Stator because it has been collected
from >350 host species. in at least nine genera of the Fabaceae: spe-
cialization (on one host, one genus, or closely related genera) is
more typical among bruchids, and particularly Srator. In the Unit-
ed States, and particularly in Arizona, S. limbatus is abundant on
many species of Acacia (Fabaceae: Mimosoideae) and two species
of Cercidium (C. floridum and C. microphyllum, palo verdes; Fa-
baceae: Caesalpinioideae), although only one or a few hosts may
be available in any single locality. 8. beali is a more typical exam-
ple of the genus Staror in its pattern of host use: it is a specialist
on a single species (C. ebano: Nilsson and Johnson 1993), and
thus limited 1o the geogrphic distribution of this plant.

Both §. limbarus and S. beali oviposit directly onto mature, dry
host seeds, and are thus restricted to fruits for which they have ac-
cess to the seeds (e.g., fruits that have either dehisced or been
damaged by other organisms). Upon hatching, larvae burrow into
the seed, where they complete development, pupate. and emerge
as adults. Adults are the only dispersing stage: larvae are restricled
to the host their mother has chosen for them. In the laboratory,
mating and egg laying begin approximately 24-48 h post-emer-
gence. Beetles require only a single seed to complete development
and reproduce. Thus, neither food nor water supplementation was
necessary for the following laboratory experiments,

Mean cluich size of S. beali is 7.6+0.9 eggs/clutch in nature,
with clutches ranging in size between | and 19 eggs, and 6.4+0.2
eggs in the laboratory, ranging between | and 12 eggs/clutch (Fox
and Mousseau 1995b).

Study populations

S. beali were collected from infested pods of Texas ebony (C.
ebane) in Mont Meta Memorial Park, San Benito, Texas. Approxi-
mately 400 adults emerged from seeds collected in the field, and
were used to initiate the laboratory population. S. limbatus were
collected from infested pods of Cercidium floridum (Fabaceae:
Caesalpinioideae) along Scottsdale Highway, 1.7 miles (2.7 km)
north of Bell Road (behind the Scottsdale Well), in Scottsdale, Ar-
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Fig. 1 The effect of manipulated clutch size on egg-to-adult survi-
vorship of Staror limbarus and S. beali. Means for each class of
clutch sizes were caleulated from all clutches in this class (includ-
ing clutches with zero survivorship. See Table | and text for de-
tails of statistical analyses)

izona. Approximately 500 adults emerged from seeds collected in
the field. and were used to initiate the laboratory population.

Beetles of each species were maintained in laboratory growth
chambers at large population sizes (more than 300-400 individu-
als per generation), at 30-31° C, L:D 15:9, before and during this
experiment (8. limbatuy reared on Acacia greggii, 8. beali reared
on C. ebano), The experiment was initiated with beetles reared in
the laboratory two or three generations. Virgin beetles collected
within 24 h after adult emergence from an isolated host seed were
used to initiate this experiment.

The manipulation of clutch size

To create artificial clutches of variable sizes, a single virgin fe-
male. collected from her emergence seed within 24 h of adult
emergence, was confined with a virgin male of the same species
(also collected within 24 h of adult emergence) and a single host
seed in a 60-mm petri dish. Although beetles were collected on C.

flovidum, S. limbatus pairs were confined with a single seed of A.

eregeii for these experiments, on which host-associated mortality
is very low at densities of one beetle per sed (mortality generally
<5%:; Fox et al. 1994, 1995¢). In contrast, host-associated mortali-
ty is very high on C. floridum (generally >50%:; Siemens and
Johnson 1992; Fox et al. 1994, 1995¢) due 1o difficulty penetrating
the seed coat, severely complicating the detection of clutch size
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Table 1 Partial correlations
and t-statistics for seed size and
clutch size effects on progeny
life histories in Stator limbatus
and S. beali. All probabilities

are corrected for multiple com-
parisons using a Bonferroni
multiple comparisons test (fol-
lowing Rice 1989). The sign on
the partial correlation reflects
the sign on the regression coef-
ficient; n=number of families

Stator limbatus Stator beali
Squared partial Squared partial
r2 t r? t
Survivorship (all data)
Seed size 0.01 1.42 ns -0.00 —0.96 ns
Clutch size -0.02 ~1.92 ns 0.00 0.28 ns
n=203 n=222
Survivorship (zeros excluded)
Seed size 0.00 1.02 ns -0.01 —0.81 ns
Clutch size -0.16 —6.05%** -0.04 -2.87 ns
n=194 n=207
Adult weight — female progeny
Seed size 0.05 4.1 1%%* 0.00 0.72 ns
Clutch size -0.41 —10.50*** -0.01 -1.35ns
n=159 n=141
Adult weight — male progeny
Seed size 0.03 2.93%x* 0.02 2.00 ns
Clutch size -0.31 —8.52%¥:* -0.02 —1.81 ns
n=168 n=151
Development time — female progeny
Seed size —0.00 —-0.53 ns 0.00 0.83 ns
Clutch size -0.13 —4,76%** —0.02 -1.70 ns
n=154 n=139
Development time — male progeny
Seed size -0.01 -1.30 ns 0.01 1.22 ns
Clutch size —0.16 —5.47%*%* -0.02 —-1.61 ns
n=165 n=149

ns not significant (P>0.05),
** P<().01, *** P<(.001

effects on larval life histories on this host (the number of eggs that
successfully enter the seed is usually less than half of the number
of eggs laid on the seed). S. beali pairs were confined with a single
seed of C. ebano, the only host plant for this beetle.

So that seed weight could be used as a covariate in all analys-
es, all seeds were weighed before mated pairs were added. Only
seeds from approximately the middle 60% weight quartile wer
used for this experiment; the smallest ~20% and the largest ~20%
of seeds were thrown out. The mean weights of seeds used in this
experiment were 0.227 g for A. greggii (SD 0.039 g) and 0.735 g
for C. ebano (SD 0.151 g).

Dishes were checked at 24-h intervals until eggs were found on
the seed. Seeds were then randomly assigned to an artificial clutch
size of less than or equal to the number of eggs laid on the seed
(excess eggs were scraped from the seed). Note that because fe-
male S. limbatus generally lay only 1 egg per oviposition bout,
and female S. beali generally lay <12 eggs per clutch in the labo-
ratory manipulated clutches were created by forcing females to su-
perparasitize seeds (lay eggs on a seed they had already laid on).
To control for maternal age effects on larval survivorship and de-
velopment, in which later laid offspring of many insects develop
from smaller eggs, have lower survivorship, and develop longer
(e.g., Fox 1993), only eggs laid during the first 24 h of egg-laying
were included in this experiment.

This method of generating artificial clutches resulted in 203 S.
limbatus and 221 S. beali clutches. Clutches wer subsequently
reared to adult at 29-30° C, L:D 15:9. Egg-to-adult development
time and adult body weight at emergence were recorded for all
surviving progeny. Because we were interested in the effects of
larval competition, for all statistical analyses clutch size represent-
ed the number of eggs that hatched, rather than the number of eggs
laid on a seed (hatched eggs are easily identified because larvae
are visible under a dissecting scope and can be observed entering
the seed). For most females, all eggs hatched. However, some fe-
males laid one or more apparently unfertilized eggs. Also, seed
weight was included in all regression analyses, along with clutch
size, to control for (a) effects of variable seed size on progeny life
histories, and (b) effects of seed size on female behavior (i.e.,

more eggs laid on larger seeds, and thus larger artificial clutches
on larger seeds).

Results

Average manipulated clutch size was 7.6 (SD 6.1) and
5.0 (SD 4.0) eggs for S. limbatus and S. beali, respective-
ly. Both natural and manipulated clutch size was inde-
pendent of seed size for S. limbatus (linear regression,
r2=0.00, P>0.05), but there was a weak positive relation-
ship between clutch size and seed size in S. beali; natural
and manipulated clutches were slightly larger on larger
seeds (r2=0.03 for each, P<0.05), resulting from a ten-
dency of female S. beali to lay larger clutches on larger
seeds (see also Fox and Mousseau 1995b).

Larval egg-to-adult survivorship from manipulated
clutches averaged 0.85+SE 0.02 for S. limbatus and
0.78+0.02 for S. beali larvae (Fig. 1). In initial analyses,
in which survivorship of all clutches was included in a
linear regression analysis, manipulated clutch size had
no effect on survivorship of either S. limbatus or S. beali;
progeny developing from large clutches survived just as
well as progeny developing from small clutches (Table
1). However, this result appeared inconsistent with the
patterns evident in Fig. 1, possibly due to zero-survivor-
ship clutches anchoring the regression analysis at the
small-clutch end of the distribution. Nine S. limbatus and
14 §. beali clutches failed to produce any adult progeny.
When these zero-survivorship clutches were deleted
from the linear regression analysis, survivorship was



Fig. 2 The effect of manipulat-
ed clutch size on adult body
weight of S. limbatus and S. be-
ali. Separate figures are pre-
sented for each sex because
males are on average larger
than females (Fox et al. 1994)

Fig. 3 The effect of manipulat-
ed clutch size on egg-to-adult
development time of S. limba-
tus and S. beali. Separate fig-
ures are presented for each sex
because females on average de-
velop faster than males (Fox et
al. 1994)

negatively correlated with clutch size in S. limbatus (par-
tial 72=0.16; larvae from larger clutches had lower survi-
vorship; Table 1) but not in S. beali (r2=0.04; not signifi-
cant following a Bonferroni multiple compansons test to
correct for multiple analyses).
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Body weight and development time of S. beali were
unaffected by increasing clutch size (Figs. 2 and 3; Table
1). However, as predicted, clutch size affected both de-
velopment time and adult emergence weight of S. limba-

tus; beetles developing from large clutches emerged



sooner, but at much lower body weight, than beetles de-
veloping from small clutches (Figs. 2 and 3; Table 1).

Body weight of emerging S. limbatus (both male and
female progeny) was also affected by seed size; larger
seeds produced larger beetles than small seeds (Table 1),
consistent with our hypothesis that seed size is a factor
selecting against large clutches in S. limbatus. However,
there was no detectable effect of seed size on survivor-
ship or development time of S. limbatus, nor on any mea-
sured life history character in S. beali.

One potential complication with this experiment is
that, because “clutches” are only artificially reduced in
size (by scraping eggs) and not also artificially augment-
ed (eggs added), the maximum manipulated clutch size
is determined by the number of eggs laid on a seed by a
female. If some component of female oviposition behav-
ior and/or female fecundity is correlated with progeny
life history in S. limbatus, but not in S. beali, we might
observe a correlation between manipulated clutch size
and progeny life history mediated through female behav-
ior rather than competition among progeny. However,
that this is not the case is suggested by regression analys-
es in which the effects of natural clutch size (the number
of eggs laid on a seed prior to manipulation) on progeny
life history characters (survivorship, body size, and de-
velopment time) is first removed and then the effect of
manipulated clutch size on the residuals is examined. In
these analyses, the effect of manipulated clutch size is
still significant for each life history character (except
survivorship) in S. limbatus (P<0.05), and none are sig-
nificant for S. beali.

Discussion

Here, we tested the hypothesis that the small size of S.
limbatus hosts selects against large clutches in this bee-
tle, while the large size of S. beali’s host results in re-
laxed selection against large clutches. Our data support
this hypothesis. Manipulated clutch size had an effect on
egg-to-adult survivorship of S. limbatus larvae (larvae
developing from larger clutches had lower survivorship;
Table 1) but not on egg-to-adult survivorship of S. beali
larvae. Also, clutch size had a large effect on develop-
ment time and body weight of S. limbatus, but not of S.
beali (Figs. 2 and 3). This observed clutch size effect on
body weight of S. limbatus likely has a substantial effect
on subsequent reproductive success. Fecundity and egg
size are positively correlated with both female body size
and the size of her mate (Fox et al. 1995b). Egg size sub-
sequently affects progeny survivorship on some host
plants; larvae developing from large eggs survive better
than larvae developing from small eggs (Fox and Mouss-
eau 1996). Thus, large females produce more eggs than
small females, and these eggs have higher survivorship
than eggs produced by small females. Similarly, large
males sire more offspring than small males (Fox et al.
1995b), and these offspring likely also have higher survi-
vorship than offspring of small males.

Theoretical models of clutch size evolution predict
that when resource patches are unlimited, females should
disperse their eggs among the available patches to mini-
mize competition between siblings (Mangel 1987). How-
ever, when resources are limiting, females must increase
clutch size to insure against low realized fecundity re-
sulting from adult mortality before the full complement
of eggs can be laid (Courtney 1984; Parker and Courtney
1984; Messina et al. 1992; Wilson and Lessells 1994).
Seeds of both §. limbatus and S. beali hosts are likely a
limited resource for ovipositing females; despite an aver-
sion to superparasitism in laboratory experiments, most
seeds are superparasitized in nature (Siemens and John-
son 1992; Fox and Mousseau 1995b). This limitation in
oviposition substrates theoretically selects for females
laying multiple eggs per oviposition bout. Our data also
indicate intense selection against females laying clutches
in S. limbatus, such that when multiple host seeds are
available, females should spread their eggs among them.
Laboratory experiments indicate that this is what S.
limbatus females do; in laboratory experiments in which
seeds were abundant beetles spread their eggs among
seeds by laying approximately 1 egg/seed (Siemens and
Johnson 1992; C.W. Fox, personal observation). Howev-
er, when seeds are limiting, as in the manipulations pre-
sented above, females revisit and superparasitize seeds
(Siemens and Johnson 1992). Thus, selection against
large clutches in S. limbatus appears to have resulted in a
strategy in which females distribute eggs relatively even-
ly among seeds when seeds are in excess, and resort to
superparasitism only when seeds are limiting.

Although superparasitism in S. limbatus is selected
against when seeds are in excess (data presented here
demonstrate that there is a clear advantage to evenly dis-
persing eggs when possible), when seeds are limiting the
cost to superparasitizing a seed is relatively minor com-
pared to the cost of withholding an egg and dying with-
out realizing full potential fecundity. Even if females ex-
clusively superparasitize seeds bearing their own eggs,
increasing competition among their own progeny and
thus reducing subsequent body size of their progeny, it is
better to superparasitize than to withhold eggs. For ex-
ample, adding five eggs to an A. greggii seed already
bearing bearing one egg only reduces the expected body
size of emerging female S. limbatus offspring by =~0.3
mg (based on data in Fig. 2). These slightly smaller fe-
males would suffer a reduction in fecundity relative to an
individually reared female of ~10% each (calculations
based on the body size/fecundity relationships reported
in Fox et al. 1995b). Adding five more eggs, for a total
of 11, would result in a total decrease in expected female
size of =0.6 mg, for a total reduction in expected fecun-
dity of =20% for each female progeny.

Although selection favors small clutches in S. limba-
tus when seeds are not limiting, our experiment indicates
relaxed selection against large clutches in S. beali. This
difference in clutch size effects on progeny between spe-
cies is likely due to a difference in the size of their host
seeds; S. limbatus host seeds are smaller than S. beali



host seeds, such that scramble competition is more in-
tense among S. limbatus larvae than among S. beali lar-
vae developing inside the same seed. That seed size can
be a major determinant of clutch size is indicated by re-
search on another seed beetle, Callosobruchus maculatus
(F). C. macularus females tend to distribute their eggs
uniformly among seeds to reduce competition among
larvae. However, populations associated with larger
seeds more readily superparasitize and/or lay larger
clutches than populations associated with small seeds
(Messina and Mitchell 1989).

Also consistent with the hypothesis that seed size is
an important factor in the evolution of clutch size is the
result that seed size affected emergence weight of S.
limbatus (large seeds produced larger beetles), but not of
S. beali. This is further evidence that resources are ex-
tremely limited inside an A. greggii seed, but that even a
small C. ebano seed contains enough resources to sup-
port a large clutch of S. beali eggs. However, this ap-
pears inconsistent with our previous observation that S.
beali females lay smaller clutches on small seeds (Fox
and Mousseau 1995b). That females lay smaller clutches
on smaller seeds suggests that seed size and clutch size
affect progeny life histories in this beetle and that fe-
males have responded to this selection by altering clutch
size. Possibly, females lay smaller clutches on small
seeds as a precaution against superparasitism, or some
other unpredictable environmental effect, although suffi-
cient resources are present inside a seed to support prog-
eny of a large clutch.

In S. limbatus, increasing the number of eggs per seed
resulted in decreased development time of larvae. This
suggests that the reduced resources available under in-
tense competition associated with multiple larvae per
seed result in early pupation, rather than development to
a target body size as expected under non-stressful condi-
tions (Fox 1993). In some bruchids, increasing the num-
ber of eggs per seed causes substantially reduced survi-
vorship of larvae (Wilson 1994 and references cited
therein). The ability of S. limbatus to pupate early in re-
sponse to resource limitation possibly explains the mod-
est effect (#2=0.16) of clutch size on mortality. However,
the response of larvae to increased competition likely
varies among populations, possibly due to variable toler-
ance of competition. For example, increasing the number
of eggs per seed resulted in substantially decreased sur-
vivorship in another S. limbatus population (r?=0.59;
Siemens and Johnson 1992). Similar among-population
variation in the effects of egg number on survivorship
have been demonstrated for Callosobruchus maculatus,
in highly competitive populations survivorship is affect-
ed by the number of eggs laid per seed (e.g., in Messi-
na’s S-strain, two eggs never produced more than one
surviving adult) while in less competitive populations
survivorship was less affected by clutch size (in Messi-
na’s I-strain, two eggs produced two adults 54% of the
time), although emergers pupated smaller than when
reared alone (Messina 1991). It will be interesting to ex-
amine among-population variation in the tolerance of S.

limbatus larvae to large clutches, and the relationship be-
tween this tolerance and host use patterns, host availabil-
ity, and larval density.

One problem with studying the fitness consequences
of clutch size is the difficulty of obtaining large clutches
from a single female. To obtain large clutches, beetles
were forced to superparasitize, resulting in abnormal pat-
terns of egg distribution on a seed. For example, in
clutches of S. beali, eggs within a single clutch are laid
in contact with each other and larvae burrow away from
their siblings when entering the seed, likely reducing sib
competition. However, when multiple clutches are laid
on a seed, the extra eggs are laid in a second group and
enter the seed from a different location. Seed use by the
two clutches is thus uncoordinated; larvae may subse-
quently encounter larvae from other clutches within the
seed, resulting in larval interactions not typical of S. be-
ali clutches, and possibly resulting in the detection of in-
flated clutch size effects. While the weak effects of
clutch size on S. beali larval development, even for large
artificial clutches (i.e., those requiring superparasitism),
suggest this bias is not substantial for this species, such
bias may be significant for S. limbatus since all S. limba-
tus clutches result from superparasitism. Also, because
competing S. limbatus larvae within a seed in nature are
often non-kin, siblicide and aggressive interference com-
petition are likely selected for, resulting in large effects
of manipulated clutch size on larval life history. Howev-
er, kin selection likely reduces the aggressiveness of S.
beali larvae, subsequently reducing the magnitude of
clutch size effects on larval life history. Thus, the detect-
ed clutch size effects in S. limbatus may overestimate the
actual effects detected if this species naturally laid coor-
dinated clutches.
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