
Since Fisher (1930) deduced that fre­
quency-dependent selection equalizes pa­
rental expenditure on each sex, theoretical
work on sex-allocation ratios has focused
on quantifying Fisher's argument and elu­
cidating the situations under which devia­
tions from equal expenditure are expected
to occur (Shaw and Mohler, 1953; Hamil­
ton, 1967; Chamov, 1982; Nunney, 1985;
Taylor, 1985; Frank, 1986, 1987a). These
studies have demonstrated that sex-alloca­
tion ratios may be influenced by two sets of
factors: relatedness effects, whereby com­
petition, cooperation, and mating among a
female's offspring influence the number of
her genes transmitted to future generations
(Hamilton, 1964a, 1964b, 1967; Clark,
1978; Taylor, 1981, 1988; Herre, 1985;
Frank, 1986, 1987b, 1987c), and individual
fitness effects, whereby behavioral, ecolog­
ical, and demographic factors experienced
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Abstract. -Females of the bivoltine thrips Elaphrothrips tuberculatus (Hood) (Insecta: Thysa­
noptera) produce broods of either all males (by viviparity) or all females (by oviparity). Measure­
ments of the sex-allocation ratio, ecological and physiological conditions affecting male and female
offspring body size, and correlates of the relative fitnesses of adult males and females in relation
to size indicate that female parents tend to be viviparous (produce males) if their offspring will
become relatively large adults, and that males gain more in fitness from large size than do females.
However, the conditions that link sex allocation with offspring fitness differ between the spring
and summer generations. In spring, when breeding is synchronous, I) oviparous and viviparous
females do not differ in body size, 2) females tend to be viviparous where the fungus upon which
they feed is relatively dense and where their offspring will become relatively large adults, and 3)
fungus density is highly correlated with male and female offspring size. In summer, when breeding
is relatively asynchronous, I) viviparous females are much larger than oviparous females early
(but not late) in the season, 2) large viviparous females begin breeding earlier than smaller ones,
3) offspring developing earlier in the season become larger adults, and 4) a higher proportion of
females are viviparous earlier than later. Field experiments and field collections show that the
covariation among sex allocation, conditions, and fitness is not caused by differential mortality by
size or sex. Differences between the spring and summer generations in the cues used by females
to adjust offspring sex ratio may be caused by seasonal variation in the factors that affect offspring
size. However, in both generations, females tend to produce sons only when their offspring will
become relatively large adults, whereas daughters are produced regardless of offspring size. These
data suggest that females ofE. tuberculatus avoid production ofmales (the sex with higher variance
in expected fitness) when the size of their offspring is relatively uncertain.
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by mothers and offspring differentially in­
fluence the ability of sons and daughters to
transmit these genes (Trivers and Willard,
1973; Werren and Chamov, 1978; Bull,
1981; Chamov et al., 1981; Werren and
Taylor, 1984; Grafen, 1986; Frank, 1987a).
These two sets of factors, though concep­
tually distinct as levels of selection, may
often jointly affect the sex-allocation ratio
that females are selected to produce (e.g.,
Werren, 1984; Frank and Crespi, unpubl.).

Empirical studies have shown that the re­
latedness associated with subdivided pop­
ulations affects sex ratios in the quantitative
manner predicted by theory (Hamilton,
1979; Werren, 1980, 1983; Frank, 1985;
Herre, 1985). In particular, sex ratios pro­
duced by females have been shown to co­
vary with the expected relatedness of males
competing for mates and with the degree to
which a population is inbred. However, the
evidence is less convincing for conditional

1 Present address: School of Zoology, University of sex-ratio manipulation in terms ofindivid­
New South Wales, Kensington, N.S.W., Australia 2033. ual offspring fitness (Myers, 1978; Williams,

1199



1200 BERNARD J. CRESPI

1979; Clutton-Brock and lason, 1986; but
see Clutton-Brock et al. [1984, 1986] and
Burley [1986]). Detecting and measuring in­
dividual-level selection on the sex ratio is
difficult, because three recalcitrant variables
must be measured in field populations: 1)
the sex-allocation ratio, which may differ
considerably from the sex ratio (e.g.,
Boomsma and Isaaks, 1985), 2) the condi­
tions experienced by mothers that indicate
which sex-allocation ratio is favored by se­
lection, and 3) the fitnesses of male and
female offspring in relation to these condi­
tions. In particular, to demonstrate that sex­
allocation ratios are adaptive, individual fe­
males must be shown to gain in fitness by
producing certain sex-allocation ratios un­
der certain conditions, and the mechanism
ofsex-allocation adjustment must be linked
with the putative adaptive variation. Es­
pecially in vertebrates, which have no prov­
en adaptive mechanism for sex-ratio ad­
justment, differential mortality by sex during
development tends to obscure the empirical
separation ofadaptation from incidental ef­
fect or constraint.

Separating sex-ratio adaptation from in­
cidental effect is easier when a known mech­
anism, such as haplodiploid sex determi­
nation, allows females to produce offspring
of either sex facultatively. For this reason,
many studies of sex ratios have been con­
ducted on the haplodiploid insect order Hy­
menoptera. However, insects ofanother or­
der, the Thysanoptera or thrips, are also
haplodiploid and show pronounced sex-ra­
tio variation within and among species
(Lewis, 1973; Hamilton, 1979; Anantha­
krishnan, 1984; Crespi, 1987). Moreover,
the mycophagous thrips show a variety of
complex sexual and social behaviors, which
often allow male and female fitnesses to be
estimated in natural or laboratory popula­
tions (Crespi, 1986a, 1986b, 1987, 1988a,
1988b).

Elaphrothrips tuberculatus is a spore­
feeding species ofthrips in which males fight
each other with their enlarged, armed fore­
legs in defense of individual egg-guarding
females (Crespi, 1986b). Field observations,
experiments, and collections show that large
males win fights and defend females (Crespi,
1986b, 1987). This strong sexual selection
for large male body size creates a situation

in which males may gain more in fitness
from being relatively large than do females.
As a result, a female parent should tend to
produce sons if her offspring will become
relatively large adults and daughters if her
offspring will become small (Trivers and
Willard, 1973; Charnov, 1982 pp. 37-66).
The purpose of this paper is to test this hy­
pothesis of adaptation to conditional sex­
ratio selection, using field-collection data
relating sex-allocation ratios and conditions
to male and female fitnesses and experi­
ments designed to falsify this and alterna­
tive hypotheses.

MATERIALS AND METHODS

Elaphrothrips tuberculatus
Life History and Behavior

The life history and behavior of Elaph­
rothrips tuberculatus have been described in
detail elsewhere (Crespi, 1986b, 1987,
1988a), and only relevant details are sum­
marized here. Elaphrothrips tuberculatus is
a winged thrips, about 5 mm long, that lives
on clusters of hanging dead oak leaves
(Quercus velutina and Q. rubra in Michigan)
and feeds on spores of the ascomycete fun­
gus Pseudomassaria polystigma (see Crespi
[1986a, 1987], Stannard [1968], Lewis
[1973], and Ananthakrishnan [1984] for in­
formation about thrips). This species over­
winters in leaflitter as adults of both sexes,
emerges in southern Michigan in mid-April
to early May, and undergoes two genera­
tions per year. Adults that overwinter die
in June, offspring born in spring breed dur­
ing summer, and individuals born in both
spring and summer may overwinter and
breed the following spring.

Female offspring of E. tuberculatus are
produced by oviparity, and male offspring
are produced by viviparity (Crespi [1987]
and Ananthakrishnan [1984] discuss other
cases offacultative viviparity in thrips). At
anyone time, a female produces either all
male or all female offspring. Oviparous fe­
males lay clutches of 10-60 eggs singly over
periods of 1-3 weeks and guard their egg
masses until the eggs hatch 1-2 weeks after
completion ofegg laying. Males guard grav­
id oviparous females on eggs for periods of
from several hours to several days, and males
usually switch between females at least once
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during breeding (Crespi, 1986b). Vivipa­
rous females produce 1~O first-instar lar­
vae in any given generation and are not de­
fended by males. In spring, individual
females remain either oviparous or vivipa­
rous during the entire breeding period.
However, in summer, when the breeding
period is about twice as long as in spring,
some females switch reproductive mode
(Crespi, unpubl.).

Field Collections

Fieldwork was conducted in oak-hickory
woodlands in Washtenaw County and Liv­
ingston County in southeastern Michigan.
Leaf clusters containing Elaphrothrips tu­
berculatus were collected every few days
during sampling periods, and clusters were
collected as encountered, so that they would
form a representative sample of the popu­
lation.

Collections During Breeding. -During the
breeding periods in spring (late April through
early June) and summer (mid-July through
mid-September), I recorded, for each leaf
cluster a) numbers of males and females, b)
male guarding status, c) female reproduc­
tive mode (viviparous or oviparous [see be­
low]), d) whether or not oviparous females
were guarding eggs, and e) numbers of eggs
laid. Males and females were preserved in
70% ethanol, and femoral lengths of their
forelegs were measured to the nearest 0.001
mm with an ocular micrometer. Femoral
length of the forelegs is highly correlated
with body length in males (r = 0.98) and
females (r = 0.93) (Crespi, 1987). During
the summer, field-collected second-instar
larvae were reared to adulthood on small
pieces ofoak leafin 9 x 50-mm petri dishes
and sexed. Pupae collected during summer
were allowed to develop into adults, after
which they were sexed and femoral lengths
of their forelegs were measured.

Collections ofSpring Pupae. - For collec­
tions ofpupal offspring ofspring adults, leaf
clusters were chosen on which at least 80%
of the thrips either were in the pupal stage
or were second-instar larvae (the last instar
before pupation) that were as large as pupae.
These leaf clusters containing pupae were
kept in sealed plastic bags until the thrips
had molted to adulthood 9-11 days later.

These adults were sexed and measured as
described above.

Measurements
Measurement ofSex-Allocation Ratio.­

Because individual females produce either
all female offspring (by oviparity) or all male
offspring (by viviparity), the sex of a fe­
male's offspring can be determined by dis­
secting her and recording her reproductive
mode, and an individual female can be con­
sidered as a unit of parental investment.
The sex-allocation ratio is therefore equiv­
alent to the proportion of females in each
reproductive mode (see also Crespi [1987]).
This allocation ratio differs from the sec­
ondary (birth) sex ratio because, as de­
scribed below, viviparous and oviparous fe­
males differ in fecundity.

Measurement of Conditions. - Two con­
ditions associated with sex-allocation ratio
and offspring size were measured: 1) sizes
of breeding oviparous and viviparous fe­
males (which is considered a measure of
physiological conditions) and 2) ecological
conditions correlated with offspring size. In
spring, the ecological condition measured
was the density offruiting bodies (acervuli)
of the fungus Pseudomassaria polystigma,
which form round black dots on one surface
of the oak leaves. Acervulus density was
estimated by taking a 2.5 x 2-cm section
from 1 cm to one side of the midrib of a
leaf, placing the section between two glass
slides under a compound microscope at 40 x
magnification, and adding the lengths ofthe
intersection of the acervuli with a 2-mm
linear transect taken using an ocular mi­
crometer (see Kendall and Moran [1963 p.
67] for an explanation of this method for
estimating density). Since conversion to
density units involves a simple linear scal­
ing, the summed lengths of the transect in­
tersections were used in the analyses. These
fungus-density estimates were conducted
both during the spring breeding period (10
transects per leaf) and for leaves that had
contained groups of pupae that developed
in spring (10 transects per leaf for two
leaves). Fungus density could not be mea­
sured in summer, because the fungal acer­
vuli are poorly developed. In summer, when
both breeding and offspring development
extend over a two-month period, time dur-
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ing summer was treated as an ecological
condition associated with offspring size.

Measurement ofFitness Correlates.- For
males, guarding status (i.e., whether or not
a male was guarding a female when col­
lected) during the spring breeding period was
used as an estimate of fitness. Data from
Crespi (1987) for 1983-1986 were used in
this measurement along with data from
1987.

For females, number ofeggs or first-instar
larvae produced during the spring breeding
period was used to estimate fitness. A high
correlation between oviparous-female size
and number of eggs laid has been reported
elsewhere (Crespi, 1987) and is replicated
here. The relationship between viviparous
female size and number oflarvae produced
was investigated in the spring of 1987 by
placing females in the field on clusters of 2­
3 leaves from two large similar leaf clusters
and allowing the females to feed and repro­
duce for 38 days. For the viviparous fe­
males, I counted the number of larvae that
they had produced, dissected the females to
count the number of embryos remaining in
their abdomens, and added these two num­
bers. This method represents a compromise
between mortality oflarvae before counting
(which was probably low) and my ability to
count embryos and be confident that they
would produce viable larvae.

Experimental Tests
Nested ANOVA.-In the spring of 1986

and 1987, an experiment was conducted to
investigate the covariation patterns among
the reproductive mode of individual fe­
males, leaf conditions, and offspring size.
The experimental design was a nested
ANDVA, with male or female offspring size
as the dependent variable and two nested
grouping variables: 1) sets of 10-12 clusters
of 2-3 leaves, with the leaf clusters in each
set taken from different, large, field-collect­
ed leaf clusters and 2) individual leaf clus­
ters within these sets. Nongravid females
collected in the field in early spring were put
on the clusters of leaves held together with
plastic clips (one female per cluster), and
the leaves were put in nylon bags suspended
1-2 m above ground in the woods. In 1986,
10 sets of 12 clusters were set up, and in
1987, to increase sample size, 20 sets of 10

clusters were set up. These sets of leaves
from the same leaf clusters represented sets
of ostensibly similar ecological conditions.
The null hypotheses for this experiment were
that 1)male and female offspring sizes would
not vary among or within sets ofleafclusters
and 2) there would be no correlation (among
the sets of leaf clusters) between the pro­
portion ofparent females in each reproduc­
tive mode and the average sizes (foreleg
femoral lengths) ofthe male and female off­
spring developing on that set ofleafclusters.
The nested-ANDYA variance components
were similar among years, so data from both
years were pooled.

Female and Offspring Size. - In mid­
summer 1986, the relationship between the
size of a viviparous female and the average
size of her male offspring was investigated
by placing field-collected viviparous fe­
males individually in nylon bags containing
two leaves from the same large leaf cluster,
allowing them to reproduce for 55 days, and
measuring the sizes ofthe females and their
adult offspring.

Analysis
The field data on sex ratio and body size

were analyzed at two levels: population-wide
and among individual leaf clusters. The
analyses at the level of leaf clusters are pre­
sented to show that population-wide vari­
ation is not due to effects from a small subset
ofleafclusters. Because preliminary studies
showed that sex ratio and offspring size
change during summer, each half of the ap­
propriate breeding or developmental period
in summer was analyzed separately.

Statistics were computed using SAS (for
the nested ANDVA; SAS Institute, 1985),
and MIDAS (for the rest of the computa­
tions; Fox and Guire, 1976). The median
test was used for analyzing the differences
between groups that contained a high pro­
portion of 0 and 1 values.

RESULTS

Sex Allocation and Conditions
Spring. - Viviparous (male-producing)

and oviparous (female-producing) females
did not differ in body size in spring (Table
1). The size variances of the two types of
female were similar in 1986, but viviparous
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TABLE I. The sizes (foreleg femoral length ± SD, in mm) of oviparous and viviparous females in spring,
summer, and in each half of summer. Size variances were compared using Levene's test (E). Sample sizes (N)
are numbers of thrips.

Reproductive mode

Viviparous Oviparous

Season x ± SD N -t ± SD N F

Spring 1986 0.443 ± 0.032 110 0.441 ± 0.031 335 0.6 0.01
Summer 1986 0.460 ± 0.026 337 0.443 ± 0.034 253 6.5*** 18.9***

First half 0.462 ± 0.024 262 0.443 ± 0.034 154 6.8*** 17.0***
Second half 0.451 ± 0.041 75 0.445 ± 0.036 99 1.2 2.1

Spring 1987 0.450 ± 0.034 206 0.447 ± 0.030 712 1.3 5.2*
• p < 0.05; ••• P < 0.00 1.

females were more variable in size in 1987.
For leafclusters with at least one oviparous
female and one viviparous female, vivipa­
rous females were larger than oviparous fe­
males on 50% (25 of 50) of the leaf clusters
in 1986 (XZ = 0.0, d.f = 1, P > 0.05) and
on 58%(53 of92) ofthe leafclusters in 1987
(XZ = 1.1, d.f = 1, P > 0.05).

The proportion of females on a leaf clus­
ter that were viviparous was positively cor­
related with fungus density (Spearman's rank
correlation, rs = 0.14, N = 265 leafclusters,
P < 0.05). Because a high proportion ofleaf
clusters contained only oviparous females,
I also compared fungus density on clusters
that did or did not contain at least one vi­
viparous female. Fungus density was higher
where at least one female was viviparous (x
± SD = 124 ± 40 [units arbitrary], N =
108 clusters), than where all females were
oviparous (x ± SD = III ± 39, N = 157;
t = 2.8, P < 0.01).

Summer. - Viviparous females were sub­
stantially larger than oviparous females in
summer, and viviparous females were also
much less variable in size (Table 1). Vivip­
arous females were larger than oviparous
females on 53 (73%) of the 70 leaf clusters
on which at least one ofeach type of female
was present (XZ = 7.3, d.f = 1, P < 0.01).
This association between large size and vi­
viparity held only during the first halfofthe
summer breeding period; during the second
half, the difference between viviparous-fe­
male size and oviparous-female size was
much smaller and nonsignificant. Vivipa­
rous females were larger than oviparous fe­
males on 35 (80%) of 44 leaf clusters in the
first half of the summer (XZ = 7.7, d.f = 1,
P < 0.01), and on 16 (62%) of 26 leaf clus-
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Average male offspring size
FIG. I. The average size (foreleg femoral length, in

mm x \03) of male Elaphrothrips tuberculatus col­
lected as pupae at the end of the spring generation, in
relation to the sex ratio ofoffspring on the leafclusters.
Each point represents a separate leaf cluster that con­
tained the offspring of from 1-21 females. The corre­
lation between average male offspring size and sex ratio
is also highly significant when both variables are trans­
formed to natural logarithms (1984: r = 0.41, P <
0.0001; 1985: r = 0.40, P < 0.001).
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TABLE 2. Product-moment correlations between proportion males (PM), average male size (MS), average female
size (FS), female survivorship from the egg stage to the pupal stage (SV), and acervulus (fungus) density (AD)
among leaf clusters containing Elaphrothrips tuberculatus collected as pupae at the end ofthe spring generation.
Female survivorship was estimated by dividing the number of female pupae by the total number of hatched
and unhatched eggs on the leaf cluster. Average female size and acervulus density were not measured in 1985.
Sample sizes, which represent numbers of leaf clusters, are in parentheses.

1984 1985

Trait PM MS FS SV PM MS

MS 0.48*** 0.39***
(101) (78)

FS 0.34** 0.75***
(127) (91)

SV -0.35*** -0.18 -0.19 -0.22* -0.31
(108) (75) (99) (121) (39)

AD 0.18* 0.39*** 0.45*** -0.09
(141) (98) (126) (106)

• p < 0.05; •• P < 0.0 I; ••• P < 0.00 I.

ters in the second half (X2 = 0.7, dj = 1,
P> 0.05).

Population-wide, a higher proportion of
breeding females were viviparous during the
first half of the summer (63%) than during
the second half (43%; X2 = 20.0, d.f. = 1, P
< 0.001; Table 1). Among individual leaf
clusters, the average proportion of females
that were viviparous was also higher in the
first half of the summer (x ± SD = 0.57 ±
0.31, N = 76 clusters) than in the second
half'(z ± SD = 0.42 ± 0.39, N= 61; median
test, P < 0.0 1).

Offspring Sex Ratio, Conditions, and
Offspring Size

Spring.-In 1984 and 1985, there were
strong positive correlations between the av­
erage size of males that developed on a leaf
cluster and the proportion ofpupae that were
males (Table 2). Figure I shows that average
male size and sex ratio were correlated pri­
marily because few leaf clusters contained

a high proportion of males that were small;
in both years, the variance in sex ratio was
lower for groups ofmales below the average
size (1984: S2 = 0.034, N = 46 clusters, 1985:
S2 = 0.072, N = 36), than for groups ofmales
above the average size (1984: S2 = 0.093, N
= 55; 1985: S2 = 0.110, N = 42; nonpara­
metric Levene tests, P < 0.05 in each year).
Fungus density was also positively corre­
lated with sex ratio, average male size, and
average female size, and average female size
was correlated with average male size and
sex ratio. Female survivorship from egg­
laying to the pupal stage was uncorrelated
with average male size, average female size,
or fungus density but was negatively cor­
related with sex ratio in both years. This
correlation was probably caused by factors,
such as egg cannabilism and parasitoid
wasps, that affect female survivorship in­
dependently of male survivorship (Crespi,
unpubl.).

Summer. -Population-wide, male and

TABLE 3. The sizes (foreleg femoral length ± SD, in mm) ofadult Elaphrothrips tuberculatus males and females
collected as pupae during each half of the summer generation and the numbers of males and females collected
as second-instar larvae and reared to adulthood. Sample sizes (N) are numbers of thrips.

1985 1986

First half Second half First half

Sex and stage X± SD N X ± SD N X± SD N

Male pupae 0.565 ± 0.063 277 0.489 ± 0.067 58 8.3*** 0.560 ± 0.068 457
Male larvae 299 162 950
Female pupae 0.451 ± 0.023 98 0.427 ± 0.029 50 5.5** 0.445 ± 0.024 408
Female larvae 126 177 658

•• P < 0.01; ••• P < 0.001.
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female offspring that were collected as pu­
pae during the first half of the summer be­
came substantially larger adults than those
collected in the second half (Table 3). Sim­
ilarly, among leaf clusters, the average size
of males collected as pupae was higher in
the first half of the summer than in the sec­
ond half in 1985 and 1986 (Table 4). The
average size of females collected as pupae
was higher during the first half of the sum­
mer in 1985, but this difference was non­
significant in 1986. In addition, the average
sizes of male and female offspring covaried
among leaf clusters in 1985 (product-mo­
ment correlation, r = 0.61, N = 17, P <
0.01) and 1986 (r = 0.61, N = 46, P <
0.001). This correlation indicates that male
and female offspring size are affected in a
similar way by local environmental factors.

These declines in offspring size during
summer coincided with decreases in off­
spring sex ratio. For offspring collected as
second-instar larvae, the population-wide
sex ratio (proportion males) was more male­
biased in the first half of the summer than
in the second half in 1985 (X2 = 39.2, d.f.
= 1, P < 0.001) and in 1986 (X2 = 22.6,
df = 1, P < 0.001) (Table 3). This summer
decline in population-wide sex ratio was
similar for offspring collected as pupae in
1985 (X2 = 15.1, d.f. = 1, P < 0.001) and
in 1986 (X2 = 37.1, d.f. = 1, P < 0.001).
Among leaf clusters, the average sex ratio
of collected second-instar larvae was more
male-biased in the first half of the summer
than in the second half in 1985 and 1986
(Table 5). For offspring collected as pupae,
the average sex ratio among leafclusters was
higher early in summer in 1986 but not in
1985.

To investigate a possible cause of both
the size difference between viviparous and

TABLE 3. Extended.

1986

Second half

x ± SD N

0.487 ± 0.070 192 12.4***
185

0.432 ± 0.027 342 7.1**
219

oviparous females in early summer and the
summer decline in the proportion of fe­
males that was viviparous, I collected two
large leaf clusters in the field in the early
summer of 1987 and dissected the females.
The viviparous females were then divided
into four groups according to the develop­
mental stage oftheir most highly developed
embryo (4 = fully developed, 3 = rounded
with eyespots, 2 = rounded without eye­
spots, 1 = elongate without eyespots). I then
measured the sizes of the females and com­
puted the correlations between female size
and embryo stage. For both clusters, large
viviparous females contained more highly
developed embryos than did smaller ones
(product-moment correlation: r = 0.45, N
= 46, P < 0.01; r = 0.69, N = 21, P <
0.001). These data suggest that larger vivip­
arous females begin producing offspring ear­
lier in summer than do smaller viviparous
females. In addition, on the leaf cluster
where oviparous females were also present,
these oviparous females were smaller (x ±
SD = 0.442 ± 0.015, N = 9) than the vi­
viparous females (x ± SD = 0.468 ± 0.022,
N= 46; Mann-Whitney U test, P < 0.01).

I tested the hypothesis that large ovipa­
rous females begin breeding earlier than
smaller ones by comparing, for the first ten
days of the summer in 1987, the sizes of
females that were guarding eggs (x ± SD =
0.442 ± 0.030 mm, N = 45) with the sizes
of oviparous females that had not yet laid
eggs (x ± SD = 0.442 ± 0.035 mm, N =
15). For oviparous females, large individ­
uals apparently did not begin breeding rel­
atively early (t = 0.02, P > 0.05).

Male and Female Fitness
Correlates and Body Size

The relationship between male size and
the probability that a male was guarding a
female when collected is shown in Figure 2,
for the years 1983-1987. These plots are
similar in shape and elevation to a plot of
male size versus the proportion of 100 hour­
ly scan samples during which a male was
guarding a female, derived from a longitu­
dinal study of 18 individually marked males
on a single large leaf cluster in the spring of
1984 (Crespi, 1986b fig. 4). The agreement
between these sets of data suggests that the
field measurements conducted over five
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TABLE 4. The average sizes (foreleg femoral length ± SD, in mm) among leaf clusters of adult Elaphrothrips
tuberculatus males and females collected as pupae during each half of the summer generation. Sample sizes (N)
are numbers of leaf clusters.

First half Second half

Sex Year .e± SO N .£ ± SO N

Male 1985 0.549 ± 0.056 29 0.486 ± 0.055 21 4.0***
1986 0.553 ± 0.056 57 0.510 ± 0.051 25 3.3**

Female 1985 0.444 ± 0.015 12 0.423 ± 0.021 10 2.7*
1986 0.443 ± 0.020 40 0.433 ± 0.021 21 1.9

• P < 0.05; •• P < 0.0 I; ••• P < 0.00 I.

years accurately reflect the covariation be­
tween male size and mating success.

Figure 3 shows the regressions of num­
bers of young produced on female size for
oviparous females (y = 159x - 27.0, SE of
regression coefficient = 27, N = 146, P <
0.001, r2 = 0.20) and viviparous females (y
= 161x - 50.7, SE of regression coefficient
= 27, N = 20, P < 0.001, r2 = 0.67) in spring.
The slopes of the regressions were similar
(one-way ANCOVA, F[I. 162] = 0.00, P >
0.50), but the regressions differed in ele­
vation (F[l. 162J = 124.9, P < 0.00l).

To assess directly the covariation be­
tween male and female body size and fit­
ness, the slopes ofthe regressions ofrelative
fitness (absolute fitness divided by mean fit­
ness) on body size were compared between
the sexes, using the collection data for ovip­
arous females from 1987 and the scan sam­
ple data for males from 1984. The slope was
significantly steeper for males (b = 0.0073,
SE = 0.0019, N = 18) than for females (b
= 0.0035, SE = 0.0006, N = 146; one-way
ANCOVA, F[l, 160] = 10.0, P < 0.01). The
analysis gave similar results with male and
female body sizes standardized to a mean
ofzero and a variance ofone (Fig. 4). Thus,
if spring guarding success and number of
young produced are accurate estimates of
lifetime reproductive success for males and
females, then males gain more in fitness from
large size than do females.

Experimental Tests
Nested-ANOVA Experiment.-This ex­

periment was designed to test the hypoth­
esis that, in spring, variation in conditions
among leafclusters affects the sex-allocation
ratio (female reproductive mode) and off­
spring size. For both male and female off­
spring, there was significant variation in off­
spring size among sets ofleafclusters (males:
F[27,49] = 7.4, P < 0.001; females: F[29, 152)

= 71.1, P < 0.001). Within sets ofleafclus­
ters, groups of female offspring varied in
size (F[l52. 1,112J = 10.1, P < 0.001), but groups
of male offspring did not (F[49, 375] = 1.1, P
> 0.05). These data indicate that, for off­
spring of both sexes, conditions affecting
sizes vary among sets of leaf clusters and
that, for female offspring, conditions vary
among leaves from the same leaf cluster.
This variation among and within leaf clus­
ters suggests that offspring size may be
somewhat predictable for female parents. In
addition, there was a strong positive cor­
relation among sets ofleafclusters between
the average sizes of male and female off­
spring (product-moment correlation, r =
0.83, P < 0.001). This correlation indicates
that male and female offspring sizes are af­
fected similarly by variation in leaf quality.

The relationships between the proportion
of females that were viviparous on a set of
leaf clusters and the average sizes of male

TABLE 5, The average sex ratio (proportion males ± SD) among leaf clusters containing Elaphrothrips tuber­
culatus collected as second-instar larvae and pupae. Sample sizes (N) are numbers of leaf clusters.

First half Second half

Stage collected Year .£± SO N .£± SD N P (median test)

Second-instar 1985 0.81 ± 0.31 39 0.53 ± 0.46 38 <0.05
larvae 1986 0.65 ± 0.35 87 0.40 ± 0.42 40 <0.01

Pupae 1985 0.83 ± 0.29 31 0.75 ± 0.35 24 ns
1986 0.63 ± 0.38 66 0.47 ± 0.42 31 <0.05
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FIG. 4. The relationships between body size and

estimated relative fitness for males and females ofEla­
phrothrips tuberculatus. Male and female body sizes
are standardized separately to a mean of zero and a
variance of one. The slope was significantly higher for
males than for females regardless of whether the un­
transformed data (see text) or the size-standardized
data was used (one-way ANCOYA, F(l. '601 = 33.5, P
< 0.001).

males gain more in fitness from large size
than do females. Female Elaphrothrips tu­
berculatus therefore tend to produce the sex
that gains most in fitness from developing
under local conditions (see also Clutton­
Brock et al. [1984, 1986]). However, the
cues used by females to adjust sex allocation
differ substantially between the spring and
summer generations.

In spring, viviparous and oviparous fe­
males did not differ in body size. However,
fungus density was positively correlated with

400 450 500
Female size

FIG. 3. The relationships between viviparous and
oviparous female size (foreleg femoral length, in mm
x 103) and fecundity (numbers offirst-instar larvae or
eggs produced, respectively).
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~
& 0.6

~ 0.4
Q.

£ 0.2

and female offspring is shown in Figure 5.
There was a significant positive correlation
between average female offspring size and
the proportion of female parents that were
viviparous (product-moment correlation, r
= 0.40, P < 0.05, N = 30), and this cor­
relation approached significance for male
offspring (r = 0.30, P = 0.12, N = 28). Com­
parison ofFigure 5 with Figure 1shows that,
both in this experiment and in the field, a
relatively low proportion of females were
viviparous on leaf clusters where their off­
spring became relatively small adults.

Female and Offspring Size Experi­
ment. - In summer, there was a significant
correlation between viviparous female size
and the average size of her male offspring
(product-moment correlation, r = 0.53, N
= 30 female parents, N = 240 total males,
P < 0.01). This relationship apparently was
not influenced by offspring number; there
was no correlation between average male
size and number of males that developed
on a leaf cluster (r = 0.15, P > 0.40).

DISCUSSION

Sex Allocation, Conditions, and Fitness in
Elaphrothrips tuberculatus

The field data indicate that 1) the sex­
allocation ratio (the proportion of females
in each reproductive mode) and larval and
pupal sex ratio are positively correlated with
the physiological and ecological conditions
associated with large offspring size, and 2)

350 430 510 590 670

Male size class

FIG. 2. The relationship between Elaphrothrips
tuberculatus male size (foreleg femoral length, in mm
x 103 , in size classes of0.020 mm) and the proportion
of males in that size class that were guarding females
when collected. Each dashed line represents data from
a different year.
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in this experiment as in the field and 2) the
proportion of females that were viviparous
was positively correlated with fungus den­
sity in the field.

In early summer, viviparous females were
much larger than oviparous females and
were also much less variable in size. A sim­
ple explanation for this size difference is that,
early in summer, relatively large females
were viviparous rather than oviparous be­
cause these large females are able to produce
offspring earlier than smaller viviparous fe­
males, and offspring produced earlier in
summer develop into larger adults. This hy­
pothesis is consistent with the field data re­
lating viviparous female size to embryonic
offspring stage and the experimental data
showing a positive correlation between the
size of viviparous females and the size of
their adult male offspring. The quantitative
relationship between reproductive timing
and adult size of offspring for viviparous
females in the field is unknown. However,
laboratory observations of viviparous fe­
males in summer suggest that the difference
in time of initial offspring production be­
tween females with fully developed em­
bryos and those with elongate viviparous
ovaries is probably about two weeks. As­
suming a two-week difference throughout
offspring development, the regression ofthe
size of males collected in summer 1986 as
pupae on collection date (y = 602.9 - 2.97x,
r = -0.49, P < 0.001) predicts a size dif­
ference (foreleg femoral length) over this
time ofabout 0.045 mm for male offspring.
If these estimates are correct, then this dif­
ference in timing may have substantial ef­
fects on male-offspring size and subsequent
fitness (Fig. 2). The observed summer de­
cline in offspring size may also explain in
part why the sex-allocation ratio and the
larval and pupal sex ratios are more male­
biased during the first half of summer than
during the second half.

Seasonal variation in the factors that af­
fect adult size of offspring may cause the
differences between spring and summer in
the measured correlates of the cues used by
females to adjust offspring sex ratio. Thus,
in spring, when breeding is synchronous,
offspring-size variation is influenced by spa­
tial variation in leafquality. By contrast, in
summer, when breeding is relatively asyn-
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FIG. 5. The average sizes (foreleg femoral length,

in mm x 103 ) of male and female offspring from ex­
perimental sets of leaf clusters, in relation to the pro­
portion of female parents on that set of leaf clusters
that was viviparous. See text for details. The correla­
tion between average offspring size and proportion vi­
viparity is also significant for females when both vari­
ables are transformed to natural logarithms (females:
r = 0.53, P < 0.01; males: r = 0.33, P = 0.09). This
plot should be compared to Figure 1.

female reproductive mode, pupal offspring
sex ratio, and adult offspring size. These data
indicate that females detect some environ­
mental condition correlated with the quality
of fungal food on a leaf cluster and tend to
be viviparous (produce males) where feed­
ing conditions are good and where their off­
spring will develop into relatively large
adults. An alternative explanation, that most
or all of the developing males die on poor
leafclusters where they would have become
small adults, is unlikely because 1) the nest­
ed-ANOVA experiment shows that the sex­
allocation ratio is associated with leaf con­
ditions and offspring size in the same way

§
~ 0.6

t! 0.4

§ 0.2
et
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chronous, offspring size is affected by factors
that vary temporally and that interact with
viviparous female size. These findings sug­
gest that studies focusing on single condi­
tions associated with the sex-allocation ra­
tio may give incomplete or misleading
results.

The spring data relating male size to mat­
ing success and female size to numbers of
offspring produced suggest that males gain
more in fitness from large size than do fe­
males. However, lifetime reproductive suc­
cess depends also on survivorship and sum­
mer breeding. For example, because the
intensity of sexual selection for large male
body size depends on the population-wide
sex ratio (Crespi, 1987), male fitness may
depend more on size during spring (when
the population-wide adult sex ratio is about
40% male) than during summer (when the
adult sex ratio is about 20% male) (Crespi,
1987). Conversely, the large size of vivip­
arous females relative to oviparous females
in early summer suggests that female fitness
depends more on size in summer than in
spring. Despite these qualifications, spring
breeding probably provides good estimates
of lifetime reproduction, because: 1) males
and females born in both spring and sum­
mer may breed in the following spring; 2)
the number of offspring produced per adult
is generally much higher in spring than in
summer (for example, in the summer of
1984, when a drought occurred, virtually no
offspring were produced [Crespi, unpubI.]);
and 3) the proportion of breeding females
that is viviparous is much higher in summer
(56%) than in spring (25%), and viviparous
females are irrelevant to male reproductive
success because thrips are haplodiploid.

How Does Sex-Ratio Selection
Affect Fitness?

Sex-ratio theory for patchy environments
with differential effects on male versus fe­
male fitness predicts a threshold between
the production of either all males or all fe­
males; in any given patch, females should
produce only the sex that gains most in fit­
ness from developing under local conditions
(Charnov et aI., 1981; Bull, 1981; see also
Frank [1987a]). However, Charnov (1982
pp. 40-42) pointed out that a gradual shift
in sex-allocation ratio with conditions is

more likely to be recorded than a sharp
threshold, because animals adjusting their
sex-allocation ratios and biologists measur­
ing them have imperfect knowledge of the
cues correlated with offspring fitness.
Elaphrothrips tuberculatus sex allocation
shows such gradual shifts with variation in
conditions, but the shifts are asymmetric
and similar in structure in both spring and
summer, despite the seasonal difference in
cues used by females. Thus, in spring, fe­
males tend to produce males only in rela­
tively good patches where their offspring will
become large adults, whereas females are
produced in all patch types (Fig. 1). Simi­
larly, in early summer, only relatively large
females tend to produce males, whereas fe­
males of all sizes produce female offspring
(Table 1). These data suggest that the sex­
allocation strategy of E. tuberculatus fe­
males involves primarily avoidance of pro­
ducing males, the sex with higher variance
in fitness, when offspring size is relatively
uncertain. In other words, females may at­
tempt to avoid the disastrous mistake of
producing a brood of males that develop
into small adults. Real (1980a. 1980b),
Rubenstein (1982), and Seger and Brock­
mann (1987) have discussed the theoretical
basis for the evolution of behavior that re­
duces uncertainty, and examples of selec­
tion for reduced uncertainty have been de­
scribed for plant-pollinator interactions
(Real, 1981) and foraging strategy (reviewed
in Real and Caraco [1986]).

If uncertainty affects sex-ratio strategies,
then individual and population sex-alloca­
tion patterns depend in a complex way upon
frequency-dependent selection, the curves
representing the covariation ofmale and fe­
male fitnesses with conditions (see Frank,
1987a, 1987c), and the predictability, for
females, of offspring fitness from condi­
tions. When predictability is low, females
are not expected to adjust sex-allocation ra­
tios conditionally; this may be the situation
in most animals. When fitness is moderately
predictable or when predictability varies in
space or time, females may adjust sex-al­
location ratios asymmetrically, avoiding
production of the sex with higher fitness
variance where or when conditions are un­
certain. As fitness becomes more predict­
able, females may conditionally adjust off-
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spring sex ratios in an increasingly
symmetric manner, approaching the thresh­
old relationship between all-male and all­
female production predicted by theory.

Fitness predictability may be a difficult
variable to measure. However, it could be
studied by among-species comparison ofthe
types of cues used for conditional sex-ratio
manipulation, in relation to the structure
and symmetry ofthe empirical relationship
between sex ratios and offspring fitness. Dif­
ferences in predictability may help account
for the wide variation among species in re­
ports of the presence and strength of con­
ditional sex-ratio manipulation (reviewed
in Clutton-Brock and lason [1986]). Thus
far, the only other species for which evi­
dence of conditional manipulation is avail­
able use sex-ratio cues (e.g., dominance rank
in mammals, host size in parasitoid wasps)
that appear unambiguous in their effects on
offspring fitness (Chamov et aI., 1981; Char­
nov, 1982; Clutton-Brock et aI., 1984, 1986;
Meikle et aI., 1984; McFarland-Symington,
1987; Paul and Kuester, 1987).
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