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Based on both previously published literature and results reported here, it 
appears that Drosophila melanogaster meet the explicit assumptions of the Triv- 
ers and Willard offspring sex allocation model. However, contrary to the mod- 
el's predictions, offspring sex ratio was not significantly affected when we 
manipulated factors that influence offspring quality. We suggest that contrary 
to implicit predictions of offspring sex ratio models, Drosophila may lack the 
genetic plasticity to readily alter sex ratio. 
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~ T R O D U C T I O N  

Trivers and Willard (1973) suggested that under certain conditions, optimally 
behaving organisms may adjust the sex ratio of their offspring as a function of 
maternal condition. In particular, Trivers and Willard hypothesized that mothers 
whose offspring are likely to be in above average condition (relative to other 
offspring) are likely to have male-biased offspring sex ratios, whereas if the 
offspring were likely to be in relatively poor condition, offspring sex ratio would 
be female biased. Their hypothesis was based on three explicit assumptions: (1) 
The mother's condition during parental investment (PI) and the offspring con- 
dition at the end of PI are positively correlated; (2) variance in the condition of 
the offspring at the end of PI tends to endure into adulthood; and (3) for poly- 
gynous species, a son in above-average condition is likely to have higher repro- 
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ductive fitness than a daughter in similar condition, while a daughter in poor 
condition will have higher reproductive fitness than a son in similar condition. 

A variety of tests and some support for Trivers and Willard's model have 
been reported for many species of mammals (for examples see Frank, 1990). 
However, while the model's predictions have been tested in some Hymenoptera 
(e.g., Longair, 1981; Wellings et al., 1986; King, 1988), tests of diploid inver- 
tebrates have not been reported. Here we address this question with the fruit 
fly, Drosophila melanogaster, a polygynous species for which there is reason- 
ably well-documented support for each of Trivers and Willard's three assump- 
tions (see below). 

To test for the tendency of female Drosophila melanogaster to bias off- 
spring sex ratios, we tested the applicability of Trivers and Willard's assump- 
tions, as well as the predictions of their model. We examined the impact of 
variation in maternal condition on offspring body size and therefore future per- 
formance. This was accomplished by examining the effects of two factors-- 
maternal body size and, by manipulating female densities, the ability of females 
to oviposit in sites that minimize larval competition for resources. On the basis 
of previous Drosophila literature and the Trivers and Willard hypothesis, we 
predicted that as female size increased, egg size, mean individual offspring mass, 
and offspring sex ratio (percentage sons) would increase. Also, we predicted 
that as adult density decreased, mean individual offspring mass and offspring 
sex ratio would increase. 

MATERIALS AND METHODS 

A wild population of Drosophila melanogaster originally collected in 1991 
in Ann Arbor, Michigan, was expanded into 20 bottles and maintained on a 
complete high-yeast glucose medium (Ashbumer, 1989) at 25°C. As the flies 
eclosed (emerged from pupal case), virgin females and males were collected 
twice a day for 7 days and stored separately. At the end of this period, females 
were sorted by eye into three size classes. Head-body lengths of all "small"  
and " large ,"  and a random sample of  "medium,"  females were recorded. 

Six experimental treatments were prepared: populations of small, medium, 
and large females, each with four females per population, plus additional treat- 
ments of medium females at densities of 1, 10, and 20 females per population 
(see Table I). Each treatment had three to five replicate populations. Populations 
were maintained in vials (28-mm diameter and 95-mm length with 10 ml of 
high-yeast glucose food) and transferred to new vials for egg collection every 
12 h for 5 days, resulting in a total of 10 vials for each population. Length 
measurements of a random sample of eggs from each initial vial were recorded. 
After transfer of a population to a new vial, vials with eggs were stored at 25°C 
for 13 days (i.e., until 3 days after the eclosion of the first offspring). All eclosed 
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males and females from each vial were removed and counted when the popu- 
lations were 13, 16, and 18 days old. Dry body mass o f  flies from each run of  
replicates from the first two egg collection was recorded. 

The hypotheses tested here predict that differences between treatments will 
be in specific directions, therefore rather than standard ANOVA procedures we 
used isotonic regression analysis. This one-tailed analysis results in a significant 
increase in statistical power over two-tailed ANOVA (Gaines and Rice, 1990). 

R E S U L T S  

Due to generally small sample sizes, data were plotted as frequency dis- 
tributions and visually inspected for normality; all distributions except offspring 
sex ratios appeared approximately normal. Sex ratio values (number of  males/ 
total number of  offspring) were therefore arc-sign transformed (Sokal and Rohlf, 
1969); the resulting data appeared normal. First, we tested whether our crude 
separation of  parental females into size classes was effective; we found that the 
"smal l"  parental females were significantly smaller than the " m e d i u m "  females 
(Table II; t = 3.25, df  = 38, P < 0.001), and " la rge"  were significantly 
larger than medium females (t = 14.05, df  = 38, P < 0.001). Similarly, eggs 
from large females were significantly bigger than those from either medium 
(Table II; t = 1.8, df  = 84, P < 0.025) or small females (t = 1.76, df  = 64, 
P < 0.025). Offspring sex ratio was analyzed by isotonic regression with female 
size and female density as independent variables, with directions tested as indi- 
cated in our predictions (see above). Neither was significant (Table I; e32 < 
0.01, P = 0.68, and e42 = 0.007, P = 0.64, respectively). Similarly, we did 
not find significant relationships when we analyzed offspring mass with female 
size and female density (Table I, e] = 0.01, P = 0.09, and e 2 = 0.116, P = 
0.23, respectively). We also tested whether the number o f  offspring/female 
parent was affected by either female density or  size. Here we used one-way 

Table II. Summary Statistics on Female Size and 
Egg Size: Egg Size Measured in Uncalibrated 

Ocular Units 

Mean (SD) 

Female size 
Size class (mm) Egg size 

Small 2.25 (0.34) 8.3 (0.57) 
Medium 2.50 (0.01) 8.4 (0.69) 
Large 3.08 (0.18) 8.6 (0.54) 
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ANOVA because we did not make prior predictions. Increasing adult female 
density (among medium-sized females) had a significant negative effect (Table 
I; F3.12 = 14.06, P < 0.001), and increasing adult female size a significant 
positive effect (Table I;/72. j~ = 10.13, P = 0.003), on the number of offspring/ 
female parent. 

DISCUSSION 

The three explicit assumptions of Trivers and Willard's (1973) hypothesis 
involve the "condition" of individuals, relative to others in the same population. 
Trivers and Willard suggested several ways to rank maternal condition, includ- 
ing parity, litter size, and measures of environmental quality. Other workers 
have successfully used maternal social rank (i.e., Clutton-Brock et al., 1986) 
and maternal body fat (i.e., Kucera, 1991). We assumed that the parameters we 
used were important because they appear to be major factors influencing off- 
spring size and, therefore, presumably both parental and offspring fitness. How- 
ever, we found no association between offspring sex ratio and either maternal 
body size or larval density. 

Trivers and Willard's first assumption was that offspring condition during 
parental investment (PI) tends to be positively correlated with maternal condi- 
tion. For Drosophila, PI is limited to the time from oogenesis until complete 
egg formation [about 79 h (David and Merle, 1968)]. Numerous studies have 
shown that larvae from eggs oviposited where food is abundant and where there 
is little competition will be well nourished and generally larger. For example, 
as larval density increases, larval size decreases (Chiang and Hodson, t950), 
as do pupal size (Chiang and Hodson, 1950) and mass (Sang, 1949). The effect 
of increased larval and/or parental density is also accompanied by a decrease in 
the proportion of larvae that pupate (Chiang and Hodson, 1950; Barker and 
Podger, 1970; Sang 1949) and survive into adulthood (Barker, 1973; Chiang 
and Hodson, 1950; Sang, 1949). Sokoloff (1955) has shown similar reductions 
in preadult and adult viability in three sibling species of Drosophila. Barker 
(1973) found that as parental densities increase, the average number of progeny 
per female decreases. He concluded that, for D. melanogaster, this was due to 
the combined effects of  decreased female fecundity and reduced larval and pupal 
viability due to larval crowding. 

We interpret our finding that maternal body size was positively associated 
with egg size as partial support for Trivers and Willard's first assumption. To 
substantiate this it would be necessary to show that egg size is a good indication 
of offspring condition. However, the functional relationship between egg size 
and any subsequent measures of survivorship or reproduction is unknown. We 
found that the number of offspring per female decreased as the density increased 
and also as the female body size decreased; clearly, the number of offspring is 
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associated with the female condition. We do not know whether this was a result 
of reduced fecundity, or decreased larval survivorship, or both. 

Trivers and Willard's second assumption was that differences in offspring 
condition at the end of PI tend to endure into adulthood. Pupal size in Drosophila 
is strongly correlated with subsequent adult body size (Chiang and Hodson, 
1950), and after eclosure, body size in Drosophila is relatively fixed. As larval 
density is increased, adult mass decreases (Economos et al., 1981; Barker, 1973; 
Barker and Podger, 1970; Sang, 1949; Miller and Thomas, 1958), as does adult 
body size (Chiang and Hodson, 1950). However, although our high-density 
treatments clearly resulted in a reduction in the number of offspring per female, 
offspring size was not reduced as in these previous studies. Apparently, higher 
densities than those we used are required for a reduction in larval size to occur. 

Trivers and Willard's third assumption was that there are differential ben- 
efits in reproductive success between sons and daughters if both are provided 
with the same level of parental care. Support for this assumption in Drosophila 
comes mainly from data showing that various condition measures are strongly 
associated with male mating success. Males have considerably greater variation 
in reproductive success, and this result is due largely to variation in the number 
of matings achieved (Bateman, 1948). In fact, Duncan (1930) found that vig- 
orous males may father as many as 10,000 to 14,000 offspring, while it is 
unlikely that any females can lay anywhere near this many eggs. In wild pop- 
ulations, larger males are more likely to obtain mates (Partridge et al., 1987b; 
Markow, 1988; Taylor and Kekic, 1988). 

Partridge and Farquhar (1983) suggest that the advantage of a larger male 
is twofold--larger males live longer and, at least during their first 2 weeks as 
adults, inseminate more females than do smaller males. They also showed that 
larger males have higher mating speeds. Partridge et al. (1987a) found that 
larger males court longer, produce louder and longer courtship song, and search 
a larger area in search of potential mates. They also suggested that, because 
females move faster than males during courtship, larger males may be better 
able to keep up with the female. Larger males are also more likely to win 
aggressive encounters (Markow, 1988; Dow and von Schilcher, 1975). Other 
research has reinforced these general conclusions (Pitnick, 1991; Partridge et 
al., 1987a; Ewing, 1964; Markow, 1986; Partridge, 1988; Partridge and Far- 
quhar, 1983; Ewing, 1961). On the basis of our own and these other studies, 
it appears that there is reasonable support for Trivers and Willard's third assump- 
tion. 

A potential criticism of the conclusion that larger males have higher repro- 
ductive success in wild populations is that mating success is instead frequency 
dependent. Some laboratory research on various Drosophila species has sug- 
gested the importance of a "rare-male" mating advantage [for a general review 
see Ehrman and Probber (1978); in melanogaster, Petit (1951, 1954, 1958)], 
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and if true, this phenomenon should be considered when interpreting experi- 
ments that relate male size to mating success. However, recent reports have 
shown that rare-male success can occur spuriously (Knoppien, 1987; Markow, 
1980; Markow et al., 1980; Spiess, 1982; Gromko et al., 1980), and this 
phenomenon is now thought to be relatively unimportant in wild populations. 

Although the assumptions outlined by Trivers and Willard (1973) appear 
to be met in D. melanogaster, we found no evidence of the predicted offspring 
sex ratio bias. While there are many possible explanations for this, we suggest 
two as particularly important. First, it may be that the condition indices we 
measured were not relevant in this species or that their importance was swamped 
by other, more important factors influencing reproductive fitness. Second, the 
model may be appropriate but fail to predict Drosophila behavior for a more 
fundamental reason. A common but usually implicit assumption of most opti- 
mality models is that sufficient genetic variability exists such that organisms can 
readily evolve characteristics that maximize fitness. In contrast, though it might 
be advantageous for individuals to do so, Drosophila may simply not have the 
mechanistic ability to alter offspring sex ratio as a function of maternal condition. 
Other workers (Toro and Charlesworth, 1982; Curtsinger, 1981; Falconer, 1954) 
have reported poor success in producing strongly sex ratio-biased lines in con- 
trolled Drosophila breeding experiments. These types of results have resulted 
in the suggestion (i.e., Toro and Charlesworth, 1982; Williams, 1979) that this 
inability may be generally true of all diploid organisms. However, the mam- 
malian studies cited above and those in Frank (1990) demonstrate that adaptive 
sex ratio biasing does apparently occur in some diploid species. Our results 
imply that if, in fact, selective pressures have existed that would favor devel- 
opment of the ability to adaptively alter offspring sex ratio in Drosophila, they 
have been insufficient to result in the evolution of this behavior. 
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