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Abstract 
Stronger condition-dependence in sexually selected traits is well-documented, but how this relationship is established remains unknown. 
Moreover, resource availability can shape responses to sexual selection, but resource effects on the relationship between sexual selection 
and condition-dependence are also unknown. In this study, we directly test the hypotheses that sexual selection drives the evolution of stron-
ger-condition-dependence and that resource availability affects the outcome, by evolving fruit flies (Drosophila melanogaster) under relatively 
strong or weak sexual selection (through varied sex ratios) and at resource-poor or resource-rich adult diets. We then experimentally manipulated 
condition via developmental diet and assessed condition-dependence in adult morphology, behavior, and reproduction. We observed stronger 
condition-dependence in female size in male-biased populations and in female ovariole production in resource-limited populations. However, we 
found no evidence that male condition-dependence increased in response to sexual selection, or that responses depended on resource levels. 
These results offer no support for the hypotheses that sexual selection increases male condition-dependence or that sexual selection’s influence 
on condition-dependence is influenced by resource availability. Our study is, to our knowledge, the first experimental test of these hypotheses. 
If the results we report are general, then sexual selection’s influence on the evolution of condition-dependence may be less important than 
predicted.
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Life history theory predicts that sexually selected traits, and 
more generally any traits under directional selection, should 
evolve stronger condition-dependence (Andersson, 1982; 
Andersson, 1986; Biernaskie et al., 2018; Garland & Kelly, 
2006; Hoglund & Sheldon, 1998; Houle, 1998; Nur & 
Hasson, 1984; Rowe & Houle, 1996; but see Johnstone et 
al., 2009), where condition is defined as the pool of meta-
bolic resources an individual has available to allocate to trait 
expression (Andersson, 1982, 1986; Cotton et al., 2004; Nur 
& Hasson, 1984; Rowe & Houle, 1996). Consistent with this 
prediction, sexually selected traits are often found to exhib-
it heightened condition-dependence (Bonduriansky, 2007; 
Bonduriansky & Rowe, 2005; Cotton et al., 2004; Delcourt 
& Rundle, 2011; Emlen et al., 2012; Gosden & Chenoweth, 
2011; Johnstone, 1995; Knell & Simmons, 2010; Sentinella 
et al., 2013). For example, in the carrion fly Prochyliza xan-
thostama, male sexually selected traits exhibit stronger con-
dition-dependence compared with non-sexually selected traits 
(Bonduriansky & Rowe, 2005). In the horned dung beetle 
Onthophagus taurus, in which males develop into “fighter” or 

“sneaker” morphs, body size and testes size are under stronger 
sexual selection in fighters and sneakers, respectively; corre-
spondingly, body size exhibits stronger condition-dependence  
in fighters and testes size exhibits stronger condition-depen-
dence in sneakers (Knell & Simmons, 2010). The ample evi-
dence for the co-occurrence of sexual selection and increased 
condition-dependence appears to provide strong support for 
the predicted causal relationship between them.

However, the prediction that sexual selection drives the 
evolution of stronger condition-dependence lacks direct 
experimental support. The evidence to date comes from 
studies that compare the extent of condition-dependence in 
sexually selected traits with that of traits not under sexual 
selection (i.e., other traits within the same sex or homologous 
traits in females or in males of other species; Bonduriansky & 
Rowe, 2005; Cotton et al., 2004; Delcourt & Rundle, 2011; 
Johnstone, 1995; Knell & Simmons, 2010). Although these 
comparisons are informative, they do not test causality in the 
relationship between sexual selection and condition-depen-
dence. This is important because there is a plausible alternative 
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hypothesis: instead of sexual selection driving the evolution 
of increased condition-dependence, condition-dependent 
traits might more often become targets of sexual selection, 
because they better reveal the bearers’ condition or quality 
to choosy receivers (Johnstone et al., 2009). This mechanism 
would generate the same pattern of co-occurrence between 
condition-dependence and sexual selection as that predicted 
by life history theory (and widely documented). Resolving 
these hypotheses requires the experimental manipulation of 
sexual selection and testing for any associated evolution of 
condition-dependence.

Any effect of sexual selection on the evolution of con-
dition-dependence is likely to vary across environments. 
It is clear that the ecological context shapes evolutionary 
responses to sexual selection (Andersson, 1994; Emlen & 
Oring, 1977) and that nutritional resources can be particu-
larly influential (e.g., Chapman & Partridge, 1996; Janicke 
et al., 2015; Rostant et al., 2020). One possibility is that a 
food-restricted environment dampens responses to sexual 
selection, through reducing an individual’s resources avail-
able for investment in costly sexually selected traits (Figure 1). 
This mechanism may explain the evolution of reduced female 
resistance to male harm under food restriction, compared 
with food abundance, in fruit flies (Rostant et al., 2020). 
Alternatively, food restriction might strengthen the effect of 
sexual selection on condition-dependence. If food restric-
tion leads to the evolution of increased efficiency in nutrient 
processing and reduced metabolic demand (e.g., as observed 
in fruit flies (Bochdanovits & de Jong, 2003; Cavigliasso et 
al., 2020) and Plutella moths (Warbrick-Smith et al., 2006; 
reviewed by Ahmad et al., 2018)), then the increased efficiency 
might allow more investment in sexually selected traits when 
food becomes available. By this mechanism, food-restricted 
environments should allow both the evolution of increased 
condition-dependence and the potential for condition-depen-
dence to respond more strongly to sexual selection (Figure 1). 
Overall, it remains unclear whether sexual selection drives the 

evolution of stronger condition-dependence, and whether the 
effect of sexual selection on condition-dependence depends 
on the nutritional context.

We investigate here the hypotheses that stronger sexual 
selection drives the evolution of increased condition-depen-
dence, and that responses to sexual selection vary with the 
nutritional environment, by using the experimental evolution 
of the fruit fly Drosophila melanogaster. We evolved repli-
cated populations of fruit flies under three strengths of sexual 
selection, manipulated through the population sex ratio, and 
two nutritional regimes, in a fully factorial design. The sex 
ratio treatment involved male-biased, female-biased, or equal 
sex ratio treatments, representing relatively strong, weak, or 
baseline sexual selection on males, respectively (Edmunds, 
2020; Pavković-Lučić et al., 2009; Zikovitz & Agrawal, 2013; 
see also Aronsen et al., 2013). The nutritional regime involved 
a resource-poor or resource-rich adult diet. After ≥ 23 gen-
erations of experimental evolution, we tested for treatment 
effects on condition-dependence in morphological, behav-
ioral, and reproductive traits (Table 1). We assayed male 
phenotypes that are known to be targets of sexual selection 
(Table 1) and female phenotypes, to explore female responses 
to the sexual and nutritional environment and to test whether 
evolutionary responses in condition-dependence are limited 
to males. We generated individuals in good or poor condi-
tion by assigning experimentally evolved flies to a high- or 
low-quality developmental diet (respectively). This is a widely 
used approach for manipulating condition (e.g., Amitin & 
Pitnick, 2007; Bonduriansky & Rowe, 2005; Bonduriansky 
et al., 2015; Gosden & Chenoweth, 2011; Hill, 2011; Izzo 
& Tibbetts, 2015; Katsuki et al., 2012; Kemp & Rutowski, 
2007; Łopuch & Radwan, 2009; McGraw et al., 2007; Miller 
et al., 2016; Zikovitz & Agrawal, 2013) that can yield similar 
patterns to genetic manipulations of condition in D. melano-
gaster (Bonduriansky et al., 2015).

If sexual selection causes the evolution of increased con-
dition-dependence, then we expect the response to sexual 
selection to be strongest in males, with a stronger predicted 
response after evolution in male-biased populations and 
weaker response in female-biased populations (i.e., interact-
ing effects of sex ratio and developmental diet). However, 
because males and females share a genome, we might also 
expect female condition-dependence to evolve through a 
positive intersex genetic correlation with male condition-de-
pendence. Alternatively, female condition-dependence might 
evolve because female traits themselves are under directional 
selection (e.g., through fecundity selection or resistance to 
male harm).

Material and methods
Fly stocks and experimental evolution
The experimental evolution regime has been previously 
described (Dore et al., 2021; Rostant et al., 2020). Briefly, 
the experimental populations derived from an outbred, lab-
adapted Dahomey stock and evolved at either male-biased 
(70 males:30 females), female-biased (25:75), or equal sex 
ratios (50:50), and at either a high-yeast adult diet (a standard 
sugar-agar-yeast (SYA) medium; 100 g brewer’s yeast, 50  g 
sucrose, 15 g agar, 30 ml Nipagin (10% solution), 3 ml pro-
pionic acid, and 0.97 L water per liter of medium) or a low-
yeast adult diet (SYA medium as before, but with only 20% 
yeast content (20 g/L)). Yeast is the main source of protein 

Figure 1. Theory predicts that elevated sexual selection (SS; blue 
lines) drives the evolution of stronger condition-dependence, resulting 
in a steeper slope for the relationship between trait expression and 
condition than under weaker sexual selection (red line). In resource-
poor conditions, sexual selection’s effect on the evolution of condition-
dependence might be muted, if individuals have limited resources 
for costly trait expression after meeting physiological needs (dashed 
line). Alternatively, the effect of sexual selection might be stronger in 
resource-poor conditions, if more efficient nutrient processing evolves 
under resource limitation, allowing disproportionately higher investment 
in trait expression for individuals in good condition (dotted line).
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in D. melanogaster diets and also contains micronutrients 
(e.g., vitamins, nucleic acids, and cholesterol; Sang, 1978). 
We, therefore, refer to low- and high-yeast diets as “resource-
poor” and “resource-rich”, respectively. Three replicate pop-
ulations were established for each combination of sex ratio 
and diet treatments, for a total of 18 populations. During 
experimental evolution, adult flies interacted in ventilated 
plastic chambers for 10 days in non-overlapping generations. 
On the 10th day, eggs were collected for the propagation of 
the next generation and the resulting larvae were grown at a 
standardized density of 100 larvae per 7 ml of standard SYA 
medium. Previous studies of these populations have reported 
the experimental evolution of mating behavior (Sepil et al. 
2022; sampled after 35 generations), ejaculate properties 
(Hotzy et al., 2022; 38 generations), and lifespan (Rostant et 
al., 2020; 30 generations) at time points similar to those we 
sampled (generation 23 for morphology and 36 for behavior 
and reproduction).

To generate white-eyed females and competitor males for the 
behavioral experiments (white eyes were used to score pater-
nity; see Behavior and reproduction), we backcrossed a loss 
of function allele (w1118) for the white gene into a Dahomey 
wild-type background and reared flies in vials containing 100 
larvae and 7  ml of SYA. All fly husbandry and experiments 
were conducted at 25°C on a 12:12 h light:dark cycle.

Manipulation of condition through variation of 
developmental diet
Supplementary Figure S1 illustrates our experimental pro-
tocol. Before manipulating condition, we cultured flies from 
each replicate population on standard SYA media for two 
generations to minimize parental carry-over effects. We 
then manipulated condition by culturing the offspring of 
these flies on a low (20% yeast (20  g/L) or high (120% 
yeast (120  g/L)) resource diet (relative to SYA media), in 

vials containing 100 larvae and 7.5 ml of food media, for 
each replicate population. To apply the diet treatment, we 
transferred newly emerged larvae from each population to 
the assigned diet. We collected the resulting virgin adults 
for the assays of morphology, behavior, and reproduction 
(described below) within 6 h of eclosion, using ice anesthe-
sia, and housed them at a density of 15–20 flies in same-
sex vials containing standard SYA food medium. We chose 
120% yeast for the high-resource diet for two reasons. First, 
we chose 120% yeast so that both developmental diet treat-
ments differed from the developmental diet experienced 
during experimental evolution (100% yeast), to avoid the 
confound of the low-resource treatment being distinct and 
the high-resource treatment being similar (had we chosen 
a 100% yeast diet as the high-resource treatment). Second, 
120% yeast represents a high-resource developmental diet 
but not “overfeeding,” and results in flies that are phenotyp-
ically similar to those that developed on a 100% yeast diet 
(Duxbury & Chapman, 2020; Fricke et al., 2010). Because 
our goal was to generate individuals in good or poor con-
dition, we did not aim to recapitulate the developmental 
nutrition levels that the populations experienced during 
experimental evolution.

Larvae reared on a low-resource diet develop more slowly 
and development time is more variable, compared with lar-
vae reared on a higher-resource diet (Duxbury & Chapman, 
2020). To account for this difference, we set up larvae on the 
low-resource diet on days 7 and 8, and 9 days before setting 
up larvae on the high-resource diet (following Duxbury & 
Chapman, 2020), so that peak emergence for both treatments 
occurred simultaneously.

Our goal was to assess the experimental evolution of con-
dition-dependence in male sexually selected traits and, for 
comparison, in female traits. Previous studies suggest that all 
male traits assayed in our study are subject to sexual selec-
tion (Table 1). These, or similar traits, have shown evidence of 

Table 1. Traits for which condition-dependence was assayed in this study, after experimental evolution at a male-biased, female-biased, or equal sex 
ratio and on a resource-poor or resource-rich adult diet.

Sex Trait category Trait † Result: Evidence for evolution in condition-
dependence? ‡ 

 � Male Morphology Mass No

Size § No

Wing shape No

Behavior Courtship frequency No

Courtship intensity No

Mating success No

Reproductive success Siring success in competitive 
conditions

No

Female Morphology Mass No

Size § Increased condition-dependence in male-biased 
populations

Wing shape No

Reproductive success Number of ovarioles Increased condition-dependence in resource-poor 
populations

Offspring production No

†	 Previous studies suggest that each male trait is under sexual selection in D. melanogaster or congeners (body size: Bangham et al., 2002, Jagadeeshan 
et al., 2015, Partridge & Farquhar, 1983, Partridge et al., 1987, Turiegano et al., 2013, Wigby et al., 2016; post-copulatory fertilization success and wing 
shape and courtship behavior: Abbott et al., 2010, Debelle et al., 2017, Markow & Ricker, 1992, McGuigan, 2009).
‡	 A significant interaction between developmental diet and sex ratio, evolutionary diet, or both.
§	 Scores on the first principal component axis summarizing variation in midfemur length and mean wing centroid size.
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evolved responses in previous experimental evolution studies 
in D. melanogaster or congeners (e.g., Abbott et al., 2010; 
Bacigalupe et al., 2008; Crudgington et al., 2010; Holland 
& Rice, 1999; Innocenti et al., 2014; Linklater et al., 2007; 
Nandy et al., 2013, 2014; Pavković-Lučić & Kekić, 2011; 
Perry et al., 2016; Snook et al., 2005; Trajković et al., 2021; 
Wigby & Chapman, 2004). We generated one set of flies for 
measurement of morphology (at generation 23 of experimen-
tal evolution) and another set for behavioral assays (at gen-
eration 36). These time points reflected the team’s availability 
throughout the project.

Measurements of morphology
After 23 generations of experimental evolution, we grew flies 
under the developmental diet treatments described above and 
then assayed adult mass, midfemur length, wing size, and 
wing shape (Table 1). Adult flies were preserved in 70% eth-
anol 2 days post-eclosion. We removed the left midleg and 
both wings from 15 specimens of each sex, developmental 
diet treatment, and replicate population and digitally pho-
tographed them on a hemocytometer. We used ImageJ soft-
ware (Abramoff et al., 2004) to measure midfemur length. 
To measure wing size and shape, we used tpsDig software 
(version 2.12, Rohlf, 2006) to place 11 landmarks on wing 
venation (Supplementary Figure S2A). Following leg and 
wing removal, we placed specimens in a drying oven at 60°C 
for 48 hr and measured the dry mass of individual specimens 
(UMX2 ultra-microbalance; Mettler-Toledo, Leicester, U.K.).

Measurements of behavior and reproduction
After 36 generations of experimental evolution, we assayed 
behavioral and reproductive traits in separate experiments for 
males and females (Table 1) that were cultured on one of the 
developmental diet treatments as described above. The mea-
surements for both experiments were initiated with 1-day-old 
adult flies.

In the male experiment, we measured the courtship behav-
ior (frequency and intensity), mating rate, and siring success 
of focal males under competitive conditions. To do this, we set 
up 1,338 replicate vials housing 1 focal male and 2 Dah[w1118] 
competitor males, along with 3 Dah[w1118] females. We trans-
ferred groups to fresh vials on day 5 or 6 after the vials were 
set up using light CO2 anesthesia. We inspected vials daily 
and replaced females and rival males when deaths occurred 
(191 and 64 replacements, respectively). We terminated vials 
in which focal males died. We conducted behavioral obser-
vations on day 8, when three observers (blind to treatment) 
conducted spot check observations and recorded whether the 
focal male was courting or mating, and if courting, whether 
the male was chasing or orienting towards a female (less 
intense courtship), performing the wing extension associated 
with courtship song (moderate courtship), or attempting cop-
ulation (more intense courtship). Each vial was observed a 
total of 6 times beginning at 0h Zeitgeber time. Observations 
were made at least 20 min apart to avoid double-counting 
matings. We assayed male reproductive success over day 10—
the day on which eggs were collected for propagation during 
experimental evolution—to capture the selective window for 
reproductive success. On day 9, groups were transferred to 
fresh vials containing live yeast granules atop the food media. 
On day 11, adults were discarded. Vials were frozen 14 days 
later after adult offspring emergence. We counted the number 
of offspring of each sex and eye color for each vial.

In the female experiment, we evaluated offspring produc-
tion for 988 experimental females, each housed in a vial with 
a single Dah[w1118] male. The experiment was conducted in 
two blocks offset by one day. We inspected vials daily and 
replaced males when deaths occurred. We discarded vials in 
which the female died. Large, high-quality females can attract 
more courtship from males, which depresses fecundity (Lin 
et al., 2018; Long et al., 2009). To assess whether offspring 
production was affected by male courtship effort or mating 
rate, we conducted behavioral observations on day nine. A 
single observer (blind to treatment) conducted six spot-check 
observations beginning at 0 hr Zeitgeber time and recorded 
whether the female was being courted (with any of the court-
ship behaviors noted above) or was mating. Observations 
were at least 20  min apart. We assayed female offspring 
production over day 10 to capture the selective window for 
reproductive success. On day 8, each male–female pair was 
transferred to a fresh vial containing live yeast granules atop 
the food media. On day 11, adults were discarded and vials 
were frozen 14 days later. We counted the number of off-
spring produced.

As a proxy for reproductive capacity (Klepsatel et al., 
2013), we measured ovariole number for five females per 
treatment combination and replicate population.

Analyses
For all linear models, we tested whether model residuals 
approximated a normal distribution and applied transforma-
tions where appropriate (noted in Tables 2 and 3). Models 
were conducted in JMP 14.2.0 except where noted. Least 
squares means are given with standard errors throughout.

Morphology
We measured mass along with two univariate traits related 
to body size (midfemur length and wing size) and multivari-
ate wing shape. As a measure of wing size, we calculated the 
centroid size for the left and right wings based on the land-
marks placed on wing venation and took the mean centroid 
wing size for each specimen. We then used principal compo-
nent (PC) analysis to summarize variation in body size. To 
compare wing shape among treatment groups independently 
from size, we converted the landmark data to shape vari-
ables and calculated a Procrustes superimposition using IMP 
CoordGen (version 8; Sheets, 2001a), scaled to the size stan-
dard (Zelditch et al., 2012).

To test for the effects of the experimental evolution treat-
ments on condition-dependence in mass, body size (PC1 
scores), and wing shape, we tested for interactions between 
developmental diet and either sex ratio or evolutionary diet 
(or three-way interactions between all three treatments) using 
linear models. Models included the fixed effects of develop-
mental diet, sex ratio, and evolutionary diet and all interac-
tions, along with the random effects of replicate population 
and the interaction between replicate population and devel-
opmental diet, such that all hypotheses were tested at the pop-
ulation level to avoid pseudoreplication (Arnqvist, 2020). We 
ran separate models for males and females. For wing shape, 
we used a univariate linear model of shape variables (i.e., a 
single column containing all 18 shape variables) that included 
the above factors, a random factor to account for individual 
male ID, and the random factor “shape variable” (18 levels). 
We adopted this approach instead of a multivariate analy-
sis of variance to allow the inclusion of the random factors 
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specified above so that we could avoid pseudoreplication 
(following Snijders & Bosker, 2012). An assumption of this 
approach is that the shape variables are uncorrelated with 
each other within and among groups (Pitchers et al., 2013). 
We examined patterns of shape variation by canonical vari-
ates analysis (CVA) and by thin-plate spline visualizations of 
shape variation, using IMP CVAGen (Sheets, 2001b).

Behavior and reproduction
We tested for the evolution of condition-dependence in male 
courtship behavior (frequency and intensity), mating fre-
quency, and siring success. Models for courtship frequency 
and intensity included the same factors as described above 
for mass and body size. We weighted courtship frequency by 
the number of observation periods (of 6) in which courtship 
could have been observed (i.e., discounting periods in which 
focal males were mating and could not have been courting). 
We calculated a weighted courtship intensity score (modified 
from Manning, 1960), with orienting and chasing behavior 
scored 1, wing extension scored 2, and attempted mating 
scored 3. Scores were averaged across all observation periods 
in which courtship was observed, excluding vials when the 
focal male died or was lost before behavioral observations 
(12 and 17, respectively). We observed few males mating 
twice (5/1,309) and no male was observed mating more than 
twice, so we analyzed the population frequency of males that 
achieved at least one mating in a model that included the 
fixed factors given above and the random factor of replicate 
population.

We assessed male siring success by the number of daughters 
sired by focal males. Because the white gene is located on the 
X chromosome, daughters sired by red-eyed focal males had 
red eyes and daughters sired by white-eyed rival males had 
white eyes (all sons had white eyes). Approximately 30% of 
males failed to sire offspring (365 of 1,204 for which daugh-
ter counts were available). We therefore first modeled the like-
lihood of siring offspring in a model that included the fixed 
factors given above and the random factor of the replicate 
population. We then modeled the proportion of offspring 
sired (within the subset of males that sired any offspring), 
weighted by the total number of daughters, using a linear 
model that included the same factors as for mass and body 
size.

Finally, we tested how condition-dependence evolved for 
female offspring production, measured in the female exper-
iment. The model included factors as given above for mass 
and body size, along with the fixed factor block. We excluded 
females that died before the experiment was complete 
(97/988) and females that produced no offspring (54/891; 
there were too few females that produced no offspring for 
a meaningful test of treatment effects on whether females 
produced any offspring). To evaluate differences in the fre-
quency with which females received courtship, which might 
influence their fecundity (Lin et al., 2018; Long et al., 2009), 
we analyzed courtship frequency weighted by the number 
of observation periods (of 6) in which courtship could have 
been observed (discounting periods in which mating was 
observed). The model included the same factors as for female 
offspring production. We observed only 13 females mating 
(of 924 females alive on the day behavior was observed) and 
we were, therefore, unable to evaluate treatment effects on 
mating rate. The low female re-mating rate we observed is 
consistent with previous research (Chapman et al., 1994; Ta
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Lawniczak & Begun, 2005; Rostant et al., 2020). We ana-
lyzed the number of female ovarioles in a model that included 
the factors given for mass and body size.

Results
No evidence that male condition-dependence 
evolved in response to sex ratio
The prediction that stronger sexual selection would drive the 
evolution of stronger condition-dependence in male traits, 
resulting in a stronger response to developmental diet in male-bi-
ased populations and a weaker response in female-biased pop-
ulations, was not supported. We found no strong evidence that 
male responses to developmental diet depended on sex ratio 
(SR × DD row in Table 2; slope of sex ratio lines in Figure 2).

The developmental diet itself had strong effects on mor-
phology, modest effects on reproductive traits, and no effects 
on behavior (Table 2; difference between resource-poor and 
resource-rich developmental diets in Figure 2). A resource-rich 
developmental diet led to increased mass and size, modified wing 
shape (Supplementary Figure S2B), and increased likelihood of 
siring offspring (from 66% (382/580) to 73% (457/624)).

Male courtship frequency differed among sex ratio treat-
ment groups, independent of developmental diet (Table 2). 
Males from female-biased populations evolved more fre-
quent courtship compared with males from male-biased or 
equal sex ratio populations (weighted courtship frequency: 
female-biased, 0.303 ± 0.006; male-biased, 0.270 ± 0.006; 
and equal sex ratio, 0.279 ± 0.007; Figure 2C). There was no 
strong evidence that other male traits evolved in response to 
sex ratio (Table 2; Figure 2).

Condition-dependence in female size evolved in 
response to sex ratio
Females that evolved in male-biased populations showed a 
stronger response to developmental diet in body size, com-
pared with females that evolved in female-biased or equal sex 

ratio populations (a significant sex ratio × developmental diet 
interaction, Table 3; slope of sex ratio lines in Figure 3B; mean 
difference between resource-rich and resource-poor develop-
mental diets in PC scores for size: male-biased, 1.63 ± 0.11; 
female-biased, 1.20 ± 0.11; and equal sex ratio, 1.35 ± 0.11; 
Figure 3).

Most female traits responded strongly to developmen-
tal diet (Table 3; difference between resource-poor and 
resource-rich developmental diets in Figure 3). A resource-
rich developmental diet led to increased mass and size, 
modified wing shape (Supplementary Figure S2C), and the 
production of more ovarioles (from 24.2 ± 0.7 to 32.9 ± 0.7; 
Table 3; Figure 3C). However, offspring production showed 
no strong response to developmental diet (Figure 3D). We 
found no strong evidence that female traits had evolved in 
response to sex ratio (Table 3; Figure 3), apart from the inter-
action between sex ratio and developmental diet for female 
size noted above.

Male courtship is known to suppress female fecundity, and 
we, therefore, wondered whether females from different sex 
ratio groups might attract different levels of courtship, which 
might have obscured an effect of sex ratio on offspring produc-
tion. However, we observed no differences in female receipt of 
courtship among treatment groups (Supplementary Table S2).

No evidence for interactions between sex ratio and 
evolutionary diet
We found no evidence that the effect of sex ratio on con-
dition-dependence varied with resource levels experienced 
during experimental evolution in either male or female traits 
(no two- or three-way interactions involving sex ratio and 
evolutionary diet; Tables 2 and 3).

Condition-dependence in female ovariole number 
evolved in response to evolutionary diet
Females that evolved on a resource-poor adult diet showed 
a stronger response to developmental diet in their produc-
tion of ovarioles, compared with females that evolved on a 

Table 3. Model outputs for female traits in relation to sex ratio (SR), evolutionary diet (ED), and developmental diet (DD). Significant interactions 
involving DD indicate a change in condition-dependence in response to an experimental evolution treatment.

 F-statistics (error df) and p-values

Term (numerator df) Mass Size (PC1)* Wing shape † Number of ovarioles Offspring production‡ 

SR (2) 1.1 (12.1),
p = .35

0.1 (12.0),
p = .94

2.1 (12),
p = .17

1.5 (12.3),
p = .25

0.9 (11.9),
p = .43

ED (1) 0.3 (12.1),
p = .60

0.5 (12.0),
p = .48

0.1 (12),
p = .78

0.1 (12.3),
p = .78

0.0 (11.9),
p = .96

DD (1) 322.1 (12.3),
p < .0001

514.8 (12.0),
p < .0001

227.6 (12),
p < .0001

137.4 (11.8),
p < .0001

2.3 (12.5),
p = .15

SR × ED (2) 1.5 (12.1),
p = .26

0.2 (12.0),
p = .84

1.2 (12),
p = .33

1.1 (12.3),
p = .37

0.8 (11.9),
p = .49

SR × DD (2) 1.3 (12.3),
p = .32

4.3 (12.0),
p = .04

0.7 (12),
p = .53

3.1 (11.8),
p = .08

1.3 (12.5),
p = .30

ED × DD (1) 4.2 (12.3),
p = .06

0.4 (12.0),
p = .54

0.9 (12),
p = .35

5.5 (11.8),
p = .04

0.2 (12.5),
p = .68

SR × ED × DD (2) 1.7 (12.3),
p = .22

2.6 (12.0),
p = .12

1.1 (12),
p = .36

0.7 (11.8),
p = .50

1.8 (12.5),
p = .20

*	  Scores on the first principal component axis summarizing 91.4% of variation in midfemur length and mean wing centroid size. Both midfemur length 
and wing size loaded positively (eigenvector values of 0.71).
†	  Results for right wings are given here; similar results for left wings are given in Supplementary Table S1.
‡	  Square-transformed.
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resource-rich adult diet (a significant evolutionary diet × devel-
opmental diet interaction; Table 3 and Figure 4; mean differ-
ence between resource-rich and resource-poor developmental 
diets: resource-poor evolutionary diet, 10.4 ovarioles ± 1.1; 
resource-rich evolutionary diet, 6.9 ovarioles ± 1.0).

Apart from this interaction, there was no evidence that 
other female or male traits evolved in response to the evolu-
tionary diet (no main effects and no other interactions with 
evolutionary diet; Tables 2 and 3; Figures 2 and 3).

Discussion
In the well-documented positive association between sexual 
selection and condition-dependence, the direction of causal-
ity has remained obscure, because it is not clear whether (a) 
sexual selection increases condition-dependence or (b) con-
dition-dependent traits are more likely to come under sex-
ual selection (Johnstone et al., 2009). In this study, we have 
explored the first of these hypotheses. We observed the exper-
imental evolution of condition-dependence in response to 
skewed population sex ratios and resource levels. However, 
we observed evolutionary change in condition-dependence 
only in female body size and ovariole number. In contrast, 
we found no evidence that condition-dependence in a suite 
of male sexually selected traits evolved in response to the 

strength of sexual selection, manipulated via the sex ratio. 
These results show that there is some potential for condi-
tion-dependence to evolve rapidly in response to the social 
environment, but the evolvability of condition-dependence 
was limited to females in the conditions of our study. The 
results offer no support for the hypothesis that sexual selec-
tion drives the evolution of increased condition-dependence 
in males. If these results reflect general patterns, then the role 
of sexual selection in influencing condition-dependence may 
be less important than predicted.

Our results also give insight into the unresolved issue of 
whether sexual selection’s effects on condition-dependence 
are influenced by food resource abundance. We found that 
the resource abundance that adults experienced during exper-
imental evolution did not influence how condition-depen-
dence responded to the sex ratio for any male or female trait.

No increase in male condition-dependence in male-
biased populations
We predicted that male traits would evolve increased con-
dition-dependence under the stronger sexual selection of 
male-biased populations. The prediction was not supported: 
no male trait showed differences in condition-dependence 
among treatments. Hence, the results offer no support for the 
hypothesis that sexual selection has a causal role in increasing 
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Figure 2. Condition-dependence in male traits, after experimental evolution in male-biased, female-biased or equal sex ratio populations and at a 
resource-poor or resource-rich adult diet, for mass (A), body size (B); PC scores summarizing variation in wing size and leg length), courtship frequency 
(C) and intensity (D), mating success (E); the likelihood of being observed to mate), the likelihood of siring offspring (F), and the proportion of offspring 
sired (G). Condition-dependence is reflected by the slope of the relationship between trait expression in experimentally evolved male fruit flies randomly 
assigned to a resource-poor or resource-rich developmental diet (i.e., in poor or good condition, respectively). Small symbols represent replicate 
populations, squares represent the resource-poor treatment and triangles represent the resource-rich treatment. Large circles represent model means 
for each sex ratio treatment, including both resource-rich and resource-poor populations. Least squares means are given with standard errors.
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the degree of condition-dependence in sexually selected traits. 
One possible explanation is sexual selection generally does 
drive the evolution of stronger condition-dependence but 
that our study could not detect it. A false negative could have 
arisen because one of the ingredients of evolution—genetic 
variation, selection, and time—was insufficient. However, this 
explanation is not fully satisfying for a few reasons. One is 
that we observed the experimental evolution of condition-de-
pendence in two female traits (Table 1), and previous studies 
of these populations have also reported the evolution of phe-
notypes at time points similar to those we sampled (Hotzy et 
al., 2022; Rostant et al., 2020; Sepil et al., 2022). This sug-
gests that there was sufficient genetic variation, differences 
in selection among treatments, and time for the evolution of 
at least some traits in this study, although it remains possible 
that one or more of these factors was lacking for male con-
dition-dependence. Other reasons come from previous stud-
ies. First, stronger sexual selection in male-biased groups is 
supported by both theory (e.g., Kokko & Monaghan, 2001; 
Kvarnemo & Ahnesjo, 1996) and by measurably stron-
ger sexual selection on male mating success in male-biased 
groups of D. melanogaster in a laboratory setting (Edmunds, 
2020). Second, previous studies of our experimentally evolv-
ing populations report evolution in several behavioral and life 
history traits in response to sex ratio (Bath et al., 2021; Dore 
et al., 2021; Rostant et al., 2020). Finally, there is evidence 
for standing genetic variation in sensitivity to developmental 

diet in laboratory populations of D. melanogaster and con-
geners (Hillesheim & Stearns, 1991; Delcourt & Rundle, 
2011; Bhumika, 2019; but see Gosden & Chenoweth, 2011). 
Nonetheless, because surprising (null) results warrant extra 
scrutiny, it would be worthwhile to explore the possibility 
that, given more time, condition-dependence would evolve 
in response to sex ratio, by assaying these populations after 
more prolonged experimental evolution.

An alternative explanation is that stronger sexual selec-
tion did not, in fact, favor increased male condition-depen-
dence in male-biased sex ratios. This possibility suggests the 
need for additional experimental studies of the evolution of 
condition-dependence in response to sexual selection, in D. 
melanogaster and other organisms. If the pattern we found is 
general, then caution is warranted in inferring causality from 
the association between sexually selected traits and height-
ened condition-dependence (e.g., Cotton et al., 2004). Such 
a pattern would be consistent with the theory that predicts 
no relationship between the strength of sexual selection and 
condition-dependence (Johnstone et al., 2009), despite other 
theories predicting that sexual selection should drive the evo-
lution of increased male condition-dependence (Andersson, 
1982, 1986; Biernaskie et al., 2018; Hoglund & Sheldon, 
1998; Houle 1998; Nur & Hasson, 1984; Rowe & Houle, 
1996). We note that our study was not designed to evalu-
ate the alternative hypothesis that male condition-dependent 
traits are more likely to come under sexual selection because 
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Figure 3. Condition-dependence in female traits, after experimental evolution in male-biased, female-biased or equal sex ratio populations and at a 
resource-poor or resource-rich adult diet, for mass (A), body size (B); PC scores summarizing variation in wing size and leg length), number of ovarioles 
(C), and offspring production (D). Condition-dependence is reflected by the slope of the relationship between trait expression in experimentally evolved 
female fruit flies randomly assigned to a resource-poor or resource-rich developmental diet (i.e., in poor or good condition, respectively). Least squares 
means are given with standard errors.
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females prefer them for the information they convey about 
males. Such a study would need to introduce novel and arti-
ficial sources of sexual selection, because if the hypothesis is 
correct, then it is likely that past and ongoing sexual selection 
will have already found all condition-dependent traits that 
can impart information about male quality.

Increased condition-dependence in female size in 
female-biased populations
We found that female body size evolved increased condi-
tion-dependence in male-biased populations. Female traits 
can evolve as a byproduct of selection on males coupled 
with a positive intersex genetic correlation, but we observed 
no changes in male condition-dependence with a sex ratio 
that could explain the result in females. It is therefore likely 
that female condition-dependence evolved in response to 
differences in the directional selection on females among 
sex ratio groups. Directional selection is expected to lead 
to increased plasticity (e.g., increased condition-dependence 
in response to diet) because selection will favor individu-
als that are able to enact a stronger plastic response in the 
direction favored by selection (Garland & Kelly, 2006). 
Although there was no strong evidence that female body 
size itself evolved in response to sex ratio, it is possible that 
the reaction norm for body size was evolvable while body 
size itself was not (see Pigliucci, 2005; Scheiner, 1993; Via, 
1993). One might expect a stronger selection for larger 
female size in female-biased populations, because females 
from these populations have evolved heightened aggression 
toward other females (Bath et al., 2021) and larger females 
are more likely to win contests (Bath et al., 2017). However, 
this possibility is inconsistent with our finding of increased 
female condition-dependence in male-biased populations. 
Instead, selection might have favored larger females in 
male-biased populations to buffer the harmful effects of 
excess male courtship. Indeed, larger female D. melano-
gaster appear better able to persist in egg-laying despite 
male harassment (Turiegano et al., 2013). It is interesting 
that we observed a trend for females from female-biased 

populations to produce more ovarioles despite being similar 
in size, or smaller, than females from male-biased and equal 
sex ratio populations, after development on a resource-rich 
diet. In female-biased populations, females face less harass-
ment from males, but stronger competition for oviposition 
sites, which might lead to selection for more efficient pack-
aging of ovarioles rather than increased size. Future work 
that directly establishes sources of variation in selection on 
females in relation to sex ratio will be helpful.

No evidence that effect of sex ratio depended 
on adult resource levels during experimental 
evolution
We found no evidence that the effect of sex ratio on con-
dition-dependence differed depending on adult resource lev-
els experienced during experimental evolution, even though 
there are several reasons to expect an interaction. One expec-
tation is that responses to sex ratio will be dampened when 
populations evolve in resource-limited environments because 
the greater investment would be more costly in environments 
with limited adult resources (Figure 1). A previous study of 
our populations found that females evolved reduced resis-
tance to male harm when they evolved in adult food-limited 
populations (Rostant et al., 2020), consistent with this expec-
tation. It is also possible that the strength of sexual selection is 
reduced in resource-limited populations; for example, because 
poor-quality adult food depresses egg production (e.g., 
McCracken et al., 2020), which results in a lower opportunity 
for sexual selection in some species (Janicke et al., 2015; see 
also De Lisle & Rowe, 2014). Alternatively, it is possible that 
resource-limited environments will strengthen the effect of 
sexual selection on condition-dependence, if resource limita-
tion drives the evolution of a general increase in nutrient pro-
cessing efficiency and reduction in metabolic demand. In fact, 
these responses have been observed in response to resource 
limitation in experimental evolution studies of D. melanogas-
ter (Bochdanovits & de Jong, 2003; Cavigliasso et al., 2020; 
but see Kristensen et al., 2011) and other insects (Warbrick-
Smith et al., 2006; reviewed by Ahmad et al., 2018). It is 
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respectively). Least squares means are given with standard errors.
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unclear from our results whether neither of these processes 
had much impact or whether they tended to counterbalance 
each other, such that no interaction between sex ratio and 
evolutionary diet was detectable. The potential for resource 
limitation to influence sexual selection deserves further study.

Increased condition-dependence of female ovariole 
production in resource-limited populations
We found that the number of ovarioles females produced was 
more condition-dependent following evolution under adult 
resource limitation. This result is consistent with the hypoth-
esis that resource limitation selects for more efficient nutrient 
acquisition, extraction, and processing, such that individuals 
can maximally exploit abundant resources when they become 
available. Previous studies reported more efficient nutrient 
processing after evolution on a limited diet during devel-
opment (Bochdanovits & de Jong, 2003; Cavigliasso et al., 
2020; Warbrick-Smith et al., 2006). Our result is consistent 
with the hypothesis that more efficient nutrient processing 
might also evolve in response to adult resource restriction and 
that the increased efficiency might extend to the larval stage, 
permitting the greater female ability to convert nutrients into 
reproductive potential. If this hypothesis is correct, some puz-
zles remain. First, if limited adult resources cause the evo-
lution of increased efficiency, then one might expect females 
that evolved under resource limitation to exhibit increased 
ovariole production under both low and high developmental 
resources, compared with females that evolved under abun-
dant resources. This would result in the main effect of the 
evolutionary diet. However, we observed no significant differ-
ences between evolutionary diet treatments at either develop-
mental diet level, and if anything, a trend towards increased 
ovariole production by females that evolved under abundant 
resources on a limited developmental diet. However, it is not 
clear that females that evolved under limited resources should 
produce more ovarioles on a limited developmental diet even 
if they had evolved increased efficiency. Instead, evolving in a 
limited resource environment might select females that reduce 
ovariole production when resources are limited in order to 
better match reproductive potential to the nutritional envi-
ronment. Further study of the fitness consequences of plas-
ticity in ovariole numbers in varying nutritional environments 
will help to clarify these predictions. A second puzzle is that 
the effect was limited to females and to ovariole numbers. 
One possible explanation is that female reproductive poten-
tial might be a target of especially strong directional selection. 
This hypothesis is consistent with the stronger selection on 
female fecundity observed in low-food environments (com-
pared with high-food environments) in the snail Physa acuta 
(Janicke et al., 2015).

We did not find that high-condition females produced more 
offspring, despite having more ovarioles. In previous studies 
of D. melanogaster, ovariole number was positively related to 
offspring production when females were housed singly (e.g., 
Cohet & David, 1978), but not when females were housed in 
groups (e.g., Markow et al., 2012; Wayne et al., 2006), as in 
our study. One possibility is that high-condition females might 
have attracted more courtship, limiting their fecundity (e.g., 
Lin et al., 2018; Long et al., 2009), but we found no differ-
ences in courtship depending on a female developmental diet 
under the conditions of our experiments. It would be interest-
ing for future work on these populations to investigate condi-
tion-dependence in egg size, as a proxy for offspring quality, 

following recent findings of reduced egg size in response to 
experimental evolution under larval crowding (which should 
generate adult flies of poor condition; Venkitachalam et al., 
2022).

Overall, we observed evolved changes in condition-depen-
dence for two female traits and no male traits. This pattern 
is consistent with other experimental evolution studies that 
have found a stronger response to sex ratio in females (Bath 
et al., 2021; Stångberg et al., 2020; Wigby & Chapman, 
2004), and the observation of stronger condition-depen-
dence in response to developmental diet for female D. mela-
nogaster than for males (Millington et al., 2021; Shingleton 
et al., 2017). Stronger responses in females might reflect 
stronger selection on females or more standing genetic vari-
ation or evolvability in females, and the generality of this 
pattern represents an exciting avenue for further research.

More frequent male courtship in female-biased 
populations
Our focus was on the experimental evolution of condition-de-
pendence, but our study’s design allowed us to evaluate how 
traits evolved in response to sex ratio and evolutionary diet, 
independent of condition. We found that males evolved more 
frequent courtship in female-biased populations, compared 
with male-biased and equal sex ratio populations. This result 
is consistent with a previous study of these populations that 
found less frequent courtship song by males from male-bi-
ased populations, compared with equal sex ratio popula-
tions (Dore et al., 2021). It is also consistent with a report of 
more prolonged courtship song in polyandrous populations 
of Drosophila pseudoobscura (compared with monogamous; 
Debelle et al., 2017; see also Wensing et al., 2017). However, 
another study in an independent set of populations found the 
opposite: males from male-biased populations displayed more 
frequent courtship (Nandy et al., 2013), highlighting the pos-
sibility that trait evolution might strongly depend on idiosyn-
cratic differences in experimental conditions among studies. 
We found no evidence for experimental evolution in other 
traits in response to evolutionary diet or sex ratio, largely 
consistent with previous experimental evolution studies that 
manipulated sex ratio (Linklater et al., 2007; Reuter et al., 
2008; Wigby & Chapman, 2004; but see Nandy et al., 2013).

Conclusion
Our study is, to our knowledge, the first to directly test 
the hypothesis that sexual selection drives the evolution of 
stronger condition-dependence. Overall, support for the 
long-standing hypothesis that sexual selection causes traits 
to evolve stronger condition-dependence awaits further tests. 
Given the strong observational support for stronger condi-
tion-dependence in sexually selected traits, and the centrality 
of condition-dependence and sexual selection in evolutionary 
biology, causality is important to resolve. A robust answer 
will require input from multiple systems and conditions. 
Our results highlight the importance of testing the widely 
assumed causal relationship between sexual selection and 
condition-dependence.
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