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differences for desiccation and starvation resistance were comparable in magnitude
to those for size, with females tending to be relatively more resistant than males. In
contrast thermal resistance showed low divergence between the sexes. Phylogenetic
signal was detected for measures of divergence between the sexes, such that species
from the Sophophora clade showed larger differences between the sexes than species
from the Drosophila clade. We also found that sex-based differences in desiccation
resistance, body size and starvation resistance were weakly associated with climate
(annual mean temperature/precipitation seasonality) but the direction and associa-
tion with environment depended on phylogenetic position. The results suggest that
divergence between the sexes can be linked to environmental factors, while an asso-

ciation with phylogeny suggests sex-based differences persist over long evolutionary

time-frames.

KEYWORDS

1 | INTRODUCTION

Divergence in traits between the sexes is common across many or-
ganisms and can reflect opposing selection acting on each sex, al-
though a shared genome means there are likely to be limits in the
extent to which sex-based difference can evolve (Lande, 1980).
Sexual size dimorphism is by far the best characterized of the sex-
ually dimorphic traits (Fairbairn et al., 2007; Rohner et al., 2018),
but physiological traits can also vary between the sexes (Han &
Dingemanse, 2017; Lasne et al., 2018). Sexual selection is often
invoked as the primary driver of morphological divergence be-

tween the sexes; however, natural selection (sex-based ecological

body size, physiology, sex-specific variation, stress resistance

divergence) may also drive sex-based differences (Darwin, 1871;
Shine, 1989) and could be particularly important for physiolog-
ical traits as they are frequently linked to species distributions
(Addo-Bediako et al., 2000; Kellermann, Loeschcke, et al., 2012;
Kellermann, Overgaard, et al., 2012).

Linking sex-based differences in traits to environmental con-
ditions provides one way of testing whether ecologically diver-
gent optima (spatial selection) might contribute to differences
between the sexes (Endler, 1977). Sex-specific selection on phys-
iological traits could occur if different climatic niches are utilized
by males and females (Shine, 1989). This could arise if, hypothet-

ically, males were active for longer while searching for females
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and subsequently exposed to a wider range of environmental
conditions in comparison to females that tended to remain close
to oviposition sites. There is some evidence for sex-based size di-
morphism varying with latitude and environment in Drosophila and
lizards, which has been interpreted in terms of spatial selection
(Blanckenhorn et al., 2006; Chelini et al., 2021; Lasne et al., 2018;
Rohner et al., 2018). However, very little is known about how the
sexes differ in physiological traits and how this varies across space.
A study on Drosophila melanogaster found evidence for sex-based
differences in physiology but no evidence for spatially varying
selection (Lasne et al., 2018). Studies in lizards have found that
traits such as running speed show sex-based differences, which
could be driven by niche differentiation between the sexes (Chelini
et al., 2021; Lailvaux, 2007). If physiological differences between
the sexes is driven by differences in habitat use this could have
implications for the evolution of physiological traits under climate
change (Pottier et al., 2021).

Sex-based differences in physiological traits and body size may
arise due to pleiotropic correlations between traits (Bonduriansky
& Chenoweth, 2009). Physiological traits are often correlated with
body size, because the mechanisms that underpin physiological traits
can be closely linked to size. For example, smaller individuals have a
greater surface area to volume ratio, which, in turn, influences desic-
cation resistance, with smaller individuals losing proportionally more
water and subsequently having lower desiccation resistance (Chown
et al., 2011). Similarly, larger individuals are likely to have greater
energy stores and subsequently greater starvation resistance since
metabolic rate typically increases with an allometric factor of less
than one (Chippindale et al., 1996; Schmidt-Nielsen, 1984). This
is further supported by studies showing that body size can partly
account for variation in starvation and desiccation tolerance in
ectotherms (Chown et al., 2011; Gillooly et al., 2001; Harshman
et al., 1999). Consequently, we may observe sex-based differences
in physiological traits simply because of sexual dimorphism in body
size or vice-versa (Bonduriansky & Chenoweth, 2009; Fairbairn &
Roff, 2006), and we would expect males (the smaller sex) to be less
resistant.

Despite decades of research, the main direct and indirect
drivers of the evolution of sex-based differences remain unclear
but are likely to be diverse even within one group such as spi-
ders and frogs (Kuntner & Coddington, 2020; Pincheira-Donoso
et al., 2021). Most research has primarily focused on morphologi-
cal divergence between the sexes despite evidence for sex-based
differences in other traits. In the present study we examined the
extent of sex-based difference in physiological traits for over 80
Drosophila species. We first considered how sex-based differ-
ences vary across traits and among species. Given previous stud-
ies have shown that the evolution of sexual dimorphism in body
size is linked to the phylogeny (Rohner et al., 2018; Sztepanacz &
Houle, 2021), we analysed the extent to which variation in sex-
based differences in physiology and body size are linked to species
evolutionary history. We then investigated if environmental fac-
tors are associated with sex-based differences by asking whether
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divergence between the sexes differed across environments. It is
difficult to generate concrete a-priori hypotheses about how the
environment might select for divergence between the sexes given
so few studies have examined physiological traits in this context.
Based on theory we might expect greater divergence between the
sexes in more variable environments (Connallon & Hall, 2016). But
it is hard to predict whether females vs males will be the more
resistant sex given that both selection to locate mates (in males)
or oviposition sites (in females) might favour greater resistance.
Finally, we examined whether correlations with body size drive
divergence between the sexes in physiological traits. If correla-
tions were an important mechanism driving sex-based divergence
in physiological traits we expected species that show sex-based
differences in body size to also show sex-based differences in
physiological traits, where the largest sex would also be the most

resistant.

2 | MATERIALS AND METHODS

We characterized sex-based differences in Drosophila species
for body size (80 species, measured as body mass) and physio-
logical traits - desiccation resistance (96), starvation resistance
(85), cold resistance (101) and heat resistance (94) from previ-
ously published trait estimates, details of which can be found
in the source references (Kellermann et al., 2013; Kellermann,
Loeschcke, et al.,, 2012; Kellermann, Overgaard, et al., 2012;
Messamah et al., 2017).

Briefly, all traits were estimated in the same laboratory, using the
same rearing conditions. Drosophila species were maintained for a
minimum of 2 generations at 20°C under 12:12 light. Most species
were maintained on a Leeds medium (oats, sugar and yeast based;
Kellermann, Loeschcke, et al., 2012). Because a common garden de-
sign was used to estimate body size and physiological traits, our esti-
mates of sex-based differences in these traits reflect genetic rather
than environmental differences.

2.1 | Body mass

Body mass data were taken from two papers (Kellermann
et al.,, 2013; Messamah et al.,, 2017). Body mass in one paper
(Kellermann et al., 2013) was calculated as the average wet
mass from ten individuals of each sex, while in the other paper
(Messamah et al., 2017) wet mass was estimated as the mass of
three groups of 10 individuals per sex. Mass was then divided by
10 to give an estimate of individual wet mass and then averaged
across the three replicates. For both studies, weight was measured
to 6 decimal places using a Sartorius MC5 micro-balance (Sartorius
Gottingen). Body mass is a commonly used metric to estimate size
in Drosophila and typically correlates well with patterns established
through other measures such as wing and thorax length (Hallas
et al., 2002; Robertson, 1960).
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2.2 | Desiccation resistance

Ten individuals of each sex were placed individually into empty vials
(5 ml), secured with gauze and placed into a tank containing silica
gel, which reduces the relative humidity (RH) to 5%-10%. Individual
flies were scored until no movement was observed (Kellermann,
Loeschcke, et al., 2012).

2.3 | Starvation resistance
Ten individuals of each sex were placed individually into 50 ml vials
containing 2 ml of agar (to avoid dehydration stress) and scored

every 12 h until mortality was observed (Kellermann et al., 2013).

2.4 | Coldand heat resistance

Cold and heat resistance were measured as lower and upper thermal
limits, respectively, via a ramping method (Kellermann, Loeschcke,
et al., 2012; Kellermann, Overgaard, et al., 2012). Ten flies of each
sex were placed individually into a 5 ml vial and placed into a water
bath initially set to 20°C. The temperature of the water bath was
increased (upper limits)/decreased (lower limits) at a rate of 0.1°C/
min and the temperature at which flies were knocked down was re-
corded (Kellermann, Loeschcke, et al., 2012; Kellermann, Overgaard,
et al., 2012). Cold and heat data were analysed as minutes to knock-
down rather than temperature to avoid issues with scale when cal-
culating the sexual dimorphism index (described below).

2.5 | Climate data

For each species climate data were taken from previously published
studies (Kellermann, Loeschcke, et al., 2012). For additional species
previously not published in Kellermann, Overgaard, et al. (2012),
climate data were extracted using the same method. Distributional
data (GPS co-ordinates) were collated from the TaxoDros website
(http://www.taxodros.uzh.ch) and environmental data extracted,
for each distribution point from the WorldClim data set (www.world
clim.org; Hijmans et al., 2005). The environmental data were aver-
aged so that each species had a single value for each environmental
variable. To ensure averages were not biased by outlier data points
and that they were representative of overall differences in the envi-
ronments where species were found, we also calculated the median
and mode of the environmental variables for each species and found
these to all be strongly correlated with each other and the average
measure (r2>0.93). We focused on seven environmental variables
related to temperature and precipitation: annual mean temperature
(AMT), lowest temperature of the coldest month (T, ), highest tem-
perature of the warmest month (T,,,), annual precipitation (P,y,).
precipitation of the driest month (P, ), precipitation of the wettest
month (P,,;) and precipitation of the warmest month (P, \zp)-

TABLE 1 Two-way contingency table comparing the number of
individuals that show significant and positive sex- based differences
(F>M) to those that show significantly negative sex-based
differences (F < M) or no difference between the sexes (F = M)
across trait pairs

Body size
F>M F<M/F=M
Desiccation F>M 32 0
F<M/F=M 26 5
Body size
Starvation F>M 40 3
F<M/F=M 11 1
Desiccation
Starvation F>M 33 35
F<M/F=M 5 15

Note: Significant departures from expected, denoting significant
associations between SDI of trait pairs, in bold.

2.6 | Dataanalyses

2.6.1 | Sex-based differences

To first determine whether there was trait divergence between the
sexes for each species, which would provide evidence for sex-based
differences/sexual dimorphism, we performed separate species
ANOVAs on the raw trait values (Table 1) testing for a sex effect.
Where these analyses provided evidence for sex-based differ-
ences, we then explored patterns of sex-based differences across
the phylogeny. We did so using the framework applied to study-
ing sexual dimorphism in morphological traits that uses the sexual
dimorphism index (SDI) to quantify sex-based differences in traits
and to make our analysis comparable across different trait classes.
Note, we use SDI only in the context of asking how does divergence
between the sexes vary across the phylogeny, we did not include
SDI as a response variable in any of our initial analyses testing for
sex differences across traits because ratios when used as a response
variable can generate spurious relationships with predictor variables
(Curran-Everett, 2013). Therefore, we computed the commonly
used sexual dimorphism index (SDI; bigger sex/smaller sex)-1 (Lovich
& Gibbons, 1992) for body size and physiological traits only for the
phylogenetic comparisons. In this case because females were on av-
erage the larger and generally more resistant sex, SDI was calculated
as SDI = % — 1, but because there is variation across species in
which sex is larger/resistant and to show the directionality of SDI,
we allowed SDI to be both negative and positive.

All phylogenetic analyses were performed in R using the ape v 5.5
and phytools v 0.7-90 packages (Revell, 2012; Team, 2014). To visu-
alize patterns of SDI evolution across the phylogeny, we performed
an ancestral trait reconstruction for continuous characters using a
maximum likelihood approach with fastANC and contMAP in the phy-
tools package (Revell, 2012), assuming a Brownian model of evolu-
tion. Because this phylogeny included species that we previously had
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characterized for body size and physiological traits but were unable
to model within a phylogenetic framework, the current data set in-
cludes more species than were originally analysed in the Kellermann,
Overgaard, et al. (2012) studies. For cold and heat resistance, we found
SDI did not vary much across the species (see Section 3 below) and did
not consider them further with respect to phylogenetic patterns of
variation or individual species one-way ANOVA's. We estimated the
degree of phylogenetic association for SDI by calculating phylogenetic
signal, where a A = 1 suggests strong phylogenetic signal and A = 0

suggests no association between SDI and phylogeny (Pagel, 1999).

2.6.2 | Association between climate and the sexes
To examine whether sex-based differences in traits varied across en-
vironments (sex x environment interaction), we performed a mixed-
effects linear model using the Ime4 package (Bates et al., 2014).
Species were considered random effects while sex and environ-
ment were considered fixed effects. Effect sizes for each model,
marginal and conditional R? (R?m and RZc, respectively) were cal-
culated using the MuMIn package (Barton, 2022). The interaction
term sexxenvironment was included in the model to test whether
divergence between the sexes depends on the environment. The
significance of the interaction term was assessed both with an
ANOVA and by comparing model AICs with and without the interac-
tion term (Tables S2 and S3). We focused on a single temperature
and precipitation variable, annual mean temperature and precipita-
tion seasonality, respectively, as we tended to find high correlation
among different temperature and precipitation variables, meaning
slightly different measures of temperature/precipitation tell you the
same thing. Temperature and precipitation are also known to shape
Drosophila species distributions (Kellermann, Loeschcke, et al., 2012;
Kellermann, Overgaard, et al., 2012). Drosophila mojavensis was ex-
cluded from the environmental analysis for desiccation resistance
as this desert species represented an outlier (Table Sé, Figure S1 for
analysis with D. mojavensis).

To examine whether species, which showed sex-based differ-
ences in one trait (based on the separate species ANOVAs) were
more likely to have sex-based differences in another trait, which
would then suggest a degree of correlation between sex-based
differences, we considered three categories: females were sig-
nificantly larger/more resistant than males (F > M) and males were
significantly larger/more resistant than females (F < M) or females
and males were equal (F = M). However, because there were very
few species in the F<M category, we pooled the last two cate-
gories for analysis. Species were placed into these categories
based on the results from individual species one-way ANOVAs, if
we found a significant effect of sex at the single species level, we
looked at the means to determine the direction of the sex differ-
ence and then categorized the species as F<M or F> M. Species
with non-significant sex effect terms were classified as F = M. We
then created two-way contingency tables for pairs of traits based
on these categories (body size vs. desiccation resistance, body size
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vs. starvation resistance and desiccation resistance vs. starvation
resistance). Goodness of fit was assessed using Fisher's exact test.
We followed this approach rather than using correlations because
of issues in correlating SDIs from different traits, which would pro-
duce spurious trait associations (see above).

3 | RESULTS

31 |
traits?

How do sex-based differences vary across

To explore how sex-based differences varied across traits, we cal-
culated the commonly used sexual dimorphism index, SDI (Figure 1).
The greatest differences between the sexes was observed for
the physiological traits desiccation and starvation resistance and
for body size (trait variance [¢?]: desiccation ¢ = 0.06, starvation
62 =0.09 and body size 6% = 0.04; Figure 1). SDI tended to be lower
for the physiological traits cold and heat resistance; there was little
variation across the species and sex-based differences were small
for these traits (cold and heat ¢° = 0.001; Figure 1). For desicca-
tion resistance, starvation resistance and body size, sex-based dif-
ferences were predominately female-biased, although some species
showed either no difference between the sexes or male biased SDI.
The extent of male biased SDI was lower than the extent of female-
biased SDI. That is, where males were the larger/more resistant sex,
the extent of the differences between the sexes was smaller.

For all traits, sex-based differences tended to be female-biased
as evident by positive values of SDI (Figure 1). The body size of most
species was sexually dimorphic, with females on average 22% larger
than males and only nine of 80 species showing no evidence for sex-
ual dimorphism (one-way ANOVA's Table S7 and Figure 2b). This was
followed by starvation resistance where females were on average
24% more resistant than males and with 17 of 85 species showing
no difference between the sexes (Table S7 and Figure 2b). Finally, for
desiccation resistance females were on average 8% more resistant
than males and approximately half the species showed no evidence
of sex-based differences (Table S7 and Figure 2b). Significant phy-
logenetic signal was detected for SDI for all traits (A = 0.20-0.54;
Figure 2b), suggesting evolutionary history may influence the de-
gree of sex-based differences across the species. This was further
evident when we mapped SDI onto the phylogeny where we found
that species from the Sophophora genus were characterized by larger
sex-based differences resulting in a larger average SDI for the three

traits examined (Figure 2b,c).

3.2 | Sex-based differences and associations with
environment

Here we examined whether climate is associated with sex-based
differences in physiology by looking for sexxenvironment interac-
tions on the raw trait values rather than using the SDI. A significant
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sexxenvironment interaction provides support for the hypothesis
that females and males are divergent because of different ecologi-
cal optima. The climate variables examined have previously been
shown to be strong drivers of physiological traits in Drosophila
(Kellermann, Loeschcke, et al., 2012; Kellermann, Overgaard,
et al., 2012). Because of the phylogenetic signal observed in the
phylogenetic analysis above, we split the analysis by the Sophophora
and Drosophila subgenera. We found that much of the phylogenetic
signal detected in SDI was no longer significant once we split species
into the subgenera (Table S1).

Overall, we found that our random (species) and fixed (sex and
environment) effects (R%c) could explain 62%-90% of the variation
in our traits, with our fixed effects (R?m) accounting for 22%-54%
of the variation. Unsurprisingly, differences between species con-
tributed the largest amount of variation observed in our traits.
Nonetheless, in most instances, sex, environment and their inter-
actions can explain an appreciable amount of the variation as well
(Tables S4 and S5). Furthermore, we have focused on models with
a significant environment term as we are interested in how sexes
diverge in traits that vary significantly with the environment.
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Forannual mean temperature, we found a significant sex x environ-
ment interaction for both desiccation resistance and body size in the
Sophophora genus (Figure 3). Divergence between the sexes increased
in warmer environments for desiccation resistance (R?m = 0.22) while
the opposite was true for body size where divergence between the
sexes became larger in cooler environments (R’m = 0.54; Figure 3).
Similar to desiccation resistance, in the Sophophora genus, divergence
between the sexes increased in warmer environments for starvation

resistance (R?m = 0.17), while in the Drosophila genus the reverse
was true with divergence between the sexes increasing in colder
environments (R’m = 0.27; Figure 3). When we considered precip-
itation seasonality rather than mean annual temperature we found
a significant sexxenvironment interaction for starvation resistance
in the Sophophora genus (R’m = 0.19; Figure 4). The divergence be-
tween the sexes was such that greater precipitation seasonality was
linked to greater divergence between the sexes (Figure 4). For the
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Drosophila genus we found a significant environmentxsex interac-
tion for starvation resistance (Rzm = 0.07, R?’m = 0.13, respectively;
Figure 4). For starvation resistance we found precipitation seasonal-
ity to be a strong driver of divergence between the sexes, but unlike
the Sophophora genus we found environments with less precipitation
seasonality drove divergence between the sexes. Opposing patterns
of divergence between the sexes and environment in the Sophophora
and Drosophila genus suggests the evolution of sexual dimorphism
depends on both evolutionary history and environment. Full model
outputs including model estimates and the R?%c can be found in
Supporting Information (Tables S4 and S5).

3.3 | Are there associations between sex-based
differences in physiology and body size?

Directly correlating sex-based differences between traits can cause
spurious relationships when using ratios as estimates of SDI (Curran-
Everett, 2013). Instead we ask to what extent do species that show
sexual dimorphism in body size also show sex-based differences in
desiccation and starvation resistance. Using two-way contingency ta-
bles we find the number of individuals showing F>M or F<M/F =M
between body size and starvation resistance and desiccation resist-
ance and starvation resistance did not differ from expected numbers
and hence no significant association was detected for these trait pairs
(Table 1). We did, however, find a significant association between body
size and desiccation resistance (p = 0.02), such that species that exhib-
ited female-biased sex-based differences in body size tended to also
exhibit female-biased sex-based differences in desiccation resistance.

4 | DISCUSSION

In the present study of 80-95 Drosophila species, we found sex-
based differences for physiological traits desiccation and starvation
resistance in a number of species comparable to that seen for sexual
dimorphism in body size, but no evidence for sex-based differences
in cold and heat resistance. We test two main hypotheses for why we
might observe sex-based differences in physiological traits, the first
being that differences between the sexes could arise if physiologi-
cal traits differ in their ecological optima (Endler, 1977; Shine, 1989).
Alternatively, if physiological traits are correlated with traits under
sexual/natural selection, sex-based differences could arise as a con-
sequence of selection on one but not both traits (Bonduriansky &
Chenoweth, 2009). Here we found some evidence that variation
in sex-based differences was linked to climatic variables (annual
mean temperature and precipitation seasonality) for desiccation
resistance, body size and starvation resistance, consistent with
the first hypothesis. However, how sex-based differences diverged
across environments depended on whether the Sophophora or the
Drosophila genus was examined. Species that showed significant
sex-based differences in physiological traits (mostly F> M) were not
necessarily more likely to show sex-based differences in body size.
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The size bias almost always was in the direction of females being
larger than the males (Figure 2), while for physiological traits there
were fewer species that showed significant sex-based differences
and the extent of the differences between the sexes tended to be
smaller (i.e. female and male trait values were closer to each other).

Phylogenetic signal in SDI was detected for all traits, but more so
for body size. This result is in line with other studies on Drosophila
showing strong phylogenetic signal in body size (Rohner et al., 2018;
Sztepanacz & Houle, 2021) and other traits (Kellermann, Loeschcke,
et al., 2012). SDI appeared to differ between the two Drosophila
subgenera Drosophila and Sophophora, such that species from the
Sophophora subgenus were more likely to show significant sex ef-
fects and a greater degree of divergence between the sexes. Similar
evolutionary divergence between the two subgenera has been de-
tected in another study on size dimorphism in Drosophila (Sztepanacz
& Houle, 2021). Finding an association between phylogeny and sex-
based differences is perhaps not surprising given that the evolution
of sex-specific optima is thought to occur rapidly and persist across
quite a long evolutionary timeframe (Connallon & Hall, 2016). One
reason that the extent of sex-based differences may persist through
speciation events is that sex-based differences involve complex
trade-offs between survival and reproduction acting across differ-
ent levels of biological organization (Acerenza, 2016; Gidaszewski
et al., 2009). Perturbing these complex trade-offs could have large
fitness consequences that limit shifts in the extent of sex-based dif-
ferences through evolutionary time. Nevertheless, the presence of
persistent sex-based differences over evolutionary time may have
consequences for the capacity for these traits to rapidly shift under
changing environments, particularly if climate change results in a
shift in the sex-specific optima, and if antagonistic sexual selection
is strong and environmentally sensitive (Chenoweth et al., 2008;
Connallon & Hall, 2016; Ketola et al., 2012; Lande, 1980).

We found some evidence suggesting that climatic factors shape
divergence between the sexes with respect to desiccation resis-
tance, body size and starvation resistance. The association between
sex-based divergence and environment depended on evolutionary
history. Within the Sophophora clade annual mean temperature and
precipitation seasonality were linked to divergence between the
sexes. The direction of divergence tended to be trait dependent. For
starvation resistance, divergence between the sexes was highest in
warm and highly seasonal precipitation environments. Selection for
female and male trait optima could be in different directions promot-
ing divergence between the sexes in these types of environments.
However, in the Drosophila genus, we found the opposite tendency
such that in highly seasonal precipitation environments there was
less divergence between the sexes. This result in the Drosophila
genus is in agreement with the theory that environmental variability
could align the direction of selection on males and females result-
ing in less divergence between the sexes in variable environments
(Connallon & Hall, 2018). At least with the current data set we have
noticed a tendency for species within the Sophophora genus to exist
in more tropical climates while the Drosophila genus occupy more
cooler and drier environments and there are likely different selective
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drivers in these different types of habitats. This could be one reason
why we see annual mean temperature and precipitation seasonal-
ity select for opposite patterns between the sexes in the Sophohora
and Drosophila clades. Climate has been linked to the evolution of
sexual size dimorphism in a number of organisms (Lima et al., 2017,
Littleford-Colquhoun et al., 2019). But similar to (Rohner et al., 2018),
who found divergence between females and males was highly clade
specific; we found divergence between the sexes depended on the
environment (sexxenvironment interactions), and the direction of
the relationship with the environment depended on the genus. Even
where we found evidence for sexx environment interactions, diver-
gence between the sexes tended to be small, perhaps reflecting a
shared genome, which may constrain evolutionary divergence be-
tween the sexes (Bonduriansky & Chenoweth, 2009; Lande, 1980).
Given that there was no strong tendency for species with sex-
ual dimorphism in desiccation and starvation resistance to show
dimorphism in body size, it is unclear if some of the observed
sex-based differences/sexual dimorphism was caused by pleiot-
ropy (Bonduriansky & Chenoweth, 2009). Larger body size might
be expected to increase desiccation and starvation resistance but
there are also many other traits affecting physiological trait varia-
tion (Chown et al., 2011; Hoffmann & Harshman, 1999). It is possi-
ble that other correlated traits may drive divergence between the
sexes. Cuticular hydrocarbons for example, are linked to courtship
behaviour in many Drosophila species, thought to play a role in desic-
cation resistance and are known to vary between the sexes in some
Drosophila species and display sexually antagonistic sexual selection
(Chenoweth et al., 2008; Jallon & David, 1987; Jezovit et al., 2017).
In conclusion, the extent of divergence between the sexes varied
across Drosophila species and traits. For heat and cold resistance, we
found little evidence of divergence between the sexes, which could
mean these traits are not linked to sexually selected traits or have the
same optima and, therefore, do not experience antagonistic selection
between the sexes. The evolution of sex-based differences in desicca-
tion resistance, body size and starvation resistance was at least in part
mediated by climate, but depended on a species' evolutionary history.
Sex differences in effect size were small compared to body mass apart
from starvation resistance. The deeply rooted phylogenetic signatures
may be because adaptive sex-based differences will arise quickly but
are slow to decay over evolutionary time (Connallon & Hall, 2018), but
could also suggest that different selective processes are acting across
species clades. Further mechanistic studies are needed to determine
whether phylogenetic patterns represent constraints in the evolution

of sex-based differences or adaptation to local environments.
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