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Comparative analyses of ectotherm susceptibility to climate change often
focus on thermal extremes, yet responses to aridity may be equally important. Here we focus on plasticity in desiccation resistance, a key trait
shaping distributions of Drosophila species and other small ectotherms. We
examined the extent to which 32 Drosophila species, varying in their distribution, could increase their desiccation resistance via phenotypic plasticity
involving hardening, linking these responses to environment, phylogeny
and basal resistance. We found no evidence to support the seasonality
hypothesis; species with higher hardening plasticity did not occupy environments with higher and more seasonal precipitation. As basal resistance
increased, the capacity of species to respond via phenotypic plasticity
decreased, suggesting plastic responses involving hardening may be constrained by basal resistance. Trade-offs between basal desiccation resistance
and plasticity were not universal across the phylogeny and tended to occur
within specific clades. Phylogeny, environment and trade-offs all helped to
explain variation in plasticity for desiccation resistance but in complex
ways. These findings suggest some species have the ability to counter dry
periods through plastic responses, whereas others do not; and this ability
will depend to some extent on a species’ placement within a phylogeny,
along with its basal level of resistance.

1. Introduction
Increasing mean temperatures and extreme events, coupled with substantial
changes in precipitation under climate change, threaten the persistence of
many organisms [1,2]. This is particularly true for ectotherms, because temperature and precipitation are among the most important drivers of their
distributions [3 –5]. Most of the research has focused on adaptive responses
in thermal traits. But changes in precipitation and water availability, in both
cold and dry environments, will impose a significant stress to organisms [6],
reduce fitness and influence distributions and survival. Understanding adaptive responses to desiccation stress are thus critical for predicting climate
change impacts.
Drosophila species may increase their tolerance to desiccation stress through
three main mechanisms: reducing water-loss rates across the cuticle, increasing
their tolerance to water-loss and increasing the amount of stored water [7]. All
three mechanisms can contribute to variation in desiccation resistance within
selected lines of Drosophila melanogaster [8–10], and have been shown to associate with climatic adaptation between Drosophila species [7,11]. Studies have
predominantly focused on the genetic mechanisms that underpin evolved
shifts in desiccation resistance, but species survival under climate change will
in part depend on their capacity to rapidly buffer changes through phenotypic
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driver of current distributions of Drosophila and other species
[5,46]. Further, desiccation resistance is a trait that may
become increasingly important in determining species persistence under climate change [46]. Using a design that allows us
to explicitly compare species that vary in their basal resistance,
we relate plasticity in desiccation resistance to environmental variables. We examine the degree to which plasticity is
predictably structured across the phylogeny and whether
the relationship between phylogeny and traits is driven by
constraints or adaptive processes.

(a) Drosophila species maintenance, collection sites and
experimental set-up
Species varied in their geographical distribution and sensitivity
to desiccation stress and were collected from one of three sources:
21 of the 32 species were collected from the field in Australia
between 2010 and 2015, with experiments completed in 2013 –
2016, seven of the 32 species were obtained from the San Diego
stock centre and three species were maintained as long-term laboratory stocks in Denmark (electronic supplementary material,
table S1). For further details of maintenance and initiation of
experimental flies, see the electronic supplementary material,
Material and methods.

(i) Desiccation hardening pre-treatment
One component of plasticity, for desiccation resistance, was
characterized as a rapid hardening response [15], where adults
are exposed to a short (hours), sub-lethal period of desiccation
stress before exposure to a subsequent lethal stress following
recovery under benign conditions. For species collected from
Australia, hardening responses were assessed on mass-bred
populations (see above), while for species obtained from the
stock centre assessments were made on a single iso-female line
[5,36]. Hardening responses were assessed in each species separately. Female flies were pre-treated (hardened) with a non-lethal
desiccation stress of 5 – 10% relative humidity (RH) by placing
them in empty vials (without food) (10 flies per vial) covered
with gauze placed into a sealed container with silica gel. Each
hardening treatment was replicated 10 times (i.e. 10 vials setup per treatment, 100 flies per treatment), although this was
not always the case (electronic supplementary material,
table S1). Control treatments, which assessed un-hardened
(basal) desiccation resistance of each species, were set up in a
similar manner except that they were maintained on food
during the hardening pre-treatment; i.e. they were not exposed
to any hardening pre-treatment prior to the lethal desiccation
assay.
Following hardening, flies were placed into vials containing
food (90– 100% humidity) for a 9 h recovery period at 258C,
prior to being assessed for desiccation resistance at 5 – 10% RH
(see below). Hardening treatments for a species were set up in
such a way to ensure that they all concluded at the same time,
so that the final desiccation assessment could be performed on
all treatments at the same time. Desiccation resistance was
scored every hour until 50% mortality was observed in each
vial, with each vial providing a data point which was analysed
as an LT50.

(ii) Climate variables
Global climate data were obtained from the WorldClim dataset
from geospatial coordinates from all known collection sites to
generate climate information which encompasses the entire
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plasticity [12,13]. Rapid adult desiccation hardening has been
described in Drosophila species [14,15], where a non-lethal
exposure to desiccation stress increases resistance to subsequent exposures. Plastic responses can vary across species
[14,15], but whether this variation is predictable across
environments, and whether desiccation plasticity may be
constrained by basal levels of resistance, is poorly understood.
Two main hypotheses have been developed to explain
patterns of variation in plasticity across species, and to identify climatic drivers of plasticity evolution. These hypotheses
were developed largely in the context of understanding thermal plasticity [16] but can be extended to other stresses [12].
First, the latitudinal or seasonality hypothesis of Janzen proposes that greater seasonal uniformity of temperature at
lower latitudes should select for narrower thermal tolerances
and reduced plasticity [16 –18]. Theoretical models support
this hypothesis and suggest plasticity should be favoured
when populations experience spatial and/or temporal
environmental heterogeneity [19 –24], the environmental
cues influencing plasticity are strong and predictable
[20,25], and the cost of plasticity is low [26–29]. Based on
these theoretical expectations, temperate organisms should
evolve broad thermal tolerances and high plasticity to counter large seasonal/daily fluctuations in climate, while tropical
organisms should evolve narrow thermal tolerances and
reduced plasticity, in response to exposure to a less variable
climate. Empirical tests of these hypotheses have mostly
focussed on assessing patterns of thermal plasticity and produced equivocal results [18,30 –33]. Second, the trade-off
hypothesis predicts that plastic responses are linked to physiological constraints such that species with the highest overall
tolerance will have the lowest plasticity [34]. Thus, the evolution of plasticity will be dependent on the strength of
selection on a trait in each environment. Under the trade-off
hypothesis, tropical species that have low climatic stress
resistance [5,35,36] might have higher plasticity [37]. Support
for the trade-off hypothesis is also mixed [38 –40].
Another important, but seldom considered, driver of the
evolution of phenotypic plasticity is that of shared evolutionary history. Species may share similar capacities to respond
via phenotypic plasticity because they share a more recent
common ancestor, frequently termed phylogenetic conservatism (often investigated as the presence of phylogenetic signal
in a dataset) [41]. If the capacity to respond plastically in key
traits determines persistence under stressful climates and
phylogenetic signal is common, then species sensitivity to climatic stress may occur within certain clades. However, the
presence of phylogenetic signal can occur for reasons other
than those related to constraints. Closely related species
may be more likely to occur in similar geographic locations
and be exposed to similar environments and similar selection
pressures [42]. Under this scenario, the presence of phylogenetic signal may not reflect constraints but instead
represent an adaptive process: phylogenetically structured
adaptation. Whether phylogenetically structured adaptation
frequently explains phylogenetic signal remains to be determined, but current studies demonstrating both processes
highlight the importance of dissecting patterns of phylogenetic
signal into processes rather than patterns [36,43 –45].
Here we quantify plasticity (measured as an induced hardening response) in desiccation resistance across 32 Drosophila
species with varying distributions and broad phylogenetic
relationships. We focus on desiccation resistance, an important

(b) Analyses
(i) Assessing desiccation hardening responses across species:
hardening capacity and the hardening response ratio

(ii) Estimating the relationship between traits and phylogeny:
phylogenetic signal and ancestral trait reconstruction
To account for non-independence of data points that may arise
due to shared evolutionary history, we used a number of phylogenetic comparative methods to examine the relationship
between phylogeny, traits and environment. To incorporate all
species examined in this study, we used a composite phylogeny
updated from Kellermann et al. [5], which was primarily based
on a phylogeny [50] of 22 species. Missing species were incorporated into the phylogeny by standardizing branch lengths from
published phylogenies against the phylogeny from van der
Linde et al. [49] (electronic supplementary material, table S1).
Although a high level of uncertainty around branch lengths
and topology of the phylogeny may be expected using this
method, currently no single phylogeny incorporating all
Drosophila species examined here exists. Furthermore, recent
studies have demonstrated that error in branch length and topology is likely to have negligible impacts on estimation of
phylogenetic signal [51,52].
To examine whether phylogeny plays a role in shaping basal
and hardened desiccation resistance, we estimated phylogenetic
signal using two common methods, Pagel’s l and Blomberg’s

(iii) Association between climate, basal desiccation resistance and
adult desiccation hardening
To identify climate variables associated with desiccation plasticity, hardening responses and basal resistance for each species
were regressed against them. To account for phylogenetic effects,
we used the caper program in R [48,59]. Because collinearity is a
common feature of environmental data, the variance inflation
factor (VIF) was calculated from the full model including all
eight environmental variables. Environmental variables were
sequentially removed based on the highest VIF until VIF , 5
(VIF , 5 is standard statistical procedure see [60]). To ensure
model selection was not biased by the order in which collinear
environmental variables were removed, we initially assessed
the contribution of single environmental variables, where single
influential environmental variables were removed based on the
VIF process we would retain that variable and remove the next
influential variable. We then compared AIC to the original
model, and this process was performed until we were satisfied
that we were not biasing our final model choice. Following this,
non-significant environmental variables were sequentially
removed from the full model and assessed with AIC; environmental variables were removed until the lowest AIC was found.
Where the difference between models was less than 2.5 AIC, we
chose the simplest model.

3
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The effects of hardening pre-treatments on mean desiccation
resistance were examined with one-way analyses of variance
(ANOVAs) on vial LT50s for each species, with hardening pretreatment considered a fixed effect. Dunnett’s post hoc test was
performed to examine differences in hardening pre-treatments
on desiccation resistance relative to the control (that is basal)
desiccation resistance (electronic supplementary material, table
S2). All analyses were performed in R [48]. As each hardening
treatment involved a different group of flies, and as species
were assessed in different experiments, probabilities were not
adjusted for multiple testing.
We quantified hardening responses (the extent of plastic
response) across species using two methods (see the electronic
supplementary, Material and methods for a justification). Firstly,
we calculated hardening capacity (HC-3.5) as the hardened mean
after 3.5 h hardening treatment minus the basal mean, and secondly, we calculated the hardening response ratio (HRR) as
(maximum hardened mean 2 basal mean)/hours of maximum
pre-treatment [32]. HC-3.5 involves the same amount of physical
stress, while HRR provides a measurement of how desiccation
resistance changes per hour of pre-treatment, which captures
how the timing of the hardening response differs across species
(electronic supplementary material, figure S1a,b). A common
method to examine whether basal resistance and plasticity are
involved in a trade-off is to examine the relationship between
HRR and basal resistance. However, as basal resistance is
included in the calculation of HRR, this relationship is not independent as basal resistance occurs both in the y and x variables.
For this reason, we refrain from making such a comparison [49].
For two species, a 3.5 h desiccation stress-induced mortality,
and for these species (electronic supplementary material,
figure S1a,b) we estimated HC under a 2 h stress treatment.

K-statistic, using the phytools package in R [48,53]. These two
methods are based on a model of trait evolution via Brownian
motion (BM) [54,55]. Pagel’s l was estimated from the residuals,
where l is a scaling parameter which compares the covariances
among species to the covariance expected under BM. A l ¼ 0
indicates no phylogenetic relationship while a l ¼ 1 means
traits are evolving across the phylogeny equal to BM (trait variance is proportional to branch lengths and thus traits show a
high level of phylogenetic association/signal). Whether estimates of l were significantly different from 0 or 1 was assessed
by comparing the AIC of the estimated l to the AIC of l ¼ 1
or l ¼ 0. The K-statistic is an estimate of the variance within
and between clades and is commonly divided into four scenarios: (i) K not significantly different from 0 indicates no
phylogenetic signal, (ii) K ¼ 1 indicates phylogenetic signal and
traits are evolving under a BM model, (iii) K greater than 1
suggests traits are more similar than expected under a BM
model and (iv) K less than 1 (but greater than 0) suggests traits
are less similar than expected under BM, which could be
driven by convergent evolution of unrelated species or
measurement error [54].
To evaluate the extent to which spatial proximity influenced
patterns in desiccation resistance and plasticity, we examined the
relationship between traits and space by comparing distance
matrices for these two variables with a linear regression analysis
[56]. Distances matrices were calculated in R; Euclidean distances
were calculated for the traits, while spatial matrices were calculated from the average longitude and latitude data for each
species using the fossil package in R [57].
To visualize trait evolution across the phylogeny, we
implemented ancestral trait reconstruction using a maximumlikelihood approach for continuous characters, based on a BM
model using the phytools program in R [53]. To further explore
whether trade-offs between basal desiccation resistance and plasticity were structured across the phylogeny, we divided species
into three categories displaying characteristics consistent with
or divergent from the trade-off hypothesis (see electronic supplementary, Material and methods for justification of groups).
Using these three character states, we used stochastic mapping
[58] in the R package Phytools [53] to calculate the proportion
of time spent in each state and the posterior probabilities for
each internal node; we generated 100 stochastic character maps.
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distribution of each species (www.worldclim.org) [47]. To test
the seasonality hypothesis, we chose to examine the relationship
between plasticity and eight temperature and precipitation variables known to be important in the evolution of desiccation stress
[5]. For further information on the choice and justification of climate variables, see the electronic supplementary material,
Material and methods.

(a) PGLS
slope

(b) phylogenetic signal

l
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l
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0
(0 – 0.900)

0.818**
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202.665
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0.606***
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0
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l1 96.479
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3. Results
We examined the capacity for 32 Drosophila species varying
in their distribution and sensitivity to desiccation stress
to mount a hardening ( plastic) response to a non-lethal
desiccation stress. Twenty-one of the 32 species mounted a
significantly positive hardening response in at least one treatment (electronic supplementary material, table S2). The
treatments that induced a hardening response differed
across species (electronic supplementary material, table S2).
For those species with high basal resistance, positive hardening responses were generally observed only after the longer
pre-treatments, often close to the point at which mortality
started to occur (treatments with any mortality were not
included in the analyses). For the species that did not show
a significant hardening response, the effect of the ‘hardening
treatment’ tended to be negative.

(a) Hardening capacity and the hardening response
ratio patterns with climate
Hardening capacity at 3.5 h (HC-3.5) was calculated to
compare standardized hardening ( plastic) responses across
species. Of the 32 species examined, eight showed a significant
positive hardening response following a 3.5 h desiccation
stress pre-treatment. HC-3.5 differed across the species,
ranging from negative effects (22.05 h) to positive effects
(2.14 h) (electronic supplementary material, table S2). Across
all 32 species, HC-3.5 was related to precipitation

0

0.538*

(0 – 0.599)

0.622

27.046

l0 22.714
l1 27.046

and temperature variables: PWARM and TMAX (R 2 ¼ 0.345,
p , 0.01) (table 1). Of these two variables, PWARM explained
the greatest amount of variation, with HC-3.5 increasing
with precipitation (table 1 and figure 1c).
A further 14 species significantly increased their desiccation resistance compared to the control following desiccation
pre-treatments that were greater than 3.5 h (electronic supplementary material, table S2). When we examined the
relationship between HRR and environment across all 32
species, we found that two environmental variables, PWARM
and PANN, explained approximately 25% of the variation in
plasticity (table 1). Similar to results when using HC-3.5,
PWARM explained the greatest amount of variation in HRRplasticity increased with increasing precipitation (higher
HRR). However, plasticity also increased with decreasing
PANN (table 1 and figure 1d ). We found a weak negative
relationship between latitude and one measure of plasticity,
HC-3.5 (HC-3.5: R 2 ¼ 0.117, slope ¼ 20.020 + 0.009, p ¼
0.031; HRR: R 2 ¼ 0.001, slope ¼ 20.002 + 0.002, p ¼ 0.389),
such that plasticity increased with decreasing latitude.
Environmental variables related to temperature and
precipitation, PANN and TMAX, explained the greatest amount
of variation for basal desiccation resistance (R 2 ¼ 0.606,
p , 0.001) (table 1 and figure 1a). Although the main environmental drivers of basal desiccation resistance (PANN and
TMAX) and plasticity (HC-3.5 and HRR) differed, precipitation
was the strongest driver for all traits. Comparing how basal
desiccation resistance, HC-3.5 and HRR changed with precipitation, we found an opposing relationship; as precipitation
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Table 1. Phylogenetic generalized linear model (PGLS) examining the relationship between environment, basal desiccation resistance, two measures of
desiccation hardening responses HC-35 and ARR and phylogeny. Estimates of l ¼ 0 indicate no relationship between traits, environment and phylogeny while
a l ¼ 1 suggests a strong relationship. Two measures of phylogenetic signal within each trait were calculated: K-statistic and l. K ¼ 0 suggests no
relationship between phylogeny and traits, K , 1, K ¼ 1, K . 1. l interpreted above with the associated AIC value for the current l versus l ¼ 0 and
l ¼ 1, with the best ﬁt model highlighted in italics. *p , 0.05, **p , 0.01, ***p , 0.001.

(a)

5

(b)
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basal

basal

(c)

P WARM
(d )
HRR

HC-3.5

T MAX

T MAX

P WARM

P WARM

Figure 1. Relationship between basal resistance, plasticity and environment. General linear model showing the relationship between basal desiccation resistance and
desiccation hardening (HC-3.5 and ARR) for the two environmental variables explaining the largest amount of variation in plasticity. (a) Basal desiccation resistance
and PANN and TMAX, (b) basal desiccation resistance and PWARM and TMAX, (c) hardening capacity at 3.5 (HC-3.5) and TMAX and PWARM and (d ) acclimation response
ratio (ARR) and PANN and PWARM.
increases, desiccation resistance decreases (figure 2), while
plasticity (HC-3.5 and HRR) generally increases (table 1 and
figure 2). This result suggests a possible trade-off between
basal desiccation resistance and desiccation plasticity;
i.e. species with high basal desiccation resistance have a
lower capacity to shift their resistance via plasticity.

(b) Phylogenetic patterns with hardening capacity and
basal desiccation resistance
Phylogenetic signal was detected for basal desiccation resistance and both measures of desiccation plasticity (table 1).
Stronger phylogenetic signal was detected for basal resistance
with l not significantly different from 1, which is consistent
with a BM model of evolution. In addition, a K-statistic
(0.818) approaching 1 suggests that basal desiccation resistance is not evolving independently from the phylogeny.
The evolution of HC-3.5 and HRR was also associated with
phylogeny; values of l were not significantly different from
1, while K was significantly greater than 0, both consistent
with a BM model of plasticity evolution (table 1).
We found a weak association between species
distributions and HC-3.5 (HC-3.5: R 2 ¼ 0.032, slope ¼
, 0.001 +,0.001 h km21, p ¼ 0.001). The small amount of
variation that this relationship could explain suggests that the
presence of phylogenetic signal in HC-3.5 could mostly be attributed to shared evolutionary history (i.e. phylogenetic signal)
rather than phylogenetically structured adaptation related to
shared spatial (environmental) associations. Similarly, for both

basal desiccation resistance and HRR, we found no evidence
for phylogenetically structured adaptation (basal desiccation resistance: R2 ¼ 0.002, slope ¼ , 0.001 +,0.001 h km21,
p ¼ 0.168; HRR: R2 ¼ 0.003, slope ¼ , 0.001 + ,0.001 h km21,
p ¼ 0.135).
Mapping traits onto the phylogeny via ancestral trait
reconstruction indicates the nature of the phylogenetic
signal (figure 3). For basal desiccation resistance, clear structuring was evident within clades. For both measures of
plasticity, structuring was also evident, although weaker
than observed for basal desiccation resistance (figure 3; electronic supplementary material, figure S2). The ancestral
state for basal desiccation resistance was an intermediate
phenotype (11.9 h) (figure 3), while low plasticity was
the ancestral state for both measures of plasticity. There
were no instances of high desiccation resistance coupled
with high plasticity. Instead, high plasticity appeared to be
associated with low basal desiccation resistance, and this pattern was clearer for HC-3.5 than for HRR (figure 3; electronic
supplementary material, figure S2). This result is consistent
with a possible trade-off between basal desiccation resistance
and plasticity, although evidence for a trade-off was not
consistent across all species (figure 3). Species displaying
characteristics consistent with the trade-off hypothesis,
i.e. low basal desiccation resistance and high plasticity and
vice versa, tended to occur within certain clades (figure 4;
electronic supplementary material, figure S3). Hence,
the presence/absence of a trade-off was phylogenetically
structured.
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Figure 2. Evidence for trade-offs between basal resistance and plasticity. (a) The relationship between mean basal desiccation resistance (white circles) and
(b) hardening capacity (HC-3.5) (solid circles) for precipitation of the warmest quarter (PWARM).
(a)

8.5

9.6
(3.8–15.5)

12.9
(7.0–18.9)

14.5

14.3
(8.7–19.9)

16.7
(10.8–22.5)

22.6
20.9
19.1
18.5
(13.4–23.6)

20.6

11.4
9.8

9.7
(5.0–14.5)

13.3
(7.3–19.2)

10.2
(5.4–15.1)
10.3
(5.3–15.3)

11.2

10.5
(5.9–15.1)

9.9
6.8

7.0
(2.5–11.5)

12.4
(6.7–17.9)

13.4
(6.05–20.67)

12.5
(6.6–18.5)

16.7
8.5
(3.4–13.5)
13.6
(6.9–20.7)

4.11

5.7

20.75

8.9

15.6

D. sulfurigaster (b)
D. immigrans
D. rubida
Z. bogorensis
Z. tuberculatus
D. mojavensis
D. aldrichi
D. buzzatii
D. anceps
D. hydei
D. mercatorum
D. virilis
D. simulans
D. melanogaster
D. yakuba
D. pseudotakahashii
D. kikkawai
D. serrata
D. bunnanda
D. birchii
D. ananassae
D. pandora
D. pseudoananassae
D. bipectinata
D. persimilis
D. subobscura
D. equinoxialis
D. tropicalis
D. willistoni
S. lativittata
S. xanthorrhoeae
S. bryani

37.30

length = 0.7
basal

1.41
1.20
(0.05–2.35)
–0.41

–1.30

0.26
(–0.91–1.43)

–1.25
–1.01
–0.88

–0.07
(–1.14–1.04)

–0.87
(–1.87–0.14)
–0.07

–0.49
(–1.64–0.66)

0.24
0.61
(–0.32–1.54)

0.01
(–1.15–1.17)

0.60
(–0.36–1.55)

1.01

1.03
1.42 (0.13–1.94)

0.47
(–0.51–1.45)

0.13
0.45
0.76 (–0.44–1.34)

0.13
(–0.98–1.24)

0.06
(–1.4–1.51)
0.02
(–1.15–1.18)

–0.42
–0.33
–0.46 (–1.32–0.66)
0.72

–2.80

0.32
(–1.01–1.65)
–0.15

2.50

length = 0.7
hardening capacity 3.5 h

Figure 3. Patterns in basal desiccation resistance and plasticity across the phylogeny. Phylogenetic hypothesis for the 32 Drosophila species examined in this study,
branch lengths reflect standardized time. Values next to the branches and the colours represent the ancestral state and the confidence intervals in hours for (a) basal
desiccation resistance and (b) hardening capacity.

4. Discussion
Climate change poses a threat to the persistence of many
organisms [1,2]. Current predictions of climate change risk
suggest that tropical and mid-latitude ectothermic species
are the most threatened [4,36,61–63]. However, these predictions of risk do not explicitly consider plasticity in key traits
and do not consider changes in precipitation, even though
precipitation is a key driver of species distribution in small
ectotherms like Drosophila [5]. We addressed these gaps in
our understanding by investigating whether the capacity of
Drosophila species to mount plastic responses under desiccation stress varies predictably with the environment, while
accounting for phylogeny. While the physiological mechanisms underlying desiccation resistance have been studied in

a number of Drosophila species [15,64 –66], the focus of this
study was to explicitly test key hypotheses that have been
proposed to explain broad patterns in thermal plasticity
within the context of desiccation resistance, and to ask
whether plasticity in desiccation resistance is structured
across the phylogeny.
Environmental variables capturing average/annual shifts
in temperature and precipitation, rather than seasonality,
were associated with both basal desiccation resistance and
induced plasticity for desiccation resistance (HC-3.5 and
HRR). In line with previous work [5], PANN explained a
large proportion of the variation in basal desiccation resistance. PWARM predominately explained variation in
plasticity, with other environmental variables TMAX and
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Figure 4. Evidence for phylogenetically structured trade-offs in the Drosophila phylogeny. Stochastic character mapping for HC-3.5 for species displaying
characteristics in line or divergent with the trade-off hypothesis. Pie graphs represent the posterior probabilities of a character state for each node calculated
by re-sampling 100 character histories.
PANN also contributing to the variation in HC-3.5 and HRR,
respectively. The relationship between environment and
HRR was complex, with plasticity increasing with increasing
PWARM but also increasing with decreasing PANN. These
results suggest that the environment is important in shaping
plasticity but that environmental variables may shape the
evolution of plasticity in complex ways that depend on the
environmental variables and traits being considered.
We found no evidence to support the seasonality hypothesis that tropical species display lower levels of phenotypic
plasticity [16,17]. Instead, we found species with low basal
desiccation resistance (which were often tropical species)
tended to have a greater capacity to increase their desiccation
resistance via plasticity compared to species with higher
basal resistance (widespread species). This suggests that the
evolution of plasticity for desiccation resistance may be constrained by a trade-off between basal desiccation resistance
and the capacity to harden. Ancestral trait reconstruction
further supported a trade-off (figure 3), however, trade-offs
were not universal across the phylogeny; rather they tended
to occur within species groups (figure 4). That is, some
species showed responses indicative of a trade-off between
basal desiccation resistance and desiccation plasticity and
others did not, and this pattern tended to be phylogenetically
structured. The species-specific nature of possible trade-offs
revealed here may in part explain the inconsistent evidence
for trade-offs between basal trait values and plasticity
reported more broadly in the literature [30,38,40,67 –69]. Evidence for a trade-off between basal resistance and plasticity
reported here is consistent with theory predicting that the

evolution of plasticity must be constrained by costs [70,71].
Although trade-offs were not apparent for all species, we
never observed species with high basal resistance and high
plasticity, which one would expect if the evolution of plasticity was free from any constraint. Instead, species with
low to moderate basal desiccation resistance had no capacity
to increase their resistance through plasticity, suggesting that
factors other than trade-offs may be limiting the evolution of
plasticity across the Drosophila phylogeny.
The strong phylogenetic structuring of plasticity relative
to a species basal response (trade-off ) could indicate divergent mechanisms underpinning desiccation resistance and
plasticity across the phylogeny. Of the three mechanisms
that contribute to desiccation resistance (water-loss rates, storage size and tolerance), changes in water-loss rates have
been implicated in hardening responses (D. melanogaster)
[72], selection responses for increased desiccation resistance
[8,10,73], and differences in innate resistance in desert
versus mesic species [7]. Changes in water-loss rates, due to
rapid changes in cuticular permeability rather than respiratory water-loss, is a likely candidate for plastic responses in
D. melanogaster [66,72] but the mechanisms underpinning
plasticity may vary across species [14]. Decreasing respiratory
water-loss via a reduced metabolic rate has been associated
with evolved responses [7,73], but may not contribute to plastic responses, at least in D. melanogaster [66]. Increased water
storage and tolerance of water-loss can also contribute to
increased desiccation resistance in selected lines of D. melanogaster [8], but do not associate with resistance at the species
level [11]. The capability of Drosophila to rapidly change
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