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s adaptation to climate change really
constrained in niche specialists?

Belinda van Heerwaarden and Carla M. Sgro

School of Biological Sciences, Monash University, Clayton, Victoria 3800, Australia

Species with restricted distributions make up the vast majority of biodiversity.
Recent evidence suggests that Drosophila species with restricted tropical distri-
butions lack genetic variation in the key trait of desiccation resistance. It has
therefore been predicted that tropically restricted species will be limited in
their evolutionary response to future climatic changes and will face higher
risks of extinction. However, these assessments have been made using extreme
levels of desiccation stress (less than 10% relative humidity (RH)) that extend
well beyond the changes projected for the wet tropics under climate change
scenarios over the next 30 years. Here, we show that significant evolutionary
responses to less extreme (35% RH) but more ecologically realistic levels of cli-
matic change and desiccation stress are in fact possible in two species of
rainforest restricted Drosophila. Evolution may indeed be an important
means by which sensitive rainforest-restricted species are able to mitigate
the effects of climate change.

1. Introduction

Global surface temperatures have risen by 0.2°C per decade over the past
30 years [1] and are predicted to rise a further 1.4-5.8°C before the turn
of the next century [2]. Climate projections for one of the world’s most bio-
diverse regions, the wet tropics of Australia, indicate average temperatures
may increase by 0.5-1.4°C in 2030 and by 1-4.2°C in 2070 under low- and
high-emission scenarios, respectively (Commonwealth Scientific and Industrial
Research Organization (CSIRO), http://www.climatechange inaustralia.gov.
au). Rainfall is predicted to become more seasonal in the wet tropics, with a
wetter wet season and a longer, drier dry season [3,4]. While there is more
uncertainty surrounding projections for relative humidity (RH) compared to
temperature in this region, it is predicted that RH may decrease by 0.5-1% in
2030 and by 2—4% in 2070 under low- and high-emissions scenarios, respectively
[2] (CSIRO, http://www.climatechangeinaustralia.gov.au). Predicted rises in
the average basal altitude of the orographic cloud layer [5,6], which will reduce
cloud-moisture capture, are likely to exacerbate the effects of longer and drier
dry seasons [6]. Species restricted to the tropics, particularly rainforests, have
low levels of desiccation resistance, reflecting the continuous high humidity
encountered in those habitats [7]. As conditions become drier under climate
change and as fragmentation generates edge effects that alter the microclimate
within fragments, desiccation stress experienced within rainforests is likely to
increase. However, tropically restricted species are predicted to face a higher
risk of extinction under climate change because they are thought to have limited
capacity to evolve higher levels of desiccation resistance [7].

Specifically, Drosophila species restricted to the rainforests of the wet tropics
of Australia have very low levels of genetic variation for resistance to extreme
(less than 10% RH) desiccation stress [7,8] and are unable to respond to selection
for increased desiccation tolerance at these humidity levels [8,9]. By contrast,
widely distributed Drosophila species have much higher levels of genetic variation
for this same trait [7]. These differences suggest that tropically restricted species
lack genetic variation in the key trait of desiccation resistance and thus are funda-
mentally constrained in their ability to mount evolutionary responses to changing
environmental conditions. These results are significant because the magnitude of
ecological consequences to climate change will depend strongly on the rate
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of adaptation of species to their changing environment [10,11],
which requires additive genetic variation. Kellermann ef al. [7]
provide the first evidence that some species might lack the
genetic variation necessary to mount adaptive responses to
climate change [12].

However, these assessments of fundamental evolutionary
constraint in rainforest-restricted species considered resistance
to extreme (less than 10% RH) levels of desiccation stress that
extend well beyond current, and projected, humidity levels in
the tropical rainforest habitats of Australia and are more reflec-
tive of RH experienced in temperate environments (electronic
supplementary material, tables S1 and S2 and figure S2).
Thus, it is possible that the results of Kellermann et al. [7] reflect
historical constraints between tropical and temperate species
that have arisen over long evolutionary timeframes, reflecting
the evolutionary consequences of specialization to tropical
environments, rather than the potential for tropical rainforest
species to respond to levels of desiccation stress immediately
beyond their current levels of resistance via contemporary
evolution. It is therefore unclear whether tropical species are
evolutionary constrained in their responses to less severe, but
more ecologically realistic, levels of desiccation stress that
are likely to occur under contemporary climatic change [2]
(CSIRO, http://www.climatechangeinaustralia.gov.au).

Furthermore, there is an increasing recognition of the fact
that additive genetic variance (and thus heritability and adaptive
capacity) may change with environmental conditions [13-15].
The environmental dependency of the expression of additive
genetic variance may complicate predictions of evolutionary
constraint under climate change when based on data collected
under laboratory conditions that do not reflect environmental
conditions experienced in nature [13—16]. Desiccation resistance
to less than 10% RH does not display any significant additive
genetic variance at either 19°C [8] or 25°C [7], suggesting that
the evolutionary constraint is not dependent on thermal environ-
ment. However, whether this holds true under thermal regimes
that might be expected under climate change is not known.

We extend on the idea of fundamental evolutionary limits in
rainforest-restricted species [7] and suggest that significant adap-
tive capacity in rainforest-restricted species of Drosophila might
be revealed by considering less extreme, more ecologically realis-
tic changes in temperature and humidity (desiccation stress). To
do this, we reared two species of rainforest-restricted Drosophila,
Drosophila birchii and Drosophila bunnanda, under developmental
temperatures predicted for Cairns, a site central to their distri-
bution in the wet tropics of Australia under moderate carbon
emissions [2] (CSIRO, http://www.climatechangeinaustralia.
gov.au). This translates into a 1°C increase in average tempera-
ture by 2030 (electronic supplementary material, figure S1). We
then assessed genetic variation for desiccation resistance at
severe (less than 10% RH) and a more moderate, but ecologically
realistic level of desiccation stress (35% RH) projected for the wet
tropics by 2030 (CSIRO, http://www.climatechangeinaustralia.
gov.au; electronic supplementary material, figure S2).

2. Material and methods

(a) Field collection and laboratory maintenance

We have previously shown [17] that populations from throughout
the range of D. birchii and D. bunnanda show the same pattern of
low, non-significant additive genetic variance for resistance to
less than 10% RH. We thus focused this study on a single

population for each species sampled from a site central to both n

species” distribution in the wet tropics of Australia. Popula-
tions of D. birchii and D. bunnanda were collected near Cairns in
Queensland, Australia (latitude 16.522°S) in February 2010.
Twenty field inseminated females were collected for each species
and used to establish iso-female lines in the laboratory. Two gen-
erations after collection, a mass-bred population of each species
was founded with 20 males and 20 females from each of the
20 iso-female lines. The mass-bred populations were maintained in
discrete generations at 25°C undera 12 L: 12 D cyclein 3 x 250 ml
bottles containing 60 ml of potato, yeast and sucrose media.
Densities were approximately 300-400 flies per bottle to ensure
a census population size of 1000+ individuals.

(b) Experimental conditions

Average temperature for Cairns, a site central to the distribution of
both species in the wet tropics of Australia, is predicted to increase
by 1°C by 2030 under all carbon emission scenarios ([2]; CSIRO,
http://www.climatechangeinaustralia.gov.au). Emissions scen-
arios are from the Intergovernmental Panel on Climate Change
Special Report on Emission Scenarios. Low emission is the B1 scen-
ario (equivalent to RCP4.5), medium is A1B (equivalent to RCP6.0)
and high is A1FI (equivalent to RCP8.5) [2,18,19]. These projections
are given relative to the period 1980-1999, and give an estimate of
the average climate around 2030, 2050 and 2070, taking into
account consistency among climate models. Individual years will
show variation from this average. The 50th percentile (the mid-
point of the spread of model results) provides a best estimate
result. We were interested in understanding the extent to which
the additive genetic variance for desiccation resistance might
change with thermal regimes predicted under climate change
across seasons. To reflect this increase in temperature in a more eco-
logically realistic context, we took daily temperatures experienced
in January (summer/dry season) in Cairns (hourly averages from
2001 to 2008; Bureau of Meteorology http://www.bom.gov.au/
climate/), and added 1°C to these values to reflect a 1°C increase
in temperature encompassing natural fluctuations throughout a
24 h cycle (electronic supplementary material, figure S1), to gener-
ate a summer/wet season experimental thermal regime. A winter/
dry season thermal regime was generated by adding 1°C to daily
temperatures experienced in July at Cairns (hourly averages from
2001-2008; Bureau of Meteorology, http://www.bom.gov.au/
climate/) (electronic supplementary material, figure S1).

Average RH is predicted to decrease by 0.5% in 2030 under
all emission scenarios (emission scenarios as above, CSIRO,
http://www.climatechangeinaustralia.gov.au). These projections
are given relative to the period 1980-1999. The projections give
an estimate of the average climate around 2030, 2050 and 2070,
taking into account consistency among climate models. Individual
years will show variation from this average. The 50th percentile
(the mid-point of the spread of model results) provides a best
estimate result.

To see how these projections translate into changes in RH by
2030 in Cairns, we applied the projected 0.5% reduction in RH to
the average RH for Cairns in January (summer/wet season) and
July (winter/dry season) for 2012 (electronic supplementary
material, table S2; Bureau of Meterology http://www.bom.
gov.au/climate/). This projected decrease in humidity based
on the 50th percentile is the same for the low-, medium- and
high-emissions scenarios (CSIRO, http://www.climatechangein
australia.gov.au). To assess the extent to which both D. birchii and
D. bunnanda might be able to adapt to a more realistic level of desic-
cation stress, we chose a level of 35% RH. This presents a level of RH
that is well below the average summer and winter RH experienced
in the wet tropics of Australia (electronic supplementary mate-
rial, tables S1 and S2), and falls below the projected relative
average and minimum RH for summer in Cairns 2030 (electronic
supplementary material, figure S2).
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(c) Desiccation resistance assays

To assess desiccation resistance to less than 10% RH, individual
flies were placed into 5 ml glass vials covered with gauze which
were then placed in a sealed glass tank with silica gel ([7,17] at
25°C. RH was confirmed with an i-button data logger (Maxim
Integrated i-button DS1923). Flies were scored as dead when
no movement was detected, and flies were scored every hour
until 100% mortality.

To assess resistance to 35% RH desiccation stress, flies were
placed individually into empty 50 ml plastic vials stopped with
a foam plug. The humidity in these vials was 35% RH (deter-
mined using a Maxim Integrated i-button DS1923). Room
temperature was set to 25°C. As for the desiccation assay at
less than 10% RH, flies were scored as dead when no movement
was detected and were scored every hour until 100% mortality.

(d) Estimating additive genetic variances and

covariances

We used a paternal half-sibling breeding design to estimate addi-
tive genetic variance for desiccation resistance. The species were
assessed in different generations (see below). For each species, den-
sity was controlled in the parental generation by only allowing
mated females to lay eggs over an 8 h period. Eggs were left to
develop at 25°C. Within 6 h of adult emergence, virgin females
and males were separated using light CO, anaesthesia. Two-
hundred and fifty males (sires) were each mated to three females
(dams) and left together for 3 days. The females were then separ-
ated and placed individually into a 50 ml vial containing 15 ml
of potato, yeast and sucrose media allowed to lay eggs for a 48 h
period, after which time they were removed, and placed into a
second vial to lay for another 48 h period, and the vials then left
at 25°C for 24 h to allow eggs to hatch. These vials were then
placed in control temperature cabinets set to the Cairns summer
and winter thermal regimes (4+1°C) to allow the flies to complete
larval-to-adult development.

Females and males emerging from these vials were collected
within 1 day of eclosion and held together in a fresh food vial for
a further 48 h to ensure females were mated. After 48 h, females
and males were separated using light CO, anaesthesia and
allowed to recover for a further 48 h before assessing desiccation
resistance (flies were 6—7 days old).

Desiccation resistance in D. birchii was measured using two
independent paternal half-sibling full-sibling experiments per-
formed in February 2011 (F;; of laboratory culture) and June
2011 (Fy7 of laboratory). For the first paternal half-sibling full-
sibling breeding design (February 2011), we examined desiccation
resistance in adult flies exposed to less than 10% RH and 35% RH
under the summer developmental thermal regime. Two females
from each dam were assessed at 10% RH and 35% RH.

For the second paternal half-sibling full-sibling experiment
(June 2011), we examined desiccation resistance in D. birchii to
35% RH in both male and female flies reared under the summer
and winter thermal regimes. Desiccation resistance was assessed
on two females and two males per dam as described above.

Desiccation resistance to 35% RH in D. bunnanda was
assessed in July 2011 (F;g of laboratory culture) using a paternal
half-sibling full-sibling breeding design in flies reared under the
summer and winter thermal regimes using the same protocols as
described above for D. birchii. Two females and two males from
each dam were assessed.

The following mixed linear model was used to represent the
half-sibling full-sibling breeding design following van Heerwaarden
& Sgro [20]:

Y = m + Xi + S + Dig) + Wign,

where Yjjy is the trait value of an individual, u is the population

mean, Xi is effect of the ith run, S; is the effect of the jth sire, Dy n

is the effect of the kth dam nested within the jth sire and Wi is
the effect of the Ith progeny of the kth dam nested with the jth sire.
Sex was modelled as a fixed effect, whereas all other terms were
considered random. The total phenotypic variance for the breed-
ing design for the purpose of estimating genetic parameters was
represented by

A=ty

Variance and covariance (COV) components were estimated
using restricted maximum-likelihood implemented via the
MIXED procedure of SAS (SAS Institute, Cary, NC, USA).
Narrow sense heritability estimates for desiccation resistance
for each developmental temperature were estimated as four
times the paternal half-sibling intraclass correlation, tPHS, as
outlined by Lynch & Walsh [21]. As we used a half-sibling
full-sibling breeding design, the sire variance, 03, is one-fourth
of the additive genetic variance (V) [22,23]. Thus, to estimate
Va, we multiplied the sire variance by four. To determine
whether the sire variance and additive genetic variance were
significantly different from zero, we used log-likelihood ratio
tests, where the final model for each trait was compared to a
model specifying o2 to be zero [23,24].

The additive genetic COVs between resistance to 10 and 35%
RH (D. birchii experiment 1) and between desiccation resistance
to 35% RH across the thermal regimes (D. birchii experiment 2,
and D. bunnanda) were individually tested for significance from
zero by performing log-likelihood ratio tests where the final
models for each trait were compared to models specifying the
sire-level COVg to be zero [23-25]. We estimated the additive
genetic correlation between traits using the MIXED procedure
of SAS (SAS Institute). Log-likelihood ratio tests were used
to test whether any of the additive genetic correlations were
significantly different from both zero and one [24,25].

(e) Selection experiment

To determine whether D. bunnanda and D. birchii could evolve
higher levels of desiccation resistance to 35% RH, we artificially
selected for increased desiccation resistance in three selection
lines per species in flies reared under the summer thermal
regime. Selection was initiated at the Fy; generation of laboratory
culture for D. bunnanda and the Fy4 generation for D. birchii. Prior
to each generation of selection, larval density was controlled by
restricting laying to 24 h. After this time, flies were removed
from the vials, and the vials placed at 25°C for 24 h to allow
the eggs to hatch before being placed under the summer (wet
season) rearing temperature regime (see above) to complete
development. Flies to be selected were collected within 24 h of
eclosion and the sexes were separated using light CO, anaesthesia
another 48 h later. After 48 h recovery, groups of 20 flies (300—500
per sex) were exposed to 35% RH (as described above) until at least
50-70% of flies had succumbed to desiccation stress (not showing
any signs of movement). The surviving 30-50% of flies were
removed from their desiccation vial and transferred into vials
with fresh food, with a RH above 95%. Further mortality occurred,
so the number of survivors was counted and recorded 24 h later
and used to propagate the next generation. Flies were maintained
at 25°C and transferred to fresh food every 2 days for 10 days.
Selection was applied every other generation, and larvae only
developed under summer conditions in the generation prior to
selection. Three control lines were initiated for each species and
were maintained as described above for the selected lines, but
flies were randomly selected to propagate each generation.

To quantify the response to selection, desiccation resistance
was assessed in the selected and control lines one generation
after the final generation of selection (after 10 generations in
D. bunnanda and after five generations in D. birchii). Larval
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Table 1. Mean desiccation resistance, narrow sense heritability (h%), additive genetic variance (V,), environmental variance (V) (= 1s..) and number of [ 4 |
individuals assayed (n) for desiccation resistance in D. birchii and D. bunnanda. (Standard errors estimated following [26]. *p << 0.05; **p << 0.001.)

treatment species mean + s.e.
<< 10% RH summer D. birchii 7.051 + 0.062 0.019 + 0.181 0.057 + 0.554 2.869 + 0.208 812
Gt o 1123210076 s 10163* e 10991* i i0327 S
s i0056 e i oo 1332i o sats i0190 o
e e 927Si oo oo 10079* b 10264* e i0103 e
e Db 880 i0089 ............. o150 i0068** ............ e i o 7 i0455 ........... s
Cnntune 0 b 2197010134 oo 10085* . 589212392* e i0827 e

density for this assessment was controlled by allowing approxi-
mately 500 male/female pairs per replicate line to lay eggs in a
population cage with a lid containing the potato media stained
with food dye and covered with a layer of live yeast to stimulate
oviposition. Flies were allowed to lay eggs for approximately
12h at 25°C, after which time flies were removed. Eggs were
then placed into five replicate vials, at a density of 50 eggs per
vial, per replicate selection and control line. Twenty-four hours
later, vials were transferred to temperature cabinet to complete
development under the summer thermal regime. Forty females
and 40 males were assessed for desiccation resistance to 35%
RH (as described above) in each selected and unselected control
line. The sexes were separated 48 h after eclosion and allowed to
recover for a further 72 h. Assessment of desiccation resistance
was undertaken on 6-day-old flies.

A nested analysis of variance was used to test for significant
responses to selection in each species, with treatment (selection
or control) and replicate line nested within treatment as main
effects. Sexes were combined in this analysis because males and
females showed significant responses to selection (D. birchii
females Fj 34 = 4645, p <0.001 and males Fj o34 =69.36, p <
0.001; D. bunnanda females Fy 33 = 21.49, p < 0.001 and males
Fi 234 = 14.63, p < 0.001) and there was no significant sex by treat-
ment interaction (D. birchii Fy 476 = 0.007, p = 0.932; D. bunnanda
F1 475 = 1.06, p = 0.304).

3. Results

We first used a paternal half-sibling breeding design to
estimate the additive genetic variance and narrow sense
heritability for resistance to two levels of desiccation stress;
extreme (less than 10% RH) and a more moderate, but ecologi-
cally realistic, (35% RH) level of desiccation stress projected
for the wet tropics by 2030 in D. birchii reared under the
summer temperature regime (electronic supplementary
material, figures S1 and S2 and tables S1 and S2).

We confirm the fundamental evolutionary constraint ident-
ified by Kellermann et al. [7] and Hoffmann et al. [8]: the
additive genetic variance and narrow sense heritability for
desiccation resistance to less than 10% RH were not signifi-
cantly different from zero (table 1). By contrast, we found
significant additive genetic variance and narrow sense herit-
ability for desiccation resistance to 35% RH (table 1). The
additive genetic COV between desiccation resistance at less
than 10% RH and 35% RH was not significantly different
from zero (—0.094, p=0.239), indicating that they reflect
genetically independent traits. The genetic basis of desiccation
resistance, and its capacity to evolve, therefore depends on the
severity of the stress being experienced.

We then asked whether D. birchii and a second rainforest-
restricted species, D. bunnanda displayed significant levels of
additive genetic variance and narrow sense heritability for
desiccation resistance to 35% RH when reared under the
summer and winter developmental temperatures. Our earlier
results in D. birchii were confirmed and extended. The additive
genetic variance and heritability for desiccation resistance to
35% RH were significantly different from zero in both species
under the summer and winter developmental temperature
regimes (table 1).

Adaptive responses to climate change will also be influ-
enced by genetic correlations across environments [10,11,27],
so we asked whether desiccation resistance to 35% RH was
genetically correlated across the summer and winter thermal
regimes. A significant and positive additive genetic correla-
tion was found for D. birchii (ry=0.625, p <0.05) but not
D. bunnanda (not shown). Adaptation to a drier environment
in D. birchii will occur via both direct and correlated responses
to selection across thermal environments, while independent
responses to selection will underpin the evolution of desiccation
resistance across thermal regimes in D. bunnanda. Differences
between closely related species in the genetic basis of response
to changing environments may be common [28].

To demonstrate that the significant estimates of additive
genetic variance and narrow sense heritability for resistance
to 35% RH in D. birchii and D. bunnanda enable both species
to evolve higher levels of desiccation resistance, we performed
artificial selection for increased desiccation resistance in both
species under the summer temperature regime. After just 10
generations of selection on D. bunnanda and five on D. birchii,
desiccation resistance to 35% RH had significantly increased
compared to the unselected controls by an average of 17 and
23%, respectively (figure 1; electronic supplementary material,
table S3). These levels are comparable to the selection response
seen for selection at less than 10% RH desiccation resistance in
the closely related, but more widely distributed generalist
species Drosophila serrata [8,29].

4. Discussion

There is huge interest in the ecological fate of species under
climate change [10,11,30]. Whether evolution will be rapid
enough to rescue populations from extinction will depend
on the presence of additive genetic variance for the traits
under selection [10,11]. We show that the expression of addi-
tive genetic variance for ecologically important traits will
depend on the severity of the stress experienced. Abrupt,
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Figure 1. Response to selection for increased desiccation resistance to 35% RH in (a) D. birchii and (b) D. bunnanda for three replicate control (C1—3, open bars)
and selected (S1-3, filled bars) lines. Error bars reflect standard errors. Response to selection was significant in D. birchii (F; 4 = 31.478, p < 0.001) and
D. bunnanda (F, 4 = 12.775, p < 0.001) (electronic supplementary material, table S3).

severe reductions in humidity will probably lead to increased
extinction because rainforest species may not harbour the
genetic variation necessary to mount an evolutionary
response to such abrupt and extreme change. However, we
show that evolutionary responses to more moderate, ecologi-
cally realistic, reductions in humidity may in fact be possible.

The likelihood of evolutionary rescue has recently been
shown to depend on the severity of the stress imposed by
environmental change. Rapid adaptation and evolutionary
rescue is possible following an abrupt shift to a historically
lethal level of stress if populations have been exposed
to prior selection to less severe levels of stress [28]. This
evolutionary rescue under extreme environmental stress,
however, requires a positive cross-environment genetic corre-
lation of beneficial mutations selected at the lower stress
level. Our results suggest that this will be unlikely to rescue
rainforest-restricted species from severe (less than 10% RH)
desiccation stress, because the additive genetic COV between
this severe level of stress and the more moderately stressful
35% RH was not significantly different from zero. Different
genes underlie the response to these different levels of
desiccation stress. However in the context of rainforest habi-
tats of the wet tropics of Australia and elsewhere, it seems
unlikely that such severe and abrupt changes in humidity
will occur over the next 30-60 years, even under high-
emission climate change scenarios. The more likely scenario
will be a gradual decrease in humidity over the next few
decades. We show that rainforest species have the capacity
to respond to these more moderate decreases in humidity
via evolutionary adaptation.

Why might the expression of additive genetic variance
depend on the severity of the stress experienced? It is possible
that no mechanisms have evolved to detect and/or counter
extreme levels of stress. Resistance to a severe desiccation
stress (less than 10% RH) in Drosophila involves three different
mechanisms, including increasing water storage, decreasing
water loss and tolerating water loss [31]. In addition, the
ability to detect desiccation stress may also be important.
Using artificial selection for resistance to less than 10% RH in
Drosophila melanogaster, Telonis-Scott et al. [32] identified two
sensory organ genes that increased in frequency with increasing
desiccation resistance. However, little is known about the gen-
etic basis of desiccation resistance to less than 10% RH [32], and,
genomic resources are not yet available for the two species
examined here. Whether tropically restricted species lack the

genes or sensory mechanisms to detect and respond to such
extremely low levels of humidity remains to be examined.
Alternatively, the genetic basis of adaptation to severe,
compared to moderate, levels of desiccation stress may differ,
which will impact the evolution of desiccation resistance.
Specifically, adaptation to severe or rapid environmental
change, which requires large phenotypic changes in natural
populations, may occur by the evolution of alleles of large
effect. Compared to selection imposed by moderate stress
levels, intense selection under severe stress may involve
fewer genes of large effect [33-35]. Under such intense selec-
tion, only those individuals possessing resistance alleles
conferring a high level of resistance (alleles of large effect)
will survive. In the absence of the stress, these large effect
alleles may be selected against, and reduced in frequency or
absent from populations, because of large deleterious pleiotro-
pic effects [33]. Building on these arguments in the context of
the evolution of insecticide resistance, McKenzie [36] argued
that where selection acts outside of the normal range of distri-
bution of resistance phenotypes, selection will act on rare
mutations of large effect. Conversely, when selection is operat-
ing within the normal distribution of phenotypic variation,
pre-existing polygenic variation will be selected for. Thus,
mutations of large effect for desiccation resistance at extreme
levels of desiccation stress (less than 10% RH) may be rare or
absent in rainforest species, where selection for this level of
desiccation resistance does not occur, or because of strong
pleiotropic effects. Conversely, resistance to moderate levels
of stress may involve more alleles of smaller effect, with no
pleiotropic effects on fitness, and so the observed frequency
of these alleles is likely to be higher. The best evidence for
this comes from studies of herbicide and pesticide resistance
and studies of unicellular organisms. For example, Neve &
Powles [37] found high levels of resistance evolved in the
crop weed Lolium rigidum under selection at low herbicide
doses, as multiple mechanisms were selected. Additional
evidence comes from studies looking at the effect of rate of
environmental change on adaptation, where faster rates of
change equate to more abrupt and severe levels of stress. Adap-
tation in response to slower rates of environmental change in
Chlamydomonas resulted in populations that grow faster and
pay a lower cost of adaptation after 200 generations of selection
than populations that adapt to a sudden change of the same
magnitude [38]. Mutations of smaller effect that underpin
adaptation to slower rates of environmental change may thus
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result in reduced levels of pleiotropy and historical constraints,
and/or increased epistatic interactions, resulting in higher
fitness and more successful adaptation [38].

Recent work in experimental populations of Escherichia coli
confirms that evolutionary responses to environmental change
can depend on the rate of environmental change experienced
[39]. Some of the mutations beneficial at lower rates of change
were not beneficial at higher rates of change, suggesting that
independent mechanisms can play a role in adapting to rapid
versus slower rates of environmental change, consistent with
the non-significant additive genetic COV between resistance
to less than 10% RH and 35% RH in this study. However,
Lindsey et al. [39] focused on the contribution of new mutations,
and not standing genetic variation, to the likelihood of adap-
tation to environmental change, although the latter is more
likely to contribute to adaptive responses to rapid environ-
mental change in higher organisms [40]. Whether their results
extend to higher organisms is unknown.

Finally, it is also possible that genes underpinning resistance
to less than 10% RH are no longer functional because of DNA
decay [7,41-43], whereas genes underpinning resistance to
35% RH remain functional because of periodic selection
imposed by intermittent exposure to moderately low levels of
humidity. Comparative genomic studies of widespread general-
ist species like D. melanogaster and D. serrata, that display
significant levels of additive genetic variance for resistance to
less than 10% RH, and restricted, sensitive species like D. birchii
and D. bunnanda that do not, are needed to answer this question.

Our results highlight the importance of understanding the
underlying genetic basis of traits that will be key to underpin-
ning adaptive responses to climate change. If many genes of
small effect control the traits central to organismal responses
to climate change [44], then evolutionary responses to climate
change may be more likely than currently thought, provided
that the distance the mean of the population needs to move to
provide an adaptive shift is not too large ([34] but see [45]). In
the presence of additive genetic variance for the trait under
selection, then adaptation should occur, as illustrated by
the significant selection response to selection for increased
resistance to moderate (35% RH) desiccation resistance that
we report here. If, on the other hand, the mean of the
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adaptation consider the evolution of populations faced with
sudden and severe environmental change [33,34,45]. How-
ever, little is still known about how the genetic complexity
underlying ecologically important traits will affect the
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The significance of our results is twofold. First, we show
that rainforest species are fundamentally constrained by a
very low level of additive genetic variance for very severe
(less than 10% RH) levels of desiccation stress [7], indepen-
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Supplementary Tables and Figure

Table S1. Average (minimum and maximum in parenthesis) percent relative humidity (%
RH) in the middle of summer (January) and winter (July) in 2012 for low latitude tropical
sites near rainforests where D. birchii and/ or D. bunnanda have been collected (TROP); low
latitude non-rainforest sites > 80 km inland (IL) from coastal tropical regions where D.
birchii and/ or D. bunnanda occur, subtropical sites beyond both species’ current southern
distributions (ST), and temperate regions (Temp). Data from Bureau of Meteorology

http://www.bom.gov.au/climate/.

Region  Localities % RH January 2012 % RH July 2012
Trop  Cooktown”™ ™™ 65 (49-93) 65 (45-91)
Trop  Cairns”™™™ 65 (37-90) 57 (40-93)
Trop  Cardwell”™™™ 73 (45-90) 72 (46-96)
Trop  Mackay™™ 72 (53-95) 72 (39-99)
Trop  Yeppoon®™ 74 (45-97) 64 (36-98)
average 69.8 (45.8 - 93.0) 66.0 (36.2 -95.4)
IL Georgetown 49 (23-90) 35 (16-82)
IL Charters Towers 50 (31-84) 51(23-98)
IL Collinsvile 56 (32-96) 50 (22-98)
average 51.7 (28.7 - 90.0) 45.3 (20.3-92.7)
ST Gladstone 64 (40-97) 58 (25-99)
ST Bundaberg 64 (44-94) 56 (31-93)
ST Brisbane 65 (16-97) 54 (32-98)
average 64.3 (33.3 - 96.0) 56 (29.3 - 96.6)
Temp Sydney 59 (18-91) 50 (28-85)
Temp Melbourne 43 (16-67) 58 (32-92)
average 51.0 (17.0 - 79.0) 54 (30.0 - 88.5)

br — [ ocalities where D. birchii have been found

bunn __

= Localities where D. bunnanda have been found



Table S2. Annual average (minimum and maximum in parenthesis) percent relative humidity

(% RH) for low latitude tropical sites near rainforests where D. birchii and/ or D. bunnanda

have been collected (TROP); low latitude non-rainforest sites > 80km inland (IL) from

coastal tropical regions where D. birchii and/ or D. bunnanda occur, subtropical sites beyond

both species’ current southern distributions (ST), and temperate regions (Temp). Data from

Region Localities RH
Trop  Cooktown”™ ™™  67(60-73)"
Trop  Cairns™™"™™ 62(55-70)*
Trop  Cardwell™ ™™  67(63-72)*
Trop  Mackay™ 65(60-72)*
Trop  Yeppoon™ 68(62-71)"
average 66
IL Collinsville 43(33-52)*
IL  Georgetown 37(25-52)°
IL Charters Towers  41(33-53)"
average 40.25
ST Gladstone 54(46-62)*
ST  Bundaberg 55(47-62)@
average 54.33
Temp Sydney 56(48-62)
Temp Melbourne 52(47-62)
average 54

b — [ ocalities where D. birchii have been found

bunn __

#1987-2010
*1981-2010
71993-2010
$1981-2007
91992-2010
©1990-2010

Bureau of Meteorology

http://www.bom.gov.au/climate/.

= Localities where D. bunnanda have been found
Years recorded



Table S3. Analysis of variance testing for response to selection for increased desiccation

resistance to 35% RH in D. birchii and D. bunnanda reared under the Cairns summer thermal

regime.

Species Source of variation df MS F P

D. birchii Treatment 1 752.702 31.478 <0.001
Replicate(treatment) 4 23912 3.340  0.010
Error 474 7.159

D. bunnanda Treatment 1 574.764 12.775 <0.001
Replicate(treatment) 4 44992 2.627  0.034

Error 473 17.129




Figure S1. Temperature regimes projected for 2030 (+ 1 °C) in Cairns in summer (dashed
black line: average temperature 28.2 °C) and winter (dashed grey line: average temperature
21.8 °C). Solid black line indicates current averages in January based on data from 2001 -
2008 (average 27.2 °C) and the solid grey line indicates current averages in July based on
data from 2001 - 2008 (average temperature 20.8 °C). Data from Data from Bureau of

Meterology http://www.bom.gov.au/climate/.

Temperature® C




Figure S2. Projections for average (A) and minimum (B) summer and winter relative
humidity for the Wet Tropics and Far North Queensland, Australia under low, medium and
high emission scenarios for 2030, 2050, and 2070. Calculated by reducing the average and
extreme minimum summer and winter relative humidity for 2012 (Table S1) by 0.5%, which
is the extent of projected change in RH across all emission scenarios for 2030, 2050 and
2070. The 0.5% reduction in relative humidity is based on models projecting the average
climate for 2030, 2050 and 2070. Projections are given relative to the period 1980-1999. The
projections take into account consistency among climate models. The 50th percentile (the
mid-point of the spread of model results) provides a best estimate result. The 10th and 90th
percentiles (lowest 10% and highest 10% of the spread of model results) provide a range of
uncertainty. The difference between projections based on the 50" percentile and the 10™ and
90™ percentile have been used to generate lower and upper bound standard errors respectively
around the projections based on the 50" percentile. Emissions scenarios are from the IPCC
Special Report on Emission Scenarios. Low emissions is the B1 scenario, medium is A1B

and high is A1FI.
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