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Thermal tolerance is an important factor influencing the distribution of ecto-
therms, but our understanding of the ability of species to evolve different
thermal limits is limited. Based on univariate measures of adaptive capacity,
it has recently been suggested that species may have limited evolutionary
potential to extend their upper thermal limits under ramping temperature
conditions that better reflect heat stress in nature. To test these findings
more broadly, we used a paternal half-sibling breeding design to estimate
the multivariate evolutionary potential for upper thermal limits in Drosophila
simulans. We assessed heat tolerance using static (basal and hardened) and
ramping assays. Our analyses revealed significant evolutionary potential for
all three measures of heat tolerance. Additive genetic variances were signifi-
cantly different from zero for all three traits. Our G matrix analysis revealed
that all three traits would contribute to a response to selection for increased
heat tolerance. Significant additive genetic covariances and additive genetic
correlations between static basal and hardened heat-knockdown time, mar-
ginally nonsignificant between static basal and ramping heat-knockdown
time, indicate that direct and correlated responses to selection for increased
upper thermal limits are possible. Thus, combinations of all three traits will
contribute to the evolution of upper thermal limits in response to selection
imposed by a warming climate. Reliance on univariate estimates of evolu-
tionary potential may not provide accurate insight into the ability of organ-
isms to evolve upper thermal limits in nature.
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2009; Sinervo et al.,, 2010). Importantly, a relationship
between upper thermal tolerance and maximum habitat
temperature has been demonstrated for many species
(Tomanek & Somero, 1999; Stillman & Somero, 2000;
Stillman, 2002; Sinervo ef al, 2010; Somero, 2010;

Introduction

The distribution and abundance of many species, particu-
larly ectotherms, is influenced by temperature (Cossins
& Bowler, 1987). With temperatures expected to increase

across the globe over coming decades (IPCC, 2007), tem-
perature is increasingly likely to be a source of strong
selective pressure for many organisms, particularly ecto-
therms. The close association between environmental
and body temperatures means that climate change is
likely to impact ectotherms’ distribution and abundance
(Parmesan & Yohe, 2003; Colwell ef al,, 2008; Chown
et al., 2010), metabolism (Dillon et al., 2010) and there-
fore risk of extinction (Deutsch et al., 2008; Huey et al.,
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Duarte et al,, 2012), suggesting that some ectotherms
already exist close to upper thermal thresholds (Stillman,
2002; Mercader & Scriber, 2008; Jones et al., 2009), and
are thus at greater risk of extinction from climate
change.

Behavioural thermoregulation may have a limited
abilty to ameliorate the effects of climate warming in
ectotherms (Huey & Pascual, 2009; Huey & Tewksbury,
2009; Kearney et al., 2009; Rego et al., 2010), and tem-
perature is expected to impose significant selection pres-
sures on both ectotherms and endotherms (e.g. Huey
et al.,, 2012). Yet, whether organisms are able to modify
upper thermal limits via evolutionary responses or
phenotypic plasticity and mediate their extinction risk
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remains largely unknown. Recent work based on inter-
specific studies of Drosophila (Kellermann et al., 2012)
suggets that some organisms will be unlikely to mediate
the effects of global warming via evolutionary changes.
Comprehensive intraspecific assessments of adaptive
capacity for upper thermal limits, which provide impor-
tant insight into contemporary microevolutionary
responses to global change, are more limited, and pro-
vide mixed support for such conclusions.

Compounding this issue is the fact that it has become
clear that estimates of upper thermal limits can vary
depending on the methodology used (Terblanche et al.,
2007; Mitchell & Hoffmann, 2010; Sgro et al., 2010;
Rezende et al., 2011; Santos et al., 2011). Specifically,
thermal tolerance can be assessed using either static
(constant temperature) assays (Hoffmann et al., 2002,
2003) or dynamic (variable temperature) assays that
involve gradually heating or cooling an animal from a
particular starting temperature until physiological fail-
ure, such as knockdown or loss of righting ability
(Terblanche et al.,, 2007; Mitchell & Hoffmann, 2010;
Sgro et al, 2010; Overgaard et al, 2012). Ramping
assays are argued to be more ecologically relevant
because they are thought to better reflect changes in
temperature in the field and because they indicate the
activity range for a population under acute conditions
experienced in nature. However, the rate of change in
temperature used in these assays has been shown to
affect predictions about lower (Kelty & Lee, 2001;
Overgaard et al., 2006, Jumbam et al.,, 2008) and upper
(Mitchell & Hoffmann, 2010; Sgro et al., 2010) thermal
limits. Such results have raised questions about the
extent to which different measures adequately or accu-
rately assess upper thermal limits (Rezende et al., 2011;
Santos et al., 2011; Terblanche ef al., 2011; van Heerwa-
arden et al., 2012; Overgaard et al., 2012).

Importantly, inferences about an organism’s ability to
adapt to stressful environmental conditions via evolu-
tionary change may also be affected by the methodol-
ogy used (Chown et al., 2009; Mitchell & Hoffmann,
2010; Rezende et al, 2011). Numerous studies have
examined genetic variation for heat tolerance in
Drosophila (e.g. Coyne et al., 1983; Jenkins & Hoffmann,
1994; Cavicchi et al.,, 1995; McColl et al., 1996; Bubliy
et al, 1998, 2012; Gilchrist & Huey, 1999; Krebs &
Thompson, 2006; Sorensen et al, 2007; Sisodia &
Singh, 2010) and other taxa (e.g. (Bennett & Lenski,
1993; Neargarder et al, 2003; Elderkin ef al., 2004;
Winne & Keck, 2005; Willett, 2010; Doyle et al., 2011;
Kelly et al., 2012). Those studies that have used multi-
ple assay methods have shown that different measures
of thermal tolerance are unrelated to each other (Hoff-
mann et al, 1997; Sorensen et al., 2001; Folk et al.,
2007; Sgro et al., 2010 but see Berrigan, 2000). This
suggests that at least partially independent mechanisms
of resistance are involved in those measures. However,
none of these studies have directly addressed the
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question of whether static vs. the increasingly used
dynamic measures provide the same information about
the capacity for thermal adaptation within and between
populations.

It has been suggested that dynamic assays may lower
adaptive capacity for upper thermal limits (measured as
the wunivariate narrow-sense heritability) by either
increasing the environmental variance (Chown et al.,
2009) or by increasing the environmental variance and
decreasing the additive genetic variance (Rezende et al.,
2011). Only one study has tested these predictions.
Mitchell & Hoffmann (2010) found that compared with
static measures of heat tolerance, the narrow-sense her-
itability and evolvability of ramping heat tolerance was
significantly reduced in two populations of D. melanog-
aster. This was driven by significantly lower levels of
additive genetic variance, and not inflated environmen-
tal variance, which contrasts with the predictions by
Chown et al. (2009) and Rezende ef al. (2011). These
results imply a constrained evolutionary response to
selection imposed by the gradual heating that may typi-
cally be experienced in natural populations (Hoffmann,
2010; van Heerwaarden ef al, 2012). If these results
hold true more broadly, the capacity for evolutionary
change in response to selection might be overstated if
only static measures of thermotolerance are relied
upon.

The static and ramping measures of heat tolerance
were positively correlated across Drosophila species, sug-
gesting perhaps some potential for correlated responses
to selection (Mitchell & Hoffmann, 2010); however,
no such association was found in an intraspecific study
of D. melanogaster populations from along a climatic gra-
dient (Sgro et al., 2010). However, no study has directly
estimated the extent to which static vs. ramping
measures of heat tolerance share a genetic basis. This is
surprising, because we know that the ability of a popu-
lation to respond to selection for increasing heat toler-
ance will be determined by the patterns of genetic
variation and covariation in the traits under selection
(Blows & Hoffmann, 2005). If both static and dynamic
measures of thermal tolerance significantly covary with
one another, then reliance on univariate measures of
adaptive capacity may provide inaccurate information
about the evolution of upper thermal limits under
climate change.

The focus of this study was to examine the extent to
which static and dynamic measures of heat tolerance
reflect a shared genetic basis to upper thermal limits,
and to determine whether the evolution of heat toler-
ance in natural populations might be constrained by
low additive genetic variances or covariances between
different measures of heat tolerance. Specifically, we
estimated additive genetic variances and covariances for
three commonly used measures of heat tolerance, static
basal and hardened heat-knockdown time and ramping
(dynamic) heat-knockdown time, in Drosophila simulans.
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Previous work (van Heerwaarden et al, 2012) has
shown that all three measures of heat tolerance show
parallel clines in D. simulans populations from along the
east coast of Australia that reflect the action of selection
and not neutral processes. We know that temperature
is a significant selective agent for Drosophila (Huey &
Pascual, 2009; Rego et al, 2010; Kellermann et al.,
2012), and the observed clinal patterns in heat toler-
ance in D. simulans (van Heerwaarden et al, 2012)
reflect this. The parallel clinal patterns suggest that the
three traits provide the same insight into the adaptive
divergence, and thus adaptive capacity, for heat toler-
ance. However, whether these parallel clinal patterns
are the result of independent selection acting on all
three measures of heat tolerance, or reflect a shared
genetic basis, remains unknown. We therefore per-
formed a half-sib—full-sib breeding design to empirically
assess the additive genetic variance for, and additive
genetic covariances between, all three measures of heat
tolerance. This allowed us to test whether the predic-
tions arising from previous work in D. melanogaster,
where univariate estimates of adaptive capacity suggest
a limit for adapting to the gradual increases in tempera-
ture that are commonly experienced in nature, hold
true across species when an explicitly multivariate
perspective is taken.

Materials and methods

Experimental stocks and data collection

D. simulans was collected from Coffs Harbour, a mid-lat-
itude (latitude 30.30°S, longitude 153.12°E) site along
the east coast of Australia, using banana baits in Febru-
ary 2010. Fifty field-inseminated females were collected
and used to establish iso-female lines in the laboratory
at 25 °C under a 12 : 12 hours light : dark cycle at
95-100% humidity. Species identification was con-
firmed in the F1 generation by examining males from
each iso-female line, to ensure all lines were in fact D.
simulans. These iso-female lines were then allowed an
additional generation in the laboratory to ensure large
population sizes in each line prior to setting up a mass-
bred population. In the second generation after collec-
tion (F2), a mass-bred population was founded with
ten males and ten females from each of the 50 iso-
female lines. This mass-bred population was kept at
25 °C under a 12:12 hours light: dark cycle at
95-100% humidity in 3 x 250-mL bottles containing
60 mL of potato, yeast and sucrose media. Densities
were approximately 300-350 flies per bottle to ensure a
census population size of 900 + individuals.

After five generations of mass rearing, we used a
paternal half-sibling breeding design to estimate the
additive genetic variance underlying heat tolerance.
The parents of the focal flies were reared at controlled
densities of 40 eggs per vial, and were collected within

6 h of emergence. Virgin females and males were sepa-
rated using CO, anaesthesia and held in separate vials
according to sex, at a density of approximately 20-30
individuals per vial until they were 4-days old. A total
of 150 virgin males (sires) were randomly selected from
all holding vials. Each sire was placed in a vial contain-
ing 6 mL of food media and ad libitum live yeast, with
three virgin females (dams) and left to mate for 3 days.
After this time, each dam was placed individually in a
separate vial and allowed to lay eggs for 6-8 h, then
moved to a fresh vial and allowed to lay eggs for a
further 6 h. This was done to control larval density to
no more than 20 larvae per vial.

Generation 6 individuals — the focal offspring — were
collected within 1 day of emerging in vials and held
together in a fresh food vial for a further 48 h to
ensure that females were mated. After 48 h, females
were separated using CO, anaesthesia and allowed to
recover for a further 48 h. Two females from each vial
were measured for each heat-tolerance assay (for a
total of 96-98 sires, each mated to three dams, with
four offspring [minimum of two] per dam measured for
each assay of heat tolerance). Flies used in the heat-
tolerance assays were 5- to 6-days old. The half-sibling
breeding design was performed at 25 °C under a
12 : 12 hours light : dark cycle at 95-100% humidity.

Heat-tolerance assays

Basal and hardened static heat-knockdown time
Females were placed individually in 5-mL glass vials,
and exposed acutely to 38.5 °C by immersion in a pre-
heated recirculating water bath. The hardening treat-
ment involved exposure of flies to 35 °C for 30 min
followed by recovery at 25 °C for 3 h prior to the
knockdown assay being performed (van Heerwaarden
et al, 2012). Basal and hardened flies were tested
simultaneously. Heat-knockdown time was scored as
the time taken for all flies to be knocked down and
immobilized. Heat-knockdown time was assessed over
2 days, with six runs performed each day. The same
two people (observers) performed all of the heat-knock-
down assays across all runs.

Ramping (dynamic) heat-knockdown time and
temperature

Individual females were placed in 5-mL glass vials,
which were submerged into a water bath heated to
28 °C. The temperature was increased gradually by
0.06 °C min "', which is representative of maximal rates
of temperature increase in south-eastern Australia (van
Heerwaarden et al., 2012) and other parts of the world
(Nyamukondiwa & Terblanche, 2010; Terblanche et al.,
2011). A data logger (Maxim Integrated i-button
DS1923, Maxim Integrated Products, Dallas, TX, USA)
was submerged into the heated water bath (along with
the flies) to record the temperature of the heated water
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bath throughout the experiment. Resistance was scored
as the time taken for all flies to be knocked down,
ensuring that all three traits were measured on the
same scale. The ramping assays were performed over
2 days with two runs per day. The same two people
(observers) performed all of the heat-knockdown assays
across all runs.

Estimating the additive genetic variance
covariance matrix, G

Our data were generated from a standard paternal half-
sibling breeding design (Lynch & Walsh, 1998). The
mixed model used to analyse the data was

y:a+XB+ZS(55+Zd5d+€: (1)

where X is the design matrix for the fixed effect of run,
B, and Z; and Z, are the design matrices for the ran-
dom effects of sire and dam respectively. The total
phenotypic variance (o¢2) for the breeding design for
the purpose of estimating genetic parameters was repre-
sented by

0% =02+ o3 +opy (2)

2 2 o . o
where o5, of, oy, are the sire, dam and within-group-

level variance components respectively. Variance and
covariance components were estimated using restricted
maximum likelihood implemented using the MIXED
procedure of SAS (SAS Institute, Cary, NC, USA). As
we used a half-sib—full-sib breeding design, the sire var-
iance, o2, is one-fourth of the additive genetic variance
(Va) (Falconer & Mackay, 1996; McGuigan et al.,
2011). Thus, to estimate V,, we multiplied the sire vari-
ance by 4.

It has recently been suggested that observer error
will affect the estimation of variance components for
traits like heat-knockdown time (Castaneda et al.,
2012). Castaneda et al. (2012) suggest that multiple
measurements for every individual be taken, and that
repeatability statistics be reported for thermotolerance.
This is not feasible in experiments such as those
described here. Instead, we checked for a significant
effect of observer on the phenotypic variance of all
three measures of heat-knockdown time prior to esti-
mating the variance components using Levene’s test for
equal variances. Observer had a significant effect on
the wvariance of ramping heat-knockdown time
(F1,1002 = 8.30, P < 0.05), but not static basal or hard-
ened knockdown time (not shown). To ensure that this
did not bias estimates of the variance and covariance
components, we variance standardized all the heat-
knockdown time data by observer prior to the analyses
described below. Run did not affect the variances (not
shown), so was treated as a fixed effect in the model
described above.

The additive genetic variance for each trait was first
estimated using a univariate model. Log likelihood ratio
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tests were performed, where the final model for each
trait was compared to a model specifying o2 to be zero,
to determine whether levels of additive genetic vari-
ance for each trait were significantly different from zero
(Littell ef al., 1996; Simonsen & Stinchcombe, 2010;
McGuigan et al., 2011). We then estimated the uncon-
strained G matrix. In both cases, the variance at both
the sire, J;, and the dam, d4 levels were modelled using
an unstructured covariance matrix. The additive genetic
variance and covariance components of G were individ-
ually tested for significance from zero by performing
log likelihood ratio tests where the final models for
each trait were compared to models specifying ¢ and
the sire-level covariances (COVs) to be zero (Littell
et al.,, 1996; Simonsen & Stinchcombe, 2010; McGuigan
et al., 2011).

Dimensions of G

To examine the distribution of genetic variance in
multivariate space, two complimentary approaches
were utilized to estimate the number of dimensions
of G.

Eigen analysis of G — Estimating gmax

To determine how many genetically independent traits
(eigenvectors) were represented by the original traits
(phenotypes) actually measured, and how much gen-
etic variance (eigenvalues) was associated with each
independent set of eigenvectors, eigen analysis of the
unconstrained additive genetic variance covariance
matrix, G, was performed using the matrix analysis
option implemented in the Microsoft Excel add-in Pop-
Tools (Hood, 2010). The eigenvector with the largest
eigenvalue (gmayx, Schluter, 1996) is the vector explain-
ing most of the additive genetic variance in the G
matrix.

Kirkpatrick’s dimensionality approach

We also used the approach outlined by Kirkpatrick
(2009) to further explore the dimensions of the G
matrix for the three heat traits, which strictly considers
the geometry of G without regard to the direction of
selection and the predicted response. This method
determines the effective number of dimensions, 7p, in a
G matrix by measuring whether there is an even
distribution of genetic variation explained by all the
eigenvalues of the G matrix estimated from the uncon-
strained model. If most of the genetic variation occurs
in the first one or two dimensions, that matrix is ill
conditioned and will permit evolution in only a limited
number of dimensions. Kirkpatrick suggests measuring
np as the sum of the eigenvalues of G divided by the
largest eigenvalue. If np is close to 1, most of the
genetic variation in G is explained by the first and
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largest eigenvalue, and the matrix has an effective
dimension of 1.

Additive genetic correlations between heat traits

To complement the multivariate methods described
above, we estimated the additive genetic correlation
between all three traits examined using the relation-
ship

o COVS(],Z)

I's(12) =
' V03 X 0%,

using the MIXED procedure of SAS (SAS Institute,
Cary, NC, USA), where Covg(i,) is the sire-level addi-
tive genetic covariance between traits 1 and 2, and o2,
and a2, are the sire-level variance components for traits
1 and 2 (Lynch & Walsh, 1998). Log likelihood ratio
tests were used to test whether any of the additive
genetic correlations were significantly different from
both zero and one (Littell ef al, 1996; Simonsen &
Stinchcombe, 2010).

(3)

Univariate measures of evolvability

To directly assess the extent to which univariate mea-
sures of evolvability for heat tolerance reflected the
multivariate analyses described above, we also
estimated the narrow-sense heritability for each trait.
Narrow-sense heritability for each trait was estimated
as the additive genetic variance (V,) divided by the
total phenotypic variance (Vp) (Falconer & Mackay,
1996; Lynch & Walsh, 1998). Finally, the evolvability,
I5, of each trait was estimated as the additive genetic
variance divided by the square of the trait mean follow-
ing Hansen et al. (2011), as its numerical estimate can
be interpreted as the per cent change in a trait under a
unit strength of selection.

Results

Genetic variation and covariation for heat tolerance

We detected significant levels of additive genetic vari-
ance for all three measures of heat tolerance (Table 1).
Additive genetic covariances between basal and hard-
ened knockdown time were positive and significantly
different from zero. The covariance between ramping
heat-knockdown time and basal heat-knockdown time
was marginally not signficantly different from zero,
while the covariance between ramping and hardened
heat-knockdown time was nonsignificant (Table 1).
One additive genetic correlation was significantly dif-
ferent from zero (Table 1). A significant positive genetic
correlation was found between basal and hardened
heat-knockdown time(Table 1). The genetic correlation
between basal and hardened heat-knockdown time was

Table 1 Additive genetic variance and covariance matrix (G)
estimated from the model with unconstrained sire-level variances
and covariances, and additive genetic correlations. Additive genetic
variances on the diagonal, additive genetic covariances above the
diagonal, additive genetic correlations below the diagonal.

Basal = static basal heat-knockdown time; Hardened = static
hardened heat-knockdown time; Ramping = ramping (dynamic)
heat-knockdown time. Estimates based on raw data variance
standardized by observer, multiplied by 100.

Basal Hardened Ramping
Basal 6.434* 8.279" 5.2021
Hardened 0.768% 18.069* 0.714
Ramping 0.511§ 0.042 16.095*

*P < 0.05 for log likelihood ratio test of significant difference from
Zero.

TP =0.074 for log likelihood ratio test of significant difference
from zero.

1P < 0.05 for log likelihood ratio test of significant difference from
Zero.

§P = 0.074 for log likelihood ratio test of significant difference
from zero.

significantly ditferent from zero, but not one, implying
that both traits will show correlated evolutionary
responses to selection pressures. The genetic correlation
between basal and ramping heat-knockdown time was
positive, but marginally not significantly different from
zero (Table 1).

Eigen analysis of G — Estimating gnax

The eigen analysis revealed that the genetic variance
in G was distributed in two dimensions (Table 2). The
two eigenvectors of G accounted for 97.8% of the
total additive genetic variance of G. The leading eigen-
vector (gmax) accounted for 58.44% of the variance in
G. Basal, hardened and ramping heat-knockdown time
all loaded positively to gmax. Hardened heat-knock-
down time made the largest contribution to this vector
(Table 2). Basal and ramping heat-knockdown time

Table 2 Eigen analysis of genetic variation for all traits examined.
Trait loadings on eigenvectors of the unconstrained sire-level
additive genetic variance—covariance matrix (G), the additive
genetic variance, V,, (eigenvalue) associated with each eigenvector
and the percentage of the total additive genetic (% V,) variance
explained by each eigenvector. Basal = static basal heat-
knockdown time; Hardened = static hardened heat-knockdown
time; Ramping = ramping (dynamic) heat-knockdown time.

Gmax 92
Va 23.726 15.983
%V total 58.44% 39.37%
Basal 0.4912 0.0486
Hardened 0.7702 —0.4906
Ramping 0.4069 0.8700
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loaded positively, and hardened knockdown time neg-
atively, onto the second eigenvector of G (g,), with
the largest contribution coming from ramping heat-
knockdown time.

Dimensionality of G

Using Kirkpatrick’s (2009) method, we estimated
np = 1.7. Thus, G has an effective dimension closer
to 2. This is consistent with the eigen analysis of the
G matrix (Table 2), which indicates that the first
two eigenvectors account for almost all genetic varia-
tion in G.

Univariate mesasures of evolvability

Narrow-sense heritability estimates were significant for
all three traits examined (Table 3), despite the environ-
mental variance being larger for ramping heat-knock-
down time, driven by the fact that all three traits had
estimates of additive genetic variance that were signifi-
cantly greater than zero. The relatively lower evolvabil-
ity estimate for ramping heat-knockdown time suggests
that the potential rate of univariate evolutionary
change in this trait is less than for either static basal
and hardened heat knockdown (Table 3).

Discussion

The expectation of ongoing selection for increased heat
tolerance under climate change has renewed interest in
the extent to which adaptation to thermal stress will be
constrained by low levels of additive genetic variance
(Mitchell & Hoffmann, 2010; Kellermann et al., 2012).
It has been argued that different measures of heat tol-
erance may influence estimates of heritability, evolvabil-
ity and inferences about an organism’s ability to adapt
to stressful environmental conditions (Chown et al.,
2009; Mitchell & Hoffmann, 2010; Rezende et al.,, 2011).
Specifically, it has been suggested that the heritability of
upper thermal limits measured using ramping assays
will be reduced largely due to an increase in the envi-
ronmental variance (Chown et al., 2009; Rezende et al.,
2011), although reductions in the additive genetic vari-
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ance might also contribute to reduced estimates of heri-
tability under ramping conditions (Rezende et al., 2011).
However, current debate about how best to predict and
understand adaptive capacity for upper thermal limits
has occurred within a univariate framework (Chown
et al.,, 2009; Mitchell & Hoffmann, 2010; Rezende et al.,
2011; Santos et al., 2011), and ignores the fact that the
ability of a population to respond to selection for
increasing heat tolerance will be determined by the pat-
terns of genetic variation and covariation in the traits
under selection.

The motivation of our study was to take a multivari-
ate approach to estimating adaptive capacity for upper
thermal limits, and in doing so, determine the extent to
which adaptive capacity differs across three different,
but commonly used, measures of heat tolerance in
D. simulans. We first showed significant additive genetic
variance for all three traits examined. We then deter-
mined that the additive genetic variance—covariance
matrix, G, was of reduced rank, with two eigenvectors
explaining close to 100% of the additive genetic
variance in G (8max 58%, g> 39%). Hardened and basal
static heat-knockdown time made the largest contribu-
tion to gmax, followed by ramping heat-knockdown
time, suggesting that selection for increased heat toler-
ance (in the direction of g..x) should result in evolu-
tionary increases in heat tolerance in all three traits.

We then demonstrated that two of the three traits also
have the potential to evolve via correlated responses to
selection for heat tolerance. Static basal and hardened
heat-knockdown time were positively genetically corre-
lated to each other, while the genetic correlation
between ramping and static basal heat-knockdown time
was marginally nonsignificant. Recent interspecific com-
parisons in Drosophila (Nyamukondiwa et al., 2011) also
reveal a positive association between static basal and
hardened heat tolerance, although an intraspecific study
in D. melanogaster did not (Sgro et al.,, 2010). Although
Mitchell & Hoffmann (2010) suggested that static basal
and ramping heat-knockdown time might be correlated
based on interspecific correlations between the two
traits, our data indicate that adult responses to static and
ramping thermal stress are largely genetically indepen-
dent, which is consistent with previous work (Sgro et al.,

Table 3 Mean heat-knockdown time (min), additive genetic variance (V,), environmental variance (Vg), phenotypic variance (Vp) and
narrow-sense heritability (4?), and evolvability (I,) for basal, static hardened and ramping heat-knockdown time. N = sample size.
Basal = static basal heat-knockdown time; Hardened = static hardened heat-knockdown time; Ramping = ramping (dynamic)

heat-knockdown time.

Trait Mean + SE Va + SE Ve £ SE Ve + SE h? + SE Ia N

Basal 13.489 £ 0.112 6.434 £ 2.893" 20.299 £+ 0.626 20.299 + 1.321 0.241 £ 0.0287 0.0348 1130
Hardened 15.700 + 0.149 18.069 + 6.015* 18.442 + 0.973 36.511 + 1.868 0.495 + 0.032f 0.0733 1110
Ramping 1569.585 £ 0.203 16.095 + 9.252% 67.947 +£1.978 84.042 £+ 4.274 0.192 £ 0.007+ 0.0006 1094

*P < 0.05 for log likelihood ratio test of significant difference from zero.

#P < 0.05.
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2010). The absence of a significant genetic correlation
between ramping and static hardened heat resistance is
somewhat surprising. It has previously been suggested
that responses to ramping heat stress likely involve
hardening responses (Chown et al, 2009; Sgro et al.,
2010; Rezende et al., 2011). However, we show for the
first time that ramping heat-knockdown time and static
hardened heat-knockdown time are genetically inde-
pendent of each other at least in the population of D.
simulans examined here. These results indicate that the
parallel clines observed for all three traits in populations
of D. simulans from eastern Australia (van Heerwaarden
et al.,, 2012) are likely the result of both correlated and
direct responses to selection.

On the basis of nonsignificant estimates of additive
genetic variance and narrow-sense heritability, Mitch-
ell & Hoffmann (2010) concluded that there was lim-
ited potential for D. melanogaster to adapt in response
to the gradual increases in temperature that are fre-
quently observed in nature. Our results contrast with
these predictions in two ways. Firstly, our narrow-
sense heritability and additive genetic variance esti-
mates for ramping heat knockdown were in fact sig-
nificantly different from zero, although its evolvability
was relatively lower than that for static basal and
hardened heat-knockdown time. Second, and more
importantly, our multivariate analysis indicated that
multiple measures of heat tolerance will contribute to
evolutionary responses to selection. The results of
Mitchell & Hoffmann (2010) seem to be at odds with
the parallel linear clines in static and ramping female
heat tolerance reported for D. melanogaster populations
from eastern Australia (Sgro et al, 2010). Whether the
cline in ramping heat-knockdown time in D. melanog-
aster is the result of correlated responses to selection
on an unmeasured trait is not known. Additive
genetic covariances between ramping heat-knockdown
time and other traits have not been examined in D.
melanogaster.

A true empirical test of the extent to which the evo-
lution of heat tolerance in D. simulans may or may not
be constrained by genetic variances or covariances,
however, requires both an estimate of the additive
genetic variance—covariance matrix (G) and the vector
of directional selection gradient, , for all traits (Lynch
& Walsh, 1998). While we have estimated the former,
we do not have direct estimates of f for any of the traits
examined. We can only infer the role of natural selec-
tion from clinal studies of D. simulans from eastern
Australia that demonstrate parallel clines in all three
heat-tolerance traits (van Heerwaarden et al, 2012) as
well as linear clines in starvation resistance and body
(wing) size (Arthur et al, 2008; van Heerwaarden &
Sgro, 2011) that have been shown to result from selec-
tion rather than genetic drift. Whether ongoing selec-
tion for increased heat tolerance in D. simulans will
result in unconstrained long-term evolutionary

responses, or whether the multivariate genetic variance
for upper thermal limits might be exhausted, resulting
in a selection response plateau (Gilchrist & Huey, 1999)
remains to be investigated. Further studies that take an
explicitly multivariate perspective to this question are
required.

In addition, while it has been suggested that evolu-
tionary responses of upper thermal limits to increasing
temperatures will not be sufficient to overcome the
threat of climate warming (e.g. Kellermann et al., 2012;
Overgaard et al., 2012), the role that changing environ-
mental conditions might have on the evolution of
upper thermal limits has not yet been considered. The
additive genetic variance can change with environmen-
tal conditions (e.g. Sgro & Hoffmann, 1998; Hoffmann
& Merila, 1999; Charmantier & Garant, 2005; McGui-
gan & Sgro, 2009), meaning that the potential for traits
to respond to selection may also change as the envi-
ronment changes. This can be extended to a multivari-
ate context, whereby the additive genetic variances for,
and additive genetic covariances between, traits may
change as the environment changes. In addition, it is
also possible that the strength of selection acting on
this additive genetic variance—covariance may also
change as the environment changes (Husby et al,
2011). This is significant because the effect of environ-
mental variation on both additive genetic variances
and covariances and the strength of selection may
affect the evolutionary dynamics of natural populations
(Husby et al.,, 2011). For instance, Wilson et al. (2006)
showed that the strength of selection on body weight
in Soay sheep in a given year was negatively correlated
with the expression of total genetic variance, suggesting
a possible constraint on the evolution of body weight
in this population. In contrast, studying timing of
breeding in a wild population of great tits, Husby et al.
(2011) showed that in years where spring temperatures
were highest, selection was strongest and the additive
genetic variance was also highest, suggesting that the
speed of microevolutionary change could in fact be
increased by changing environmental conditions. The
predicted response to selection was also highly temper-
ature dependent. Indeed, Husby ef al. (2011) showed
that by not incorporating environmental dependence of
the expression of genetic variance and strength of
selection, the predicted response to selection may be
underestimated by up to 20%. The findings of Husby
et al. (2011) are significant because, if applicable more
broadly, they reveal a mechanism that could poten-
tially increase the speed of adaptation to climate
change. While Bubliy et al. (2012) found no effect of
different levels of humidity on the additive genetic var-
iance for heat tolerance in D. melanogaster, the levels of
humidity were extreme, and not necessarily reflective
of natural conditions, and their study took a univariate
approach. Further studies are required to determine
whether the dependence of additive genetic variances
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and covariances and strength of selection on environ-
mental conditions might influence the evolution of
upper thermal limits more broadly. Failing to consider
the environmental dependence of the expression of
genetic variance and covariance and strength of
selection, and environmentally dependent associations
between the two, may limit our understanding of
microevolutionary responses to climate change, and
lead to inaccurate predictions about extinction risk
(Husby et al. (2011).

Finally, it has been argued that estimates of upper
thermal limits obtained using ramping rates such as
those used in this study will be confounded by the
simultaneous effects of resource depletion through des-
iccation and starvation and hardening/acclimation on
organisms (Rezende ef al.,, 2011; Santos ef al., 2011).
Recent work (Overgaard ef al, 2012) indicates that
neither starvation nor desiccation stress confound
estimates of upper thermal limits using ramping rates
> 0.06 °C min~'. Furthermore, parallel clines in static
and dynamic measures of heat resistance in both adults
and larvae of D. simulans (van Heerwaarden et al.,
2012) and adults of D. melanogaster (Sgro et al., 2010)
from eastern Australia suggest that this is not the case.
In addition, it is unlikely that laboratory adaptation has
influenced the results of this study, as it has previously
been shown that heat-knockdown time was not influ-
enced by time spent in the laboratory in D. birchii
(Gritfiths ef al., 2005).

In conclusion, our multivariate analysis showed that
static and dynamic measures of thermal tolerance pro-
vide similar insight into the potential for upper thermal
limits to evolve in response to selection, even though
they are in effect genetically independent. Our G
matrix analysis showed that all three traits will contrib-
ute to responses to selection for increased heat toler-
ance, and that low levels of additive genetic variance
for, or covariances between, the traits will not constrain
the evolution of heat tolerance in response to selection
expected to occur under climate warming in the popu-
lation of D. simulans examined. Further empirical stud-
ies that take an explicitly multivariate perspective to
the evolution of thermal tolerance, which not only
examine populations sampled throughout a species’
range but that also consider multiple environments
(Husby et al,, 2011) and environmental stressors at the
same time (Clusella-Trullas et al, 2011; Terblanche
et al, 2011; Bubliy et al, 2012; Kellermann et al,
2012), are needed.
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