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Jyväskylä, P.O. Box 35, FI-40014, Finland
2
3

E-mail: tketola@cc.jyu.fi

Department of Bioscience, Integrative Ecology and Evolution, Aarhus University, Ny Munkegade 114, Building 1540,

DK-8000 Aarhus C, Denmark
4

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

5

Laboratoire d’Ecologie et Evolution, CNRS UMR7625. Ecole Normale Supérieure de Paris, 46 Rue d’Ulm, 75230 Paris Cedex

05, France
6

Department of Molecular Biology and Genetics, Aarhus University, Blichers Allé 20 DK-8830, Tjele, Denmark
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Fluctuating environments are expected to select for individuals that have highest geometric fitness over the experienced environments. This leads to the prediction that genetically determined environmental robustness in fitness, and average fitness across
environments should be positively genetically correlated to fitness in fluctuating environments. Because quantitative genetic
experiments resolving these predictions are missing, we used a full-sib, half-sib breeding design to estimate genetic variance
for egg-to-adult viability in Drosophila melanogaster exposed to two constant or fluctuating temperatures that were above the
species’ optimum temperature, during development. Viability in two constant environments (25◦ C or 30◦ C) was used to estimate
breeding values for environmental robustness of viability (i.e., reaction norm slope) and overall viability (reaction norm elevation).
These breeding values were regressed against breeding values of viability at two different fluctuating temperatures (with a mean
of 25◦ C or 30◦ C). Our results based on genetic correlations show that average egg-to-adult viability across different constant thermal environments, and not the environmental robustness, was the most important factor for explaining the fitness in fluctuating
thermal environments. Our results suggest that the role of environmental robustness in adapting to fluctuating environments
might be smaller than anticipated.
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Fluctuating environments are thought to select individuals that
are viable across environments. In theory, high viability in fluctuating environments could be achieved by two mutually nonexclusive means; having high average viability across the environments
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and having high environmental robustness in viability (i.e., low
amounts of variation in viability between environments), their
relative importance being dependent on the proportion that they
confer to viability in fluctuating environments (Scheiner 1993;
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Liefting et al. 2009; Masel and Siegal 2009). Typically, the association between genotype and the environment has been described
by reaction norms (i.e., the genotype-specific viability across environments). In the case of two environments, the slope describes
the level of environmental robustness in viability, whereas the
elevation describes the average viability of the genotype across
two environments. Determining the extent to which fluctuating
environments select for high reaction norm elevation or a flatter
reaction norm slope provides insight into the theoretical basis of
the evolution of environmental robustness and phenotypic plasticity (Scheiner 1993; Liefting et al. 2009; Masel and Siegal 2009).
It also has important implications for predicting the outcome of
climate change induced thermal variation on biota (IPCC 2007),
and explaining the maintenance of genetic variation in fitness
(Hunt et al. 2004). Moreover, if the genetically determined rank
of individuals is sensitive to the environment, it has direct consequences for the determination of fitness and on sexual selection
(Qvarnström 2001; Hunt et al. 2004; Mills et al. 2007).
In order for reaction norm parameters to respond to selection,
they must have a genetic basis. Evolutionary potential is traditionally quantified by the heritability of the trait, and there have been
repeated attempts to quantify the heritability of reaction norm
slope and elevation, in different traits (Scheiner and Lyman 1989;
Nussey et al. 2005, 2007; Brommer et al. 2008; Charmantier et al.
2008; reviewed in Scheiner 1993; Windig et al. 2004). These
studies show, that in general the reaction norm elevation contains more heritable variation than the slope, but that both reaction norm parameters should contain enough genetic variation
to respond to selection. Evolutionary changes in traits have traditionally been predicted by the Breeder’s equation (e.g., Falconer and Mackay 1996), where the heritabilities and genetic
correlations of traits play a key role, alongside the strength of
selection on each of the traits. Recently, Robertson Price identity (Price 1970) has been suggested to be a more correct way
for predicting evolutionary changes in traits, especially when the
potential selection pressures are uncertain and when not all fitness components have been measured (Morrissey et al. 2010,
2012). Robertson Price identity is the trait’s genetic covariation
with fitness, which predicts the effect of selection for fitness on
correlated traits. Therefore, by the genetic covariation between
reaction norm parameters for fitness (here: slope and elevation
of egg-to-adult viability measured in constant environments) and
fitness in fluctuating environments (here egg-to-adult viability in
fluctuating environments) can be used to predict whether fluctuating environments select for high reaction norm elevation or a
reduced slope. However, it is noteworthy that this interpretation
assumes that fitness in fluctuating environments can be predicted
by the reaction norm parameters that are estimated in constant
environments. Tolerance of temperature transitions, bet-hedging
or rapid expression of stress proteins when environments become
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stressful are important for survival and fitness in fluctuating environments (Cohen 1966; Berrigan and Scheiner 2004; Sørensen
et al. 2003; Ketola et al. 2004; Gabriel 2005; King and Masel 2007;
Arnoldini et al. 2012). However, none of these factors might be
reflected in reaction norm parameters estimated in constant environments. If this is the case, the genetic correlations between
reaction norm parameters and viability at fluctuating temperatures
might be much smaller than expected.
Despite the strong theoretical interest in reaction norms, their
pervasive role in various fields of biology (e.g. Qvarnström 2001;
Hunt et al. 2004; DeWitt and Scheiner 2004), and a number of
studies exploring the genetic potential (i.e. heritability) of reaction norm parameters (Scheiner and Lyman 1989; Nussey et al.
2005, 2007; Brommer et al. 2008; Charmantier et al. 2008; reviewed in Scheiner 1993; Windig et al. 2004), there is a lack
of studies investigating whether genetically determined reaction
norm parameters are genetically correlated with fitness in fluctuating environments. Although there have been a few attempts to
do this in natural populations (e.g. Brommer et al. 2005; Nussey
et al. 2005), the statistical methods used in these studies may not
have been optimal (Postma 2006; Hadfield et al. 2010). By using the methodology outlined by Hadfield et al. (2010), we were
able to circumvent statistical problems associated with breeding
value regressions.
We used a standard full-sib, half-sib breeding design (Lynch
and Walsh 1998) to explore the quantitative genetic basis of eggto-adult viability of Drosophila melanogaster in constant and fluctuating thermal environments. Unlike adults capable of behavioral
thermoregulation, eggs, larvae, and pupae are directly subjected
to heat stress when exposed to high temperatures in nature. Thus,
egg-to-adult survival is a target of strong temperature-dependent
selection and encompasses much of the natural life time fitness
of this short lived insect species (Cossins and Bowler 1987). In
our experiment, eggs from a number of paternal half-sib families
were split into four temperatures: two stable (25◦ C and 30◦ C) and
two fluctuating environments (means of 25◦ C and 30◦ C). Note
that all of the experienced temperatures fall above the temperature that is considered optimal for D. melanogaster (David et al.
2004; J. Overgaard, pers. comm.). With this design we can test (1)
if egg-to-adult viability in fluctuating environments is genetically
positively correlated to reaction norm elevation for egg-to-adult
viability and negatively to reaction norm slope; and (2) how well
reaction norm slope and elevation of egg-to-adult viability estimated at constant temperatures can predict egg-to-adult viability
in fluctuating environments.

Materials and Methods
We used a mass bred D. melanogaster population collected in
Southern Tasmania, Australia (43.15◦ S, 147.00◦ E). Before the
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experiment, flies were maintained at approximately 1000 individuals under a 12:12 h light/dark cycle at 25◦ C, 50% relative humidity, and an oat–sugar–yeast–agar medium for 20 generations.
Before the experiment, larval density was controlled by picking
30 eggs into each of 100 vials containing 10 mL of yeasted
medium. Emerging virgin adults were collected three times daily
until all flies emerged.
Our experiment follows a standard paternal full-sib, halfsib breeding design (Lynch and Walsh 1998). First, we set up
140 vials with one sire and five females 3–5 days of age. We allowed flies to mate for 30 hours before splitting them into separate
egg-laying vials with medium filled spoons. For each female, we
split the eggs collected from the spoons into 12 vials containing
10 eggs each. We placed three replicate vials per female in each
of four treatments: (1) constant 25◦ C; (2) constant 30◦ C; (3) fluctuating temperature with a mean of 25◦ C (18 h at 23◦ C + 6 h
at 31◦ C); and (4) fluctuating temperature with a mean of 30◦ C
(18 h at 28◦ C + 6 h at 36◦ C). We collected eggs over 3 days
and randomized vials across treatments. We also randomized the
location of the trays and racks in the cabinets daily. Note that temperatures were always above the temperature that is considered
optimal for this species. For example, temperature that maximizes
ovariole number is 22.2◦ C, whereas for morphological traits the
temperature is even lower (David et al. 2004). For egg-to-adult
viability, 19◦ C seems to be the optimal temperature (J. Overgaard,
pers. comm.). Three days after the mass hatching event (the time
where the number of hatching individuals peaked), adult individuals hatching from the vials were counted to quantify egg-to-adult
viability. For more details, see Ketola et al. (2012).
DATA ANALYSIS

We estimated quantitative genetic parameters using random effects modeling with the R package MCMCglmm (version 2.15).
Link to data and the R syntax of all calculations is presented in the
electronic supplement. The model was defined as a multiple-trait
response (viability at each treatment) and included treatment as
fixed effect, and as random effects maternal, vial, and environmental variances:
Y = XB + Z s S + Z m M + Z v V + E

(model 1).

Here Y is the matrix of viability observations assigned as a
binomial trait (viable or not), where each column represents a
value for viability in each of the four treatments. Note that each
individual will only have a value for its corresponding treatment
and have missing values for the rest. Fixed effects are represented
in matrix B, with X corresponding to the incidence matrix of those
effects. Zs , Zm , and Zv correspond to incidence matrices of sire,
dam (nested within sire), and rearing vial, and S, M, V, and E
are the 4 × 4 variance–covariance matrices for the sire, dam,

vial, and residual effects for the four treatments. Vial and residual
effects were assumed to be independent (i.e., V and E are diagonal
matrices), and residual variances were fixed to one as the analysis
is a binary trait analysis. Sire and maternal effects were allowed
to covary among treatments, to allow for the estimation of genetic
correlations. This analysis was run for 50,000 MCMC iterations
and a burn-in period of 25,000, with uninformative priors. We
thinned the sample to every 10th values, providing a total of
2500 posterior samples. From the above model fit, we obtained
posterior samples of sire breeding values for egg-to-adult viability
for all four temperature regimes. All calculations relating the four
breeding values of sires were estimated using the entire posterior
distribution, repeating all calculations for each of the 2500 MCMC
posterior samples, as recommended by Hadfield et al. (2010).
The breeding values for egg-to-adult viability in the two constant environments (treatments 1 and 3) were transformed into a
breeding value for the elevation (the mean of the two breeding values) and a breeding value for the slope (the difference
between breeding values). (Figure 1) This allows transforming
breeding values from two constant temperatures into a more theoretically tractable form that describes the reaction norm shape,
that is, the elevation and the slope. These new breeding values
for elevation and slope were used as independent explanatory
variables in a linear regression analysis explaining the breeding
values for egg-to-adult viability in either (X) of the two fluctuating
environments:
BVfluctuatingX ◦ C ,i ∼ β0,X ◦ C + β1,X ◦ C ei + β2,X ◦ C Si ,
where BV stands for breeding value of individual i, β represents
the regression coefficients and
ei =

BVconstant 25◦ C,i + BVconstant 30◦ C,i
2

,

Si = BVconstant 25◦ C,i − BVconstant 30◦ C,i .
To test environmental robustness per se, we also used absolute reaction norms. This was done because reaction norm slope
with sign can indicate also if genotype is more specialized to a hot
or a cold environment. Results from this analysis can be found in
the electronic supplementary material.
The calculations resulted in 2500 posterior values for each
coefficient describing the effect of elevation and slope on the two
breeding values for the fluctuating temperature treatments. To be
able to compare regression strength, the results were expressed
as standardized partial correlation coefficients (Sokal and Rohlf
1995). We also obtained posterior distributions for the adjusted
R2 as a measure of model fit, and calculated heritabilities of the
elevation and the slope.
To calculate heritabilities for elevation and slope, we calculated the variance components using standard formulas for the
variance of linear combinations of random variables (e.g., Keeney
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Scatters of breeding values of egg-to-adult viability in fluctuating 25◦ C (left panels) and fluctuating 30◦ C (right panels) against

breeding values of reaction norm elevation (top panels) and reaction norm slope (lower panels). Breeding values for reaction norm
elevation and slope were estimated at constant 25◦ C and 30◦ C. Breeding values for egg-to-adult viability were analyzed from separate
but related individuals in each of the environments.

and Keeping 1951, see ESM). Before calculation of the heritabilities, residual variation was transformed to logit link-specific variance (∼3.290). Heritabilities were calculated as four times the
sire variances divided by the total phenotypic variances.

Results
To predict if fluctuating temperatures are associated with high reaction norm elevation or a less steep reaction norm slope requires
estimates of genetic correlations between reaction norm parameters measured at constant temperatures and egg-to-adult viabilities at fluctuating temperatures. Genetic correlations between
reaction norm elevation and egg-to-adult viability in both fluctuating thermal environments were clearly positive (Tables 1, 2).
However, reaction norm slope was only weakly and negatively
correlated with egg-to-adult viability at fluctuating 25◦ C, and not
at all with egg-to-adult viability at fluctuating 30◦ C (Table 2). Because reaction norm slope can also reflect a genotype’s optimum
temperatures, we also calculated as absolute (unsigned) slopes
for reaction norms. However, genetic correlations between eggto-adult viability at fluctuating temperatures and absolute reaction
norm slope were clearly nonsignificant (see ESM).
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Genetic correlations are most often used to describe genetic relationships. However, the “genetic regressions” (analogous to phenotypic regressions) are useful as they can reveal
independent effects of traits on a dependent variable. A regression analises of breeding values showed that reaction norm elevation was clearly positively correlated with the egg-to-adult
viability in both fluctuating temperatures (Table 2; ESM Table 2).
However, reaction norm slope was negatively correlated to eggto-adult viability at fluctuating 25◦ C, but not at fluctuating 30◦ C
(Table 2). In contrast, absolute reaction norm slopes did not affect egg-to-adult viability in fluctuating environments (ESM Table 1). The explanatory power of regression analyses (R2 ) revealed that elevation and slope explained 45–50% of the egg-toadult viability at fluctuating 25◦ C, whereas at fluctuating 30◦ C
the explanatory power of the model was ca. 20% (Table 2, ESM
Table 2).
The heritability of the reaction norm elevation was moderate
2
(h = 0.28; 95% CI = 0.17–0.44), whereas a lower heritability
was detected for the slope (h2 = 0.14, 95% CI = 0.10–0.19).
Heritabilities of egg-to-adult viability at fluctuating 25◦ C and
30◦ C were 0.267 (95% CI = 0.180–0.437) and 0.172 (95% CI =
0.126–0.282), respectively (published in Ketola et al. 2012).
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Table 1. Genetic covariance matrix of egg-to-adult viability for the two fluctuating temperature treatments and the elevation and
slope of the two constant temperatures. The diagonal shows the additive genetic variances, the lower triangle shows additive genetic

covariances, and the upper triangle the genetic correlations. 95% credible intervals are shown in brackets.

◦

Fluctuating 25 C
Fluctuating 30◦ C
Elevation
Slope

Fluctuating 25◦ C

Fluctuating 30◦ C

Elevation

Slope

0.395 (0.259, 0.591)
0.135 (0.039, 0.259)
0.194 (0.103, 0.325)
− 0.080 (−0.175, 0.012)

0.431 (0.155, 0.662)
0.246 (0.153, 0.360)
0.102 (0.036, 0.192)
− 0.013 (−0.078, 0.049)

0.685 (0.492, 0.813)
0.451 (0.199, 0.661)
0.209 (0.125, 0.331)
− 0.028 (−0.102, 0.041)

− 0.249 (−0.497, 0.042)
− 0.054 (−0.289, 0.186)
− 0.123 (−0.426, 0.182)
0.258 (0.183, 0.361)

Standardized partial correlation coefficients between the elevation or slope and the breeding value of egg-to-adult viability at
both fluctuating temperature treatments. 95% credible intervals are shown in brackets. Significant departure from zero: ∗ <0.05 or ∗∗∗
<0.001.

Table 2.

Fluctuating 25◦ C
Fluctuating 30◦ C

Elevation coefficient

Slope coefficient

Adjusted R2

0.677 (0.491, 0.804)∗∗∗
0.446 (0.189, 0.661)∗∗∗

− 0.222 (−0.454, 0.029)∗
− 0.002 (−0.246, 0.236)

0.496 (0.287–0.677)
0.203 (0.034–0.449)

Discussion
We found that egg-to-adult viability in two fluctuating environments was strongly and positively genetically correlated with reaction norm elevation. Although theories frequently highlight the
importance of reaction norm slope, we found that it played only
a minor role in egg-to-adult viability in fluctuating environments.
This is an important observation considering the strong focus on
environmental robustness, reaction norm shape, and plasticity in
the evolutionary literature (Levins 1968; Lynch and Gabriel 1987;
Huey and Kingsolver 1993; Kassen 2002; de Witt and Scheiner
2004).
Our results are similar to those of a recent experimental evolution study on the bacteria Serratia marcescens, in which the
shape of the thermal tolerance curve changed very little, whereas
the tolerance curve elevation clearly increased as a result of evolution in fluctuating thermal environments (Ketola et al. 2013).
A similar result was also found in Escherichia coli where mean
performance rather than robustness was selected upon in fluctuating temperatures (Leroi et al. 1994). Similarly, Scheiner and
Yampolsky (1998) found that the elevation but not the slope of
the reaction norm evolved in Daphnia pulex under fluctuating
temperatures. To explain their results, Scheiner and Yampolsky
(1998) suggested that the reaction norm elevation contained more
genetic variation than the reaction norm slope, allowing for a
stronger response to selection. Our study supports this hypothesis as both heritabilities and levels of genetic variation were
higher for the reaction norm elevation than for the reaction norm
slope. Somewhat lower heritability of slope, compared to elevation, might be explained by slope having been under stronger
selection (Fisher 1930; Mousseau and Roff 1987). Alternatively,
the low heritability in the slope of thermal reaction norm can be
explained by smaller amounts of genes conferring to slope than
elevation (Houle 1998; Walsh and Blows 2009).

The fact that the temperatures, fluctuating above the optimum, were associated more strongly with the elevation, compared
to slope, challenges theoretical predictions of thermal reaction
norm evolution. Many of the theoretical models have been built
with the underlying assumption of a fixed area under the tolerance
curve (e.g., Lynch and Gabriel 1987; Gilchrist 1995). This implies
that the only way to change the breadth of the tolerance curve is
via lowered performance at optimal temperatures. Existence of
such trade-offs and restrictions are supposed to prevent the evolution of genotypes that would be superior in all environments.
However, the costs of evolving a higher elevation of the thermal
tolerance curve can also be realized in other non-thermal environments, or in other unmeasured traits (sensu Huey and Hertz
1984). Moreover, evolution of “super genotypes” that excel under
all circumstances is also effectively prevented by the inability of a
single genotype being selected in all possible environments, just
because of time and spatial constraints (Whitlock 1996). These
possibilities make the evolution of an apparently “cost free” generalists, that is, evolution of higher elevation of reaction norm
(Kassen 2002; Buckling 2006) much less paradoxical. It should
be noted, however, that if extended selection for greater elevation
depletes heritable genetic variation in elevation, the level of environmental robustness could play an important role in fluctuating
environments, as fitness increase is no longer possible via changes
in the elevation.
Although egg-to-adult viabilities at both fluctuating temperatures were strongly and positively correlated with reaction norm
elevation, we found a weak negative genetic correlation between
egg-to-adult viability in fluctuating 25◦ C and the signed reaction norm slope (Tables 1, 2). However, when the slopes were
fitted without a sign (absolute slope; ESM Table 1), this effect
completely disappeared. Thus, the tentative negative correlation
between egg-to-adult viability at fluctuating 25◦ C and reaction

EVOLUTION FEBRUARY 2014

591

B R I E F C O M M U N I C AT I O N

norm slope possibly reflects negative selection on hightemperature tolerance at fluctuating 25◦ C. This could be manifested because of a hot-cold trade-off in viability. Individuals
with a higher fitness under hot environments do poorly at cooler
temperatures (23◦ C, in 25◦ C fluctuating temperature regime).
Consequently, the observed negative genetic correlation between
egg-to-adult viability at fluctuating 25◦ C cannot be interpreted as
evidence for selection for increased environmental robustness per
se, but more likely as a signature of selection on tolerance to low
temperatures. This result also underlines the fact that the biological impacts of fluctuating temperatures are affected also by the
mean temperatures. The mean of thermal fluctuations effectively
determines the area of the tolerance curve that is selected by fluctuations. This can significantly alter how thermal selection affects
biological processes (Brakefield and Kesbeke 1997; Laakso et al.
2003, 2004; Bozinovic et al. 2011).
However, the fact that flies experienced a certain area of nonlinear tolerance curve (e.g., two fluctuating environments with
differing means) can also be a potential confounding factor affecting the interpretation of our results. Nonlinearity is especially
problematic for the interpretation of the results if the optimum
temperature falls between the temperatures that individuals experience when temperatures fluctuate. This is because such a
scenario would maximize the effect of curvature of the reaction
norm on the selection response leading to a low predictive power
of linear reaction norm (see Ruel and Ayres 1999; Ragland and
Kingsolver 2008). However, the optimum for egg-to-adult viability is close to 19◦ C in D. melanogaster (David et al. 2004; J.
Overgaard, pers. comm.). Therefore, it is clear that the temperatures flies are exposed to in the fluctuating regimes were always
at the declining part of the tolerance curve.
Although the reaction norm elevation was significantly
linked to egg-to-adult viability in fluctuating thermal environments, only half of the genetic variation for egg-to-adult viability
at fluctuating 25◦ C was explained by reaction norm parameters.
The explanatory power was even lower for egg-to-adult viability
at fluctuating 30◦ C (20%; Table 2). Regardless, if the slope was
signed or absolute, the explanatory power or regression analyses remained rather similar. Thus, our results suggest that fitness
estimates obtained in constant thermal environments may not be
very good predictors of fitness at fluctuating temperatures. The
discrepancy between estimates obtained in constant and fluctuating thermal environments could be due to coverage and limited
number of fluctuating temperature regimes used for estimating
the reaction norm parameters. However, biologically such low
explanatory power could emerge because of distinct types of
adaptations in constant and fluctuating environments (Hochachka
and Somero 2002). For example long-term evolution in fluctuating temperature was not found to affect tolerance curves of the
ciliate Tetrahymena thermophila, but fluctuating temperatures in-
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creased inducible heat shock protein expression during heat shock
(Ketola et al. 2004). It would be tempting to argue that higher
thermal fluctuations could lead to increased selection on reaction norm slope. However, in addition to the fact that 6 hours at
36◦ C is already very near lethal temperatures, selection could
be complicated by the existence of inducible responses, the
most likely response to fluctuating environments (DeWitt and
Lagerhans 2004). This can effectively diminish selection on reaction norm slope. This again highlights the need to measure fitness
traits also in fluctuating thermal environments to make accurate
predictions on the impact of fluctuating temperatures on the trait
evolution (Sarup and Loeschcke 2010; Schulte et al. 2011).
To summarize, contrary to the common idea of a strong
role of environmental robustness in fluctuating environments, our
data suggest that robustness plays a minor role for genetically
determined viability in fluctuating temperatures in an experiment
where all of the experienced temperatures fell above optimum.
Only the average viability over the constant thermal environments
was clearly genetically correlated with viability in fluctuating
environments. With respect to the predicted increases of thermal
fluctuations related to climate change, our results suggest that
overall high viability seems to be beneficial even if environments
fluctuate. Therefore, it is expected that climate change induced
thermal variations will select for overall more viable individuals
with similarly narrow tolerance curves.
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