
vol . 1 86 , no . 5 the amer ican natural i st november 20 1 5
Experimental Evolution under Fluctuating Thermal Conditions

Does Not Reproduce Patterns of Adaptive Clinal

Differentiation in Drosophila melanogaster
Vanessa Kellermann,1,2,* Ary A. Hoffmann,3 Torsten Nygaard Kristensen,4

Neda Nasiri Moghadam,1 and Volker Loeschcke1

1. Department of Bioscience, Aarhus University, Ny Munkegade 114-116, DK-8000 Aarhus C, Denmark; 2. Biological Sciences, Monash
University, Clayton 3800, Victoria, Australia; 3. Departments of Zoology and Genetics, Bio21 Institute, University of Melbourne, Parkville
3010, Victoria, Australia; 4. Department of Chemistry and Bioscience, Aalborg University, Fredrik Bajers Vej 7H, DK-9220 Aalborg East,
Denmark

Submitted November 13, 2014; Accepted June 22, 2015; Electronically published September 18, 2015

Online enhancement: appendix. Dryad data: http://dx.doi.org/10.5061/dryad.t16c5.
abstract: Experimental evolution can be a useful tool for testing
the impact of environmental factors on adaptive changes in popula-
tions, and this approach is being increasingly used to understand the
potential for evolutionary responses in populations under changing
climates. However, selective factors will often be more complex in
natural populations than in laboratory environments and produce
different patterns of adaptive differentiation. Here we test the ability
of laboratory experimental evolution under different temperature
cycles to reproduce well-known patterns of clinal variation in Dro-
sophila melanogaster. Six fluctuating thermal regimes mimicking
the natural temperature conditions along the east coast of Australia
were initiated. Contrary to expectations, on the basis of field patterns
there was no evidence for adaptation to thermal regimes as reflected
by changes in cold and heat resistance after 1–3 years of laboratory
natural selection. While laboratory evolution led to changes in star-
vation resistance, development time, and body size, patterns were
not consistent with those seen in natural populations. These findings
highlight the complexity of factors affecting trait evolution in natu-
ral populations and indicate that caution is required when inferring
likely evolutionary responses from the outcome of experimental evo-
lution studies.

Keywords: latitudinal gradient, fluctuating temperature, experimen-
tal evolution, thermal resistance, laboratory natural selection.

Introduction

The ability of species to adapt to global change in situ will
often depend on the underlying genetic variation for key
traits and/or the ability to buffer temperature increases
through plastic responses (Chevin et al. 2010; Hoffmann
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and Sgro 2011). There is a growing interest in assessing this
potential across a range of life forms (Merila and Hendry
2014). At present, the available data are limited (Hoffmann
and Sgro 2011; Merila and Hendry 2014), but some infor-
mation is emerging from a range of approaches involving lon-
gitudinal studies (common garden, animal model, and/or
molecular changes), space-for-time experiments (inferring
temporal relationships from spatial studies via common-
garden and transplant experiments), and experimental evolu-
tion (field and laboratory selection). Nevertheless, these ap-
proaches have their challenges. Longitudinal studies depend
on the availability of past data and the ease with which data
sets are comparable across time (i.e., methodological differ-
ences). Space-for-time experiments may not reliably predict
future responses and may be dependent on the speed of envi-
ronmental and evolutionary change. Experimental evolution
studies can be a powerful proof-of-principle tool, but results
might not be the same as evolutionary responses in natural
populations, as the environment in the laboratory may be
too simple.
Experimental evolution is nevertheless seen as a partic-

ularly attractive approach for assessing adaptive potential
because it provides an indication of the speed of an evo-
lutionary response to environmental variables that can be
controlled. Studies can be undertaken under laboratory
conditions (Collins and Bell 2004) or performed in the field
via microcosm experiments (Hargreaves et al. 2014). Lab-
oratory studies may involve artificial selection, where phe-
notypic values—and thus fitness—are predetermined by
the experimenter, or laboratory “natural” selection, where
no particular trait is selected on but rather the environ-
ment is manipulated and evolution is monitored in key
traits (for a detailed review, see Scheiner 2002; Kawecki
et al. 2012). With artificial selection, it can be difficult to
50.144.144 on March 10, 2016 15:45:13 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Laboratory Evolution and Clinal Patterns 583
represent traits under selection and capture complex inter-
actions, whereas laboratory natural selection circumvents
these issues by focussing on the organismal level. Such
methods have been used increasingly as a tool to examine
the potential for evolutionary responses in species with re-
spect to climate change (Collins and Bell 2004; Collins
2011; Lohbeck et al. 2012; Schou et al. 2014).

Although experimental evolution can help identify the
importance of particular factors underlying trait evolution,
there are only a handful of attempts to link the results from
such studies to longitudinal or geographic patterns in nat-
ural populations (Cavicchi et al. 1985; Robinson et al. 2000;
Santos et al. 2005; Barrett et al. 2011). In natural environ-
ments, trait evolution is potentially driven by a complex
set of interactions involving the abiotic and biotic environ-
ment. Predictions derived from the relatively simple envi-
ronments used in experimental evolution studies may not
be meaningful in natural populations. It is therefore of in-
terest to compare evolutionary responses in natural popu-
lations to those attained through laboratory experimental
evolution.

The latitudinal trait clines present in Drosophila species
provide an opportunity to link experimental evolution to
patterns seen in space, particularly those patterns driven
by temperature, which is thought to be a key driver of clinal
trait variation given its relationship with latitude (Parkash
and Munjal 2000; Hoffmann et al. 2003). One of the most
well-studied latitudinal trait clines is that of Drosophila
melanogaster along the east coast of Australia (Hoffmann
and Weeks 2007). Here, opposing clines have been de-
tected for cold and heat resistance as well as for body size
(Hoffmann et al. 2002; van Heerwaarden and Sgro 2011).
These studies have shown that cold resistance and body size
(James et al. 1995; Hoffmann et al. 2002) consistently in-
crease with latitude, while heat resistance decreases with lat-
itude (Hoffmann et al. 2002). There has been controversy
around the measurement of heat resistance in natural pop-
ulations (Rezende et al. 2011; Overgaard et al. 2012), but
the latitudinal clinal pattern for this trait exists regardless
of how resistance is measured (Sgro et al. 2010).

Here we examine whether laboratory experimental evo-
lution studies involving different temperature regimes can
be linked to these clinal patterns in D. melanogaster. We
initiated 6 fluctuating thermal regimes contrasting the
warmer Australian northern sites with average temper-
atures at approximately 26.97C (lower latitudes) to the cooler
temperatures of southernAustralia (higher latitudes) with av-
erage summer and winter temperatures of 16.77 and 13.47C,
respectively. For each temperature, we initiated replicate
“lines” from one large population collected centrally from
the cline. To compare results with those from previous ex-
perimental evolution studies, three constant temperatures
were also included in the design. After 1–3 years of labora-
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tory evolution, traits linked to tolerance (heat knockdown,
chill coma recovery, desiccation, and starvation resistance)
as well as life-history traits (development time, egg-to-adult
viability, fecundity, and body size) were assessed. If tem-
perature conditions alone were responsible for clinal pat-
terns and if experimental evolution reflected processes in
the wild, we anticipated that changes in the simulated labo-
ratory temperature clines wouldmatch those observed in the
field. Instead, a much more complicated picture emerged.
Methods

Flies were collected during the period March–April 2009
from Coffs Harbour, Australia (lat. 30.377S) via sweep net-
ting over rotten fruits. Females from these collections were
initiated as isofemale lines, and each line was maintained
at a substantial size (around 100 individuals) to reduce in-
breeding and maintained on an oat-yeast sugar medium
(Leeds) at 257C under a 12∶12-h light-dark cycle. After
5 generations of laboratory culture, 180 isofemale lines
were pooled to generate one large mass-bred population
by sampling 10 females and 10 males from each line.
We initiated the mass-bred population with high numbers
of isofemale lines to both maximize genetic variation and
limit linkage disequilibrium in our founding mass-bred
population. However, we cannot discount the possibility
that some rare alleles were not captured or that some link-
age disequilibrium persisted in our mass-bred population.
The mass-bred population was maintained as one large
panmictic population with initial numbers of approxi-
mately 1,800 individuals. During the 3 generations prior
to the initiation of the experiment, the population was ex-
panded and kept in 20 plastic bottles containing 50 mL of
medium in 300-mL plastic bottles. Flies from each gen-
eration were mixed and then evenly divided across the
20 bottles. Density of flies was maintained at approximately
150 individuals per bottle, to ensure that population sizes
were substantial prior to the onset of the experiment.
Experimental Setup

Nine experimental selection regimes were initiated related
to temperature differences along the east coast of Australia.
In 6 of these cabinets, temperatures mimicked patterns
along the cline and followed the temperature model (see
the appendix, available online), simulating natural varia-
tion within and among days. The temperatures of the selec-
tion regimes were on average 26.97, 23.97, 21.17, 18.97, 16.77,
and 13.47C. Three selection regimes with constant tem-
peratures at 277, 227, and 177C were also initiated at the
same time. Data loggers placed inside the bottles showed
that humidity at each temperature was greater than 90%
throughout a generation at each temperature regime.
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At the start of the experiment, flies from the large mass-
bred population were collected and used as founders in the
9 selection regimes. For each selection regime, 4 replicate
lines were initiated and independently maintained. Each
line was maintained in 4 bottles, each containing approxi-
mately 200 adults (fig. A2; figs. A1, A2 are available online).
Every generation, the 4 bottles per replicate were mixed to
minimize drift and inbreeding within each replicate. Be-
cause of temperature-related fecundity differences across
the selection regimes, flies were maintained in the bottles
for different lengths of time, thereby ensuring that a similar
number of flies eclosed from each bottle and selection re-
gime. Each generation, ovipositing flies were transferred se-
quentially to fresh food 2 times, resulting in 2 oviposition
periods involving flies of a different age. To avoid con-
founding effects of selection on early-life reproduction,
which can result in correlated selection for a number of
life-history traits (Rose and Charlesworth 1981; Khazaeli
and Curtsinger 2013), flies for each generation were alter-
natively collected from the first or second egg-laying pe-
riod. Furthermore, to avoid selection on development time,
which could also contribute to correlated selection in other
traits (Yadav and Sharma 2014), eclosing flies used to initi-
ate the next generation were collected across a number of
days (which varied depending on the temperature of the
cabinet) until all flies had eclosed. Flies were collected every
day without the use of CO2. These protocols were aimed at
minimizing potential inadvertent selection for fast devel-
opment time and other traits.
Climate Model

Selection regimes were set up to reflect summer/winter cli-
mate variation along the east coast of Australia. The ex-
treme conditions were based on climate data from the cline
ends, Tasmania and Cairns, over the past 10 years (www
.bom.gov.au). The most important differences in climatic
variables were the changes in both mean and variance from
north to south, with increasing variance and decreasing
mean toward southern Australia (increasing latitude). To
mimic these changes, we initiated a summer cline based
on temperatures for the month of February from our cline
ends, Tasmania and Cairns. Our initial objective was to run
both summer and winter clines, but we found that the selec-
tion regimes simulating summer temperatures appropri-
ately represented winter temperatures of another site along
the latitudinal gradient—that is, winter temperatures for
Cairns averaged 21.287C with variance 10.667C, similar to a
summer cabinet with mean 21.177C and variance 13.107C.
Thus, the different selection regimes reflected the “sum-
mer” cline, but winter conditions for a different location
were also captured. However, to capture cooler conditions
we also initiated one “Tasmanian spring” selection regime
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of 13.47C. The average temperature of this cabinet was
based on the average temperatures of Tasmania in Octo-
ber. We did not use winter temperatures in Tasmania
across June–August because these temperatures would
have generated flies in a quiescent state and in reproduc-
tive diapause. Seasonal variation was not included in our
model, as it was thought that this would reduce the selec-
tion intensity within a selection regime and limit our abil-
ity to detect changes over the short time frame represented
by the experimental evolution experiment. A detailed de-
scription of the temperature model and an example of a
24-h temperature cycle generated through this mechanism
is provided in the appendix. As we were concerned that
extreme temperatures would result in the male sterility
expected at a constant temperature around 317C in Dro-
sophila melanogaster (David et al. 2005), upper tempera-
tures were bounded at 337C. Lower temperatures were less
of an issue, with the minimum temperature of the coolest
selection regime rarely falling below 77C. For the remain-
ing selection regimes, we extrapolated the values on the ba-
sis of data from both ends of the gradient. Day length did
not vary greatly between the cline ends (1 h), and therefore
differences in light cycles across the cline were not included
in the model (12∶12 h). Light intensities were varied dur-
ing morning and night to reflect a dawn and dusk period,
with light intensities slowly increasing and decreasing, re-
spectively, over a 25-min period.
Viability and Density within the Selection Regimes

To investigate selective pressures on the flies in the selec-
tion regimes, egg-to-adult viability (thought to be under
strong temperature selection in the field; Mitrovski and
Hoffmann 2001) was examined in the fluctuating selec-
tion regimes with mean temperatures of 26.97, 16.77, and
13.47C after 35, 18, and 8 generations of selection, respec-
tively. Unlike in the ensuing experiments, where lines were
removed from the selection regimes and reared at a con-
stant temperature for 2 generations to control for environ-
mental effects before testing, we here were interested in
measuring egg-to-adult viability during the selection pro-
cess. As a control, egg-to-adult viability was also measured
in lines from the constant 227C selection regime, when
reared in the 3 fluctuating selection regimes with mean
temperatures of 26.97, 16.77, and 13.47C. To determine
egg-to-adult viability, flies were placed onto spoons con-
taining medium spread with live yeast and allowed to
lay eggs for a 12-h period. For each replicate line, 20 eggs
were transferred into a vial, with 20 vials per replicate line,
and placed into their respective selection regime. Emerg-
ing adults were then counted on eclosion.
Larval densities are known to influence body size and

confound selection responses under different thermal re-
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gimes, influencing the detection of temperature-specific
changes in traits (Santos et al. 1997; Santos et al. 2005).
To test whether variation in density (and potential effects
on size and productivity) influenced the observed results,
density from the different selection regimes was assessed
in a single generation by collecting and counting all flies
emerging from a single laying period.
Assessment of Clinal Patterns

Prior to assessing traits, all lines from each cabinet were
reared in a constant-temperature room set at 257C for
2 generations. This allowed us to test for adaptive differ-
ences between populations without confounding environ-
mental effects, including those due to cross-generational
effects, such as maternal environmental effects. However,
this design may not capture adaptive responses specific
to the evolved environment. All traits were assessed in
this manner after 1 year of selection. Cold and heat resis-
tance were additionally assessed with this level of control
in fluctuating selection regimes at 6 months, 1.5 years, and
3 years (table A2; tables A1–A8 are available online). For
the final assessment after 3 years, only a subset of the se-
lection regimes was assessed.

For all assessments, flies were controlled for density
during development by ensuring that 40 eggs were added
in each vial per line. On eclosion, flies were collected over
a 48-h period to reduce possible age effects. Both sexes
were kept together for 2 days prior to separation to ensure
that flies were mated. Sexes were separated with CO2 an-
esthesia followed by a minimum of 48 h of recovery prior
to the assessment of traits. For all traits, only females were
assayed. Because of the size of the experiment, traits were
assessed using a block design, where an equal number of
replicate individuals for each line were scored in each
block. For all traits, we assayed between 14 and 20 individ-
ual females, although in a few cases fewer individuals were
assessed (tables A3–A5). We assessed the stress traits heat
knockdown, chill coma recovery, desiccation, and star-
vation resistance and the life-history traits development
time, egg-to-adult viability, fecundity, and body size. For
a detailed description, see the appendix.
Analysis

To examine the effects of selection regime on traits, we used
a nested ANOVA run in SPSS (ver. 17), with replicate lines
nested within selection regime. Trait assessments were
performed in blocks, with replicates evenly distributed
across the blocks and block included as a random effect
in the final model. Selection regime was treated as a fixed
factor, while replicate was treated as a random factor. For
cold and heat resistance, the data did not meet the assump-
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tions of normality and homogeneity of variance and were
consequently log transformed. All proportional viability
data were transformed using arcsine–square root transfor-
mation, with confidence intervals (CIs) calculated via
bootstrapping in SPSS. For all other traits, CIs were cal-
culated by multiplying the SE by 1.96. For full notation of
all fitted models, see the appendix. We accounted for mul-
tiple comparison using the false-discovery-rate method
(Verhoeven et al. 2005).
To examine directional patterns in trait responses across

selection regimes, we constructed a nested generalized mixed
model with average temperature as a covariate using the
lme4 package (Bates et al. 2015) in R (R Development Core
Team 2014). Selection regime was treated as a fixed factor,
replicate nested within selection regime was treated as a
random factor, and block was treated as a random factor.
As we were interested in testing whether variance in tem-
perature or alternative extreme conditions (as well as mean
temperature) predicted trait evolution across the selection
regimes, we included all possible predictor variables when
testing the effects of the fluctuating regimes. Extreme condi-
tions (number of hours above 307 or below 147C) showed
strong colinearity with temperature and were removed
from the model. For all models, R2 values were calculated
for the marginal model (containing only fixed effects) and
the conditional model (containing both fixed and random
effects; Nakagawa and Holger 2013) using the MuMIn
package in R (Barton 2015). To determine the significance
of each term in the model, we used parametric bootstrap-
ping and likelihood ratio tests to compare the full model
with the null model as implemented in the pbkrtest pack-
age in R (Halekoh and Højsgaard 2014).
For cold, heat, and starvation resistance where we had

temporal assessments of resistance, we also examined the
role played by laboratory adaptation and generation num-
ber in shaping trait resistance across the selection regimes.
As traits were compared across different generations, data
were standardized by the mean and SD of each assess-
ment. Generation data were analyzed using a generalized
mixed model with both average temperature and genera-
tion number as covariates. Selection regime and genera-
tion time were deemed fixed factors, while replicate was
nested within selection regime and treated as a random
factor.
Finally, we analyzed temporal patterns for starvation,

cold, and heat resistance within the selection regime that
mimicked temperatures found at the site of the original
source population (Coffs Harbour). In the absence of labo-
ratory adaptation, we would predict no change in these
traits because selection pressures should be comparable
to those found in the natural population. Alternatively, if
laboratory adaptation shapes resistance across all cabinets,
we would predict directional changes in traits. We analyzed
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the data using a nested generalized linear mixed model,
with generation as a covariate, selection regime as a fixed
factor, and replicate line nested within selection regime as
a random factor.

Results

Selection Inside the Cabinets: Viability and Density

To test whether selection was acting on immature stages
across the temperature regimes, we examined egg-to-adult
viability within three of the selection regimes (fluctuating
temperature 26.97, 16.77, and 13.47C), with the hypothesis
that temperature selection would result in lower egg-to-
adult viability at the extremes of the temperature range
(Mitrovski and Hoffmann 2001; Kristensen et al. 2015). As
a control, we also examined egg-to-adult viability in lines
derived and tested at a constant temperature of 227C.
Egg-to-adult viability differed significantly across the selec-
tion regimes, with the highest viability of 86% (95% CI:
83%–90%) in the 16.77C selection regime (selection regime:
df p 3, Fp 7.16, Pp .01; replicate lines: df p 8, Fp 12.80,
P ! .01). Using Dunnett’s post hoc analysis, a significant de-
crease in egg-to-adult viability was detected between the con-
trol (constant 227C) and the two clinal extremes, 26.97 and
13.47C, with viability decreases of 42% and 23%, respectively.

To test the success of our attempts to reduce density
variation across selection regimes, we collected and counted
all adults from each selection regime over a single genera-
tion. We found a significant difference between selection
regimes (F5, 18 p 5.23, P! .01) driven by the fluctuating
temperature selection regime with a mean temperature of
21.37C, which had the highest productivity of the selection
regimes (average difference: 24.8%). This was further con-
firmed by a Bonferroni post hoc analysis that demonstrated
significant differences between the 21.37C regime and the
26.97, 16.717, and 13.427C regimes (data not shown). This
pattern might confound the detection of thermal responses
(Santos et al. 1997), but because only the intermediate tem-
perature treatment differed in density it should not affect
our ability to detect linear temperature associations. In ad-
dition, removal of this selection regime from the general-
ized linear mixed models did not alter the results (data not
shown).

Assessment of Clinal Patterns

Fluctuating Environments. All traits were assessed after
1 year of laboratory evolution (except fecundity, which was
assessed after 1.5 years). Significant effects of selection re-
gime involving the fluctuating conditions were detected
for starvation resistance, development time, and body size
(table 1). Developmental time and starvation resistance
showed a significant linear relationship with average tem-
This content downloaded from 128.2
All use subject to University of Chicago Press Term
perature across the selection regimes, such that lines that
had evolved in the warmest selection regimes took longer
to develop and were more starvation resistant (table 2;
fig. 1), with an average change in development time of
2.5% and in starvation of 20% between the cline ends. For
body size, temperature variance in the selection regimes
was a better predictor of trait evolution than average tem-
perature, with increased variance linked to a decrease in
body size of around 1.62% (table 2; fig. 2). Data underlying
figures 1 and 2 are deposited in the Dryad Digital Repos-
itory : http://dx.doi.org/10.5061/dryad.t16c5 (Kellermann
et al. 2015). While a significant selection effect for egg-
to-adult viability was detected, temperature variance was
marginally nonsignificant (Pp .058) in the linear model.
Although selection regime was not significant for cold resis-
tance, there was a significant negative linear relationship be-
tween cold resistance and temperature variance; this rela-
tionship was counterintuitive, with lines in the warmest
cabinet with the lowest temperature variance evolving the
highest cold resistance. For all traits, there were significant
replicate-line effects, reflecting divergence between lines
in the cabinets (table 1).

Constant Environments. We found little evidence for se-
lection regime shaping the evolution of traits in constant
environments, with the exception of development time
(tables 1, 2). When measured in a common environment,
development was quicker by an average of 3.12% in lines
evolving in the cooler constant 177C in comparison to
the 227 and 277C regimes, which had the same develop-
ment time. This result matched the direction of evolution
in the fluctuating selection regimes.
Temporal Assessments in Heat and Cold Resistance

Heat and cold resistance were assessed 4 times over a 3-year
period. Regardless of the generation of assessment, selec-
tion regime did not significantly alter thermal tolerances
in the direction predicted by the temperature to which lines
were exposed (table A7). Where a significant association
between temperature and resistance was detected (cold re-
sistance: assessment 1 for constant and assessment 4 for
fluctuating conditions; heat resistance: assessment 1 for
fluctuating conditions), responses were not in the pre-
dicted direction—that is, greater cold tolerance tended to
occur after evolution in the warmest cabinet.
Laboratory Adaptation

For cold, heat, and starvation resistance, temporal assess-
ments (3–4 times over a 3-year period) were used to inves-
tigate the possible role played by laboratory adaptation in
shaping the evolution of traits inside the selection regimes.
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This was done in two ways. Initially, we examined the re-
lationship between generation number and trait values.
Under laboratory adaptation shaping trait evolution in a di-
rectional manner, a relationship between time in the labo-
ratory (i.e., generation number) and trait mean might be
expected. In contrast, an overriding relationship between
temperature and trait means might indicate that tempera-
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ture selection rather than laboratory evolution drives trait
evolution. We found no evidence for directional labora-
tory adaptation for cold, heat, and starvation resistance be-
cause there were no significant relationships between trait
means and generation number (table 3).
Because laboratory adaptation may be masked by tem-

perature selection, we also examined patterns of evolution
Table 1: ANOVA for all traits assessed after 1 year of laboratory natural selection
Fluctuating selection regime
50.144.144 on March 10, 
s and Conditions (http://ww
Constant selection regime
Trait
 df
 MS
 F
 df
2016 15:45:13 
w.journals.uch
MS
PM
icago.edu/t-and-c).
F

Cold (log):

Selection regime
 5
 .045
 1.363
 2
 .045
 .970

Replicate (selection regime)
 18
 .033
 1.730*
 9
 .047
 2.735**
Block
 2
 .177
 9.181***
 2
 .168
 9.820***
Error
 420
 .019
 207
 .017

Heat (log):
Selection regime
 5
 .075
 1.918
 2
 .045
 .811

Replicate (selection regime)
 17
 .039
 2.639***
 9
 .056
 2.649**
Block
 4
 .186
 12.462***
 4
 .051
 2.440*
Error
 385
 .015
 208
 .021

Starvation:
Selection regime
 5
 3,761.487
 3.842**
 2
 428.720
 .443

Replicate (selection regime)
 18
 1,018.998
 2.915***
 8
 964.056
 3.840***
Error
 383
 349.512
 187
 251.072

Development time:
Selection regime
 5
 249.365
 7.266**
 2
 1,094.675
 26.640**
Replicate (selection regime)
 15
 34.644
 2.711**
 6
 41.974
 3.587**
Vial (replicate)
 57
 9.893
 .774
 36
 13.569
 1.159

Block
 1
 44.818
 3.507
 1
 17.451
 1.491

Error
 381
 12.780
 188
 11.703
Body size (variance):

Selection regime
 5
 .026
 2.760**
 2
 .006
 .698

Replicate (selection regime)
 18
 .010
 1.958*
 9
 .009
 1.597

Block
 1
 .304
 58.473***
 1
 .243
 44.808***
Error
 750
 .005
 249
 .005

Viability (variance):
Selection regime
 5
 1.009
 3.940*
 2
 .109
 1.701

Replicate (selection regime)
 15
 .59
 8.446***
 6
 .064
 2.345*
Vial (replicate)
 56
 .037
 1.195
 36
 .026
 .932

Error
 361
 .031
 182
 .027
Desiccation:

Selection regime
 5
 22.192
 .944
 2
 18.476
 .745

Replicate (selection regime)
 18
 23.532
 5.440***
 9
 24.847
 4.761***
Block
 4
 7.401
 1.711
 4
 13.739
 2.632*
Error
 434
 4.326
 218
 5.219

Fecundity:
Selection regime
 5
 18.913
 .269
 . . .
 . . .
 . . .

Replicate (selection regime)
 18
 70.439
 1.267
 . . .
 . . .
 . . .

Error
 216
 55.613
 . . .
 . . .
 . . .
Note: Asterisks indicate P values accounting for multiple comparisons using the false-discovery-rate method.
* P ! .05.
** P ! .01.
*** P ! .001.
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for cold, heat, and starvation resistance in the selection re-
gime that mimicked the temperatures from which the orig-
inal mass-bred population was collected (i.e., Coffs Har-
bour; average temperature of 21.17C). We expected that
any changes in traits across generations under this se-
lection regime would reflect laboratory adaptation rather
than temperature selection because temperature selection
should be negligible in this selection regime. We found no
evidence for changes in traits across generations for either
cold, heat, or starvation resistance in this environment (ta-
ble 3). We therefore suspect that strong directional labora-
tory adaptation is unlikely to contribute to observed differ-
ences across selection regimes for cold, heat, and starvation
resistance.
Discussion

After 1–3 years of laboratory natural selection, we found
no evidence of a response to selection in heat and cold re-
sistance, irrespective of whether selection was performed
under constant or fluctuating thermal regimes. This result
is in contrast to expectations based on results from studies
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of natural populations of Drosophila melanogaster col-
lected at different latitudes (Hoffmann et al. 2002; Hoff-
mann and Weeks 2007; Sgro et al. 2010) and results from
previous experimental evolution studies demonstrating
temperature-driven divergence—albeit for only 3 constant
temperatures—over a 4-year period (Huey et al. 1991;
Cavicchi et al. 1995). Moreover, rapid responses in labora-
tory selection experiments (McColl et al. 1996; Anderson
et al. 2005; Bubliy and Loeschcke 2005) highlight that heat
and cold resistance are underpinned by significant varia-
tion that can readily be selected.
Temperature-driven responses were detected for starva-

tion resistance, development time, and body size, with the
establishment of significant laboratory clines within 1 year
of laboratory evolution. The formation of these laboratory
clines was not in the direction predicted from established
trait clines in natural populations (James and Partridge
1995; James et al. 1995; Hoffmann et al. 2002, 2005), with
the exception of development time. Similar to James et al.
(1995), we found longer development times with increas-
ing temperatures; however, these changes were small (!3%
between the cline ends). While flies from the warmest cab-
Table 2: Summary of a generalized linear model examining the relationship between average temperature and trait evolution
Fluctuating environments
50.144.144 on Marc
s and Conditions (htt
Constant environments
Trait
 Slope 5 SE
 LRT
 R2
 Slope 5 SE
h 10, 2016 15:45:13 PM
p://www.journals.uchica
LRT
go.edu/t-and-c).
R2
Chill coma recovery (log):

Temperature
 2.005 5 .002
 2.278
 .022 (.101)
 2.004 5 .004
 1.233
 .009 (.186)

Variance
 2.006 5 .003
 8.227*
Heat knockdown (log):

Temperature
 .002 5 .003
 .202
 .007 (.271)
 .085 5 .287
 2.862
 .001 (.129)

Variance
 .003 5 .004
 .440
Starvation:

Temperature
 1.249 5 .456
 10.321*
 .074 (.174)
 .154 5 .550
 2.098
 .001 (.133)

Variance
 2.001 5 .544
 .001
Development time:

Temperature
 .361 5 .084
 19.091*
 .043 (.077)
 .576 5 .148
 10.835*
 .070 (.122)

Variance
 .019 5 .102
 .039
Body size:

Temperature
 2.001 5 .001
 1.235
 .018 (.172)
 .001 5 .001
 2.152
 .001 (.021)

Variance
 2.003 5 .001
 7.256*
Viability:

Temperature
 2.011 5 .009
 .022
 .084 (.371)
 2.005 5 .004
 .664
 .008 (.095)

Variance
 2.027 5 .011
 6.138
Desiccation:

Temperature
 .049 5 .062
 .956
 .008 (.200)
 .042 5 .081
 2.562
 .005 (.192)

Variance
 .003 5 .075
 .002
Fecundity:

Temperature
 .142 5 .102
 2.552
 .001 (.005)
 . . .
 . . .
 . . .

Variance
 .029 5 .124
 .066
Note: The analysis is divided into lines evolving under fluctuating or constant selection regimes. The marginal R2 value is given with the conditional R2 value
in parentheses, along with likelihood ratio test (LRT) values.

* P ! .05.



Laboratory Evolution and Clinal Patterns 589
inet were 20% more starvation resistant than those from
the coldest cabinet, this result contrasted with the absence
of clinal patterns in Australia or South America and op-
posing clines on the Indian subcontinent (Karan et al.
1998; Robinson et al. 2000; Hoffmann et al. 2005; Parkash
This content downloaded from 128.2
All use subject to University of Chicago Press Term
et al. 2012). Variation in temperature was more important
than average temperature for predicting body size varia-
tion, but the link between temperature variation and lati-
tudinal clines has not been explored. While latitudinal
clines in body size have consistently been demonstrated
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Figure 2: Relationship between body size and variance in temperature across the fluctuating selection regimes after 1 year of laboratory
adaptation. The corresponding mean temperature of each selection regime is given as the secondary X-axis. Error bars reflect 95% confidence
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across the fluctuating selection regimes after 1 year of laboratory adaptation. Error bars reflect 95% confidence intervals.
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in Drosophila, in line with Bergmann’s rule with a decrease
in size toward the tropics (James et al. 1995; Imasheva
et al. 2000; Hallas et al. 2002), we found that flies from
the warmest cabinet eclosed at a larger body size, although
the size difference between cline ends was small (!3%). Past
experiments have found that experimental evolution at
higher temperatures decreases size (Cavicchi et al. 1985),
but there is a potential confounding effect of density in
interpretations of such experiments (Santos et al. 2005),
which were carefully minimized in the current experiment.
Unlike cold resistance, heat resistance, desiccation resis-
tance, and, to a lesser extent, viability, which have been
closely linked to environmental variables (Mitrovski and
Hoffmann 2001; Kellermann et al. 2012a, 2012b), the main
drivers of variation in starvation resistance, developmental
time, and body size are not as clear (Parkash and Munjal
2000).

The mismatch between the results presented here and
those from natural populations suggests that trait evolu-
tion in natural populations depends on factors other than
temperature. One possible explanation is that pleiotropic
interactions among alleles influence the evolution of traits
and that these interactions are different in a laboratory en-
vironment than in the wild (Hoffmann and Harshman
1999; Kawecki et al. 2012). Under laboratory conditions,
where resources are readily available, alleles that are dele-
terious in natural populations may be neutral. As a conse-
quence, evolution in the laboratory may be fundamentally
This content downloaded from 128.2
All use subject to University of Chicago Press Term
different from evolution in natural populations. Differ-
ences in genetic background and experimental methods
may also contribute to the contrasting results of the cur-
rent study and those of Huey et al. (1991) and Cavicchi
et al. (1995), who found temperature-driven divergence
in heat and cold resistance. In the current study, care
was taken to remove confounding effects of selection on
life-history traits, development time, and early-life repro-
duction, resulting in a methodology different from that
used by Huey et al. (1991) and Cavicchi et al. (1995).
Experimental evolution studies have design limitations,

particularly when working with a species where measure-
ments cannot be directly related back to those in the ances-
tral population. In particular, laboratory adaptation may
confound evolutionary responses (Simoes et al. 2008), with
good evidence for trait changes due to laboratory adapta-
tion in Drosophila species (Hoffmann et al. 2001; Simoes
et al. 2008). We attempted to test for directional evolution-
ary changes like those detected by Griffiths et al. (2005) by
monitoring temporal changes in starvation, cold, and heat
resistance. The absence of such changes suggests that di-
rectional laboratory adaptation is unlikely to explain our
results. It is possible that laboratory adaptation was non-
directional, driven by opposing effects of selection and
laboratory adaptation. We examined temporal changes in
traits in a single selection regime mimicking temperatures
of the original source population, where we predicted that
directional changes would be driven by laboratory adapta-
Table 3: Summary of results from generalized linear models examining the relationship between
generation and heat, cold, and starvation resistance
Trait
 Slope 5 SE
50.144.144 on March 
s and Conditions (http:
LRT
10, 2016 15:45:13 PM
//www.journals.uchica
R2
Fluctuating selection regimes:

Chill coma recovery:
Temperature
 2.009 5 .007
 3.849
 .004 (.007)

Generation
 2.002 5 .002
 .778
Heat knockdown:

Temperature
 2.003 5 .024
 .504
 .001 (.010)

Generation
 2.006 5 .007
 1.015
Starvation:

Temperature
 .042 5 .014
 5.406*
 .023 (.079)

Generation
 2.005 5 .002
 4.283
Coffs Harbour selection regime:

Chill coma recovery:
Generation
 2.003 5 .004
 .432
 .003 (.034)

Heat knockdown:
Generation
 2.005 5 .003
 1.342
 .007 (.033)

Starvation:
Generation
 2.015 5 .004
 4.436
 .058 (.156)
Note: The analysis is split into lines from fluctuating selection regimes and a single selection regime that mimics tem-
peratures similar to the original source population from Coffs Harbour. The marginal R2 value is given with the conditional
R2 value in parentheses, along with likelihood ratio test (LRT) values.

* P ! .05.
go.edu/t-and-c).
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tion rather than selection, and we found no evidence for
laboratory adaptation influencing the observed results.

Selection intensities in our treatments may have been
weak; however, we did find lower egg-to-adult viability un-
der the more extreme conditions, suggesting the potential
for selection on the traits studied, and clearly some traits
did respond to selection. Experimental temperatures may
not reflect relevant extremes compared with natural popu-
lations, with extreme events/temperatures linked to species
distributions (Overgaard et al. 2014). This is complicated by
our limited understanding of temperatures experienced in
natural populations and the extent to which species behav-
iorally thermoregulate (Kellermann et al. 2012b; Sunday
et al. 2014). Finally, genetic drift may also reduce selection
responses and will be most pervasive when population sizes
are small and selection intensities weak. Significant di-
vergence between replicate lines as detected in our study
may be indicative of drift, although this did not prevent
some selection responses being detectable. Line divergence
is a general feature of selection responses in Drosophila
regardless of attempts to ensure that the same selection
pressures are applied (Cohan and Hoffmann 1986).

Experimental evolution studies have influenced our un-
derstanding of evolutionary theory (for a review, see Ka-
wecki et al. 2012) and are increasingly being used to exam-
ine responses to stressful temperatures (Collins and Bell
2004; Munday et al. 2013; Reusch and Boyd 2013; Schou
et al. 2014). Evolutionary responses are commonly ob-
served (Kassen 2002; Kawecki et al. 2012; Lohbeck et al.
2012); however, examples of limited or unexpected re-
sponses to selection have also emerged (Collins and Bell
2004; Schou et al. 2014). The difficulty with experimental
evolution studies is quantifying whether the observed null
results—that is, a lack of response—is reflective of a true
evolutionary constraint/limitation or simply a by-product
of laboratory experimental designs. Here we found that
the results from laboratory experiments were not good at
predicting evolutionary responses in natural populations.
The mismatch between laboratory evolution and natural
trait variation highlights the caution that needs to be taken
when inferring evolutionary processes in laboratory envi-
ronments and builds on previous studies that show a lack
of congruity between performance of selection lines under
laboratory and field conditions (Kristensen et al. 2007).
Moving from laboratory-based experimental evolution stud-
ies to field-based experimental evolution may provide an ad-
ditional route to predicting evolutionary responses in natural
populations.
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