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ABSTRACT

Background: Extreme weather events follow latitudinal patterns and are increasing due to
climate change. To persist, natural populations must adapt to the increased occurrence of heat
waves.

Hypothesis: Heat tolerance is higher at lower latitudes and in smaller animals. Animals show
evolutionary potential for heat tolerance.

Organism: The water flea, Daphnia magna, a common species in bodies of fresh water.
Methods: Set up a common-garden experiment using six populations spread across three

latitudes in Western Europe, thereby creating a latitudinal gradient in local temperatures.
Measure CTmax, the temperature above which animals lose motor function.

Results: Thermal tolerance increased with increasing local temperatures. Body size, which
was smaller at the southern latitude, negatively affected heat tolerance. Heat tolerance showed
genetic variation within latitudes.

Conclusions: Daphnia magna possesses the evolutionary potential to increase its heat
tolerance if temperatures warm. Its heat tolerance shows latitudinal adaptation to local
temperatures. A parallel pattern in body size magnifies the latitudinal pattern in heat tolerance.

Keywords: CTmax, Daphnia magna, evolutionary potential, latitude, thermal adaptation.

INTRODUCTION

The frequency of extreme climate events, such as heat waves, has increased significantly in
the past decades due to climate change (IPCC, 2013). Extreme temperatures have a marked
impact on organisms, driving them to their physiological boundaries, thereby influencing
survival and other fitness components (Huey et al., 2009). Given that many ectotherms have their
optimum fitness at temperatures that are quite close to their upper thermal limit, the ability
to respond and adapt to heat waves is essential for the local persistence of populations
(Kearney et al., 2009; Sinervo et al., 2010; Moritz et al., 2012). This has generated a surge in studies focusing
on upper thermal tolerances (Hoffmann et al., 2003; Huey et al., 2012). Yet, our understanding of the
evolutionary potential for heat tolerance is still limited and most studies are confined to
terrestrial ectotherms (Hoffmann et al., 2013).
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Given that mean temperatures as well as temperature extremes show latitudinal patterns
(Dell et al., 2011; IPCC, 2013), latitudinal gradients can provide ideal natural settings to detect past
signatures of thermal evolution, including adaptation to temperature extremes (Angilletta,

2009). Despite the general pattern that upper thermal limits show little geographic variation
(Addo-Bediako et al., 2000), intraspecific latitudinal differences in upper thermal tolerance have
been documented in many terrestrial ectotherms (Hoffmann et al., 2002; Deutsch et al., 2008; Overgaard

et al., 2011; Moritz et al., 2012). In contrast, latitudinal studies on this topic in aquatic ectotherms
are rare and evidence for genetic clines in thermal tolerance is limited (Stoks et al., 2014; but see

Yampolsky et al., 2014). Despite the buffering of thermal extremes in aquatic systems, marked
increases in temperature do occur (Adrian et al., 2009) and may strongly impact aquatic ecto-
therms (Huber et al., 2010; Rüdiger et al., 2012). Animals that face less fluctuating temperatures
are expected to show lower upper thermal tolerance limits (Peck et al., 2014), which may make
aquatic ectotherms particularly vulnerable to heat waves and their predicted increase in
frequency under climate change (Forster et al., 2012).

In the context of latitudinal clines in heat tolerance, body size is an important trait as it
shows latitudinal patterns (Blanckenhorn and Demont, 2004), shapes heat tolerance, and is expected
to respond to global warming (Daufresne et al., 2009; Gardner et al., 2011). Many ectotherms display
so-called Bergmann clines with smaller-bodied individuals at warmer southern latitudes
(Atkinson, 1994; Blanckenhorn and Demont, 2004). This may be adaptive with respect to the higher
frequency of heat waves at southern latitudes. Indeed, smaller ectotherms are generally
better able to cope with the increase in metabolic rate associated with increases in tem-
perature because their smaller body size enables a more efficient transport of oxygen to the
tissues (Gardner et al., 2011; Forster et al., 2012). Despite this relation, studies on latitudinal patterns in
heat tolerance often ignore body size (but see Angilletta et al., 2004; Sheridan and Bickford, 2011).

Here, we study upper thermal tolerance in a set of 36 Daphnia magna clones from
replicated populations from three latitudes in Western Europe. Using a common garden
experiment we assess current thermal adaptation to the different latitudes, reflecting past
thermal evolution, as well as evolutionary potential for future thermal evolution in response
to global warming. To relate thermal tolerance to body size, we also measure size at
maturity in all studied clones. As a measure of heat tolerance we use CTmax, the temperature
above which animals lose motor function, in a ramping assay where temperatures are
increased experimentally (Overgaard et al., 2012). CTmax has been shown to be informative of
climate change responses in several species (Chown et al., 2010; Huey et al., 2012). Because latitude
may be a poor proxy of local thermal regimes, we explicitly tested for an effect of local
temperatures on CTmax (Yampolsky et al., 2014).

MATERIALS AND METHODS

The large-bodied cladoceran Daphnia magna plays a central role in lake and pond
ecosystems as a main grazer of phytoplankton and preferred prey of fish and large
invertebrates (Miner et al., 2012). Key assets of D. magna include its life cycle features, such
as its short generation time, the formation of clonal lineages, and production of dormant
eggs that accumulate in the sediment of lakes. This set of characteristics allows for a strong
test of genetic responses to changing selection pressures imposed by temperature along a
latitudinal gradient.

We studied two populations at each of three latitudes: southern, central, and northern
Europe. At the southern latitude we investigated two French populations in the Camargue
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(Cerisière des faïsses, C9 and Picadelly, C18), at the central latitude we studied two
populations in Central Belgium (Oude Meren 2, OM2 and Langerode vijver, LRV), and at
the northern latitude we studied one population in Denmark (Lake Ring, LR) and one
population in Sweden (Lake Bysjon, BSW; Table 1). The distance between the southern
and central populations is ∼820 km, while the distance between the central and northern
populations is ∼960 km. Sediment from each of these locations was collected and kept in
the dark at 4�C. To hatch the resting eggs, we exposed them to the following hatching
conditions: 20�C, fresh medium (dechlorinated tap water), and light with a photoperiod of
14/10 h light/dark (De Meester and De Jager, 1993). Six randomly selected clones per population
(12 clones per latitude) were kept under standardized laboratory conditions until the start
of the experiment.

Four cultures (sets of 6–10 adults in 500-mL jars) were started for each clone. This
resulted in 144 experimental units (4 independent replicates per clone × 6 clones per
population × 2 populations × 3 latitudes). To minimize interference from maternal effects,
the experimental animals were grown for two generations under standardized conditions:
in a temperature-controlled water bath system (20�C), at a long day photoperiod (14/10 h
light/dark), at a density of 6–10 individuals in 500 mL, and fed Scenedesmus obliquus
daily at a concentration of 1 × 105 cells per millilitre. Each generation was started from
second-brood offspring. Twenty-four hours after individuals reached the first adult stage
(i.e. giving them enough time to recover from moulting), we measured adult body size for
three random individuals from each jar under a stereomicroscope at a magnitude of 20×.
This was done because thermal tolerance can be size-dependent (Angilletta et al., 2004; A. Geerts,

personal observation). In addition, we analysed thermal tolerance, measured as CTmax (see below).
The CTmax-values of all adults in one jar were measured in the same run, and were averaged
for statistical analysis. Thus, each clonal replicate in our statistical analysis consists of the
averaged CTmax-values over all individuals that were cultured together in one jar.

Quantification of CTmax

As our measure of heat tolerance we used CTmax, the upper thermal limit at which motor
functions is compromised and the organism faints (Huey et al., 1992; Lutterschmidt and Hutchison, 1997).
In D. magna, this is an easily quantifiable trait because the animal stops swimming and sinks
to the bottom. Measurement of CTmax was performed in a 4 × 6 thermal heater (Peqlab
Digital Block Heater HX-2). The experimental animals, in their first adult instar, were
individually placed in a 0.5-mL Eppendorf tube where their activity could be observed
continuously. The tubes were randomly placed in the thermal heater. The starting tempera-
ture was 20�C, and the temperature was gradually increased from 20�C to 45�C in 1�C steps
every 20 ± 5 seconds. Once the water fleas stopped moving, they were transferred to ambient
conditions (20�C) to recover. We chose a fast ramping method to avoid confounding factors
such as hardening, and to test for baseline differences in thermal tolerance between these
populations (Ribeiro et al., 2012). CTmax was measured in separate runs for each of the four
replicates of each clone over a period of two months. A total of 1030 individuals were
scored for CTmax in this study.
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Statistical analyses

All statistical analyses were done using the PROC MIXED procedure implemented in SAS
v.9.3 (SAS Institute Inc., Cary, NC, USA). We chose the maximum likelihood (ML) estimation
method for our models. This procedure is well suited for mixed models with nested designs.
The variance component option was chosen for the covariance structure. For inference
concerning the random variables we used the Wald Z-statistic. For fixed effects, significance
was tested using approximate F-tests. Degrees of freedom were estimated using the
Kenward-Roger method.

Differences between populations in size at maturity were tested using a general linear
model with latitude and population nested in latitude as categorical fixed factors and clone
nested in population as a random categorical factor.

To explicitly evaluate whether the latitudinal pattern in CTmax was associated with
differences in local temperatures as documented by Yampolsky et al. (2014), we used tem-
perature records from weather stations nearest to the six populations (National Climatic
Data Centre). Based on these data, we calculated the average maximum summer air
temperature (as in Yampolsky et al., 2014). We only took into account the summer months
(June–August) and calculated averages across the period 2000 to 2005. We tested for an
effect of the average maximum summer temperature on CTmax by including it as a con-
tinuous variable. In the model, we also included clone as a random categorical factor, nested
in population (fixed categorical factor). We additionally corrected for size by including it as
a continuous fixed variable. Since thermal tolerance in D. magna was shown to increase with
increasing local air temperatures (Yampolsky et al., 2014), we tested for the temperature effect
using a one-sided P-value.

We tested for evolutionary potential in CTmax at each latitude by evaluating clonal
differences in CTmax within the set of 12 clones of the two populations sampled per
latitude group. As we only tested six clones per population, no calculations for evolutionary
potential were done at the population level. In addition, a latitudinal perspective is relevant
as populations at the same latitude experience similar thermal regimes. In this model, we
included latitude as a fixed categorical variable; clone nested in latitude was added as
a random categorical variable. We corrected for size at maturity by including it as a fixed
continuous variable.

RESULTS

Size at maturity differed significantly between latitudes (F2,137 = 4.75, P = 0.010) with on
average larger adults in the north (Fig. 1A).

Our results showed that CTmax decreased with decreasing local temperatures (t31.6 = 1.78,
one-sided P = 0.043; slope ± ..: −1.05 ± 0.23, Fig. 1B). CTmax-values were higher in smaller
adults (F1,135 = 20.05, P < 0.0001; slope ± ..: −1.05 ± 0.23). There was genetic variation for
CTmax within latitude groups as indicated by the significant effect of clone nested in latitude
(Z = 2.02, P = 0.022).
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DISCUSSION

Given that populations often experience strong temperature fluctuations that may shape
survival and other fitness components (Angilletta, 2009), assessing the impact of temperature
extremes is very important. This is especially timely given the increased occurrence of
heat waves related to climate change (IPCC, 2013). Our results indicate that populations from
southern latitudes are adapted to the typically higher summer temperatures, and can
be expected to withstand extreme temperatures better than populations from northern

Fig. 1. Body size (A) and CTmax-values (B) by population for the three latitude groups. Population
means ± one standard error are shown. Codes above symbols represent populations (see Table 1).
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latitudes. Moreover, by studying sets of clones per latitude we were able to document genetic
variation in upper thermal tolerance suggesting that natural populations of D. magna
harbour evolutionary potential to respond genetically to increasing temperatures. It should
also be noted, however, that while we did observe a latitudinal cline in CTmax-values,
the range in these values was much smaller than the range in average maximum summer
temperatures that occurs along the studied latitudinal gradient.

There is ongoing debate on how to assess upper thermal tolerance, as different measures
may show different patterns when comparing populations (e.g. van Heerwaarden et al., 2012).
Ramping assays using CTmax have become a popular method of estimating upper thermal
tolerance (Deutsch et al., 2008; Clusella-Trullas et al., 2011). Compared with static assays that measure
the time until knockdown using a constant stressful temperature, ramping assays are
thought to be both a valid and ecologically relevant way to measure thermal resistance
(Terblanche et al., 2011; Overgaard et al., 2012). Results obtained using ramping assays may, however,
depend on the warming rates adopted (Chown et al., 2009; Mitchell and Hoffmann, 2010; Sørensen et al.,

2013). In general, slow and presumably ecologically more relevant rates of warming
negatively affect the upper thermal limit (CTmax) (Rezende et al., 2011). Yet, several researchers
have advocated the use of short assays (implying fast warming rates), as these reduce
interference from the starting conditions of the animals and short-term acclimatory
responses (Santos et al., 2011; Terblanche et al., 2011). We opted for a fast ramping rate in our experi-
ment to minimize acclimation effects and interference from the accumulation of heat stress
through time. The pattern of changes in CTmax along the latitudinal gradient observed here
is in line with that of a similar study on D. magna that used a static assay (Yampolsky et al., 2014),
confirming the latitudinal pattern in heat tolerance.

Despite the general pattern that upper thermal limits show little geographic variation
(Addo-Bediako et al., 2000), intraspecific latitudinal differences in upper thermal tolerance have
been documented in many terrestrial species (Kellermann et al., 2012; Moritz et al., 2012). In contrast,
few latitudinal studies on this topic in aquatic invertebrates have been performed and
evidence for genetic clines in thermal tolerance is limited (Stoks et al., 2014). In the mosquito
Wyeomyia smithii, thermal tolerance measured as heat knockdown time did not show a
latitudinal pattern (Ragland and Kingsolver, 2008). In the isopod Asellus aquaticus, heat tolerance
was found to be higher in a southern than in a northern population, although maternal
effects were not controlled for in this study (di Lascio et al., 2011). In the water flea D. pulex,
clones isolated from lower latitudes (Indiana, USA) showed a higher heat tolerance
than clones isolated from more northerly latitudes (Ontario, USA) when tested at low and
intermediate – but not at high – acclimation temperatures (Williams et al., 2012). The strongest
evidence for a latitudinal cline in heat tolerance in an aquatic invertebrate comes from the
study of Yampolsky et al. (2014), who found that the time until immobilization at 37�C
in D. magna clones spanning a range from South Africa to near arctic sites correlated
positively with the local summer temperatures at the clones’ sites of origin, indicating local
thermal adaptation. Our study confirms these findings using D. magna clones spanning
three latitudes within Europe, with multiple clones isolated from each of two populations at
each latitude, and using a ramping assay.

The latitudinal adaptation in heat tolerance based on size-corrected CTmax-values seems
to be enhanced by the latitudinal pattern in body size. Consistent with Bergmann clines
where colder climates harbour populations with larger body sizes (Atkinson, 1994; Blanckenhorn and

Demont, 2004), southern clones tended to be smaller at maturity than northern clones.
Moreover, as expected, smaller clones showed a higher heat tolerance (Gardner et al., 2011; Forster
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et al., 2012). Our observation that southern populations are characterized by a smaller body
size is in line with other studies. For example, Van Doorslaer et al. (2010) showed that the
body size of D. magna and D. pulex decreased significantly within one growing season when
exposed to increased temperatures (ambient + 4�C) under semi-natural conditions (see also

Sheridan and Bickford, 2011). This response is expected because temperature increases metabolic
rate and developmental rate (Gillooly et al., 2001; Bickford et al., 2010), and smaller organisms are
generally better able to cope with lower oxygen levels than larger organisms (Forster et al., 2012).
The smaller body sizes and higher size-corrected heat tolerances together determine the
higher heat tolerance of populations at southern latitudes.

The thermal adaptation based on upper thermal tolerance along a latitudinal gradient in
D. magna, as observed by us and by Yampolsky et al. (2014), contrasts with other studies
showing no signals of thermal adaptation in life-history traits in this species. In a detailed
study, Mitchell and Lampert (2000) showed that there is no adaptation to local temperatures
as measured by somatic growth rate for eight European populations, despite substantial
genetic variation in thermal reaction norms within populations. A similar study by
Chopelet and colleagues (2008) revealed no differences in adult and juvenile growth rates
between subarctic and temperate D. magna populations, but did find significant genetic
variation within populations. This fits the general pattern that short-term exposure
measurements (lethal temperatures, knockout times) typically correlate better with the local
climate than long-term measurements such as thermal optima (Angilletta, 2009; Yampolsky et al.,

2014). This may partly be due to the fact that studies testing for patterns on long-term
measurements typically have used latitude as a proxy for temperature (Stoks et al., 2014) rather
than more direct estimates of local thermal regimes (Yampolsky et al., 2014). This is further
suggested by studies directly manipulating temperature that showed rapid experimental
thermal evolution in life-history traits in D. magna (Van Doorslaer et al., 2009a, 2009b, 2010).
Furthermore, short-term studies on predator–prey interactions might demonstrate thermal
adaptation along a latitudinal gradient in D. magna (De Block et al., 2013).

Our findings indicate the presence of evolutionary potential in upper thermal tolerance in
D. magna at the studied latitudes. Although the resolution (number of clones studied per
population) of our study is not sufficient to document evolutionary potential within single
populations, our results suggest that at a given latitude D. magna may evolve to manage
increasing temperatures. Besides genetic adaptation, populations may also rely on pheno-
typic plasticity to cope with warming (Merilä and Hendry, 2014). In support of this, heat
tolerance measured as knockdown time strongly increased at a high acclimation tem-
perature in a set of D. magna clones from widely different latitudes (Yampolsky et al., 2014). The
few studies on this topic in terrestrial invertebrates also indicate the presence of genetic
variation as well as the capacity for acclimation to heat (Bridle et al., 2009; Hoffmann et al., 2003, 2013;

but see Overgaard et al., 2011). Yet, selection and heritability experiments in Drosophila suggest that
upper thermal limits may not increase enough to match the predicted temperature increases
(Hoffmann et al., 2013). Furthermore, trade-offs between upper thermal tolerance and other traits
(Hoffmann et al., 2003; Mori and Kimura, 2008; Roze et al., 2013) may exist that slow the adaptive evolution
of CTmax. Moreover, the realization of evolutionary potential may strongly depend on the
environmental conditions and communities in which the animals are embedded, as has
been shown explicitly for thermal evolution of life-history traits in D. magna (Van Doorslaer, 2009;

Van Doorslaer et al., 2010; De Meester et al., 2011). Therefore, despite accumulating evidence of genetic
and plastic responses to warming in Daphnia, a key grazer in the pelagic zone of standing
water, one should be cautious in predicting that Daphnia populations will be capable
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of genetically tracking climate warming. To address this fully, research is required
that combines acclimation and thermal experimental evolution in as natural a setting as
possible.
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