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Summary

1. Current studies indicate that estimates of thermal tolerance limits in ectotherms depend on
the experimental protocol used, with slower and presumably more ecologically relevant rates of
warming negatively affecting the upper thermal limits (CT.x). Recent empirical evidence also
gives credence to earlier speculations suggesting that estimates of heritability could drop with
slower heating rates.

2. Using published data from the fruit fly Drosophila melanogaster, we show that empirical pat-
terns can be explained if flies’ physical condition decreases with experimental time in thermal tol-
erance assays. This problem could even overshadow potential benefits of thermal acclimation,
also suggesting that a drop in CTpax With slower heating rates does not necessarily rule out bene-
ficial acclimatory responses.

3. Numerical results from a simple illustrative model show that no clear conclusions can be
obtained on how the phenotypic variance in CT.x Will be affected with different rates of ther-
mal change. Conversely, the genetic variance and estimated heritabilities are expected to drop
with slower heating rates, hence ramping rates in experiments aiming to study the evolutionary
potential of thermal tolerance to respond to global warming should be as fast as possible (within
the range in which measurement accuracy and physical condition are not affected).

4. Measurements under ecologically realistic warming rates should also consider the impact of
other physiological and behavioural strategies that might partly compensate the negative effects
of slow heating rates. However, there are situations in which slow heating rates closely mimic
natural conditions, as those encountered by some aquatic ectotherms. These heating rates may
be an issue of major concern in these species, given its negative impact on CT.x and its adaptive
potential.

Key-words: ectotherms, energy expenditure, evolvability, heritability, phenotypic plasticity,
thermal ramping, thermal tolerance

The reason why plants and animals (including men) are

o . . Introduction
so sensitive to temperature is that they are chemical

machines .... Many of them do burn even at ordinary Body temperature affects metabolic rates and has a major
temperatures, but so slowly that we don’t notice any impact on an ectotherm’s short-term performance (i.e. any
great change even within a lifetime. (Haldane 1940, pp. measure of an organism’s capacity to function), and even-
69-70) tually on its fitness (Huey & Kingsolver 1989; Hochachka

& Somero 2002; Martin & Huey 2008; Angilletta 2009).
Thermal performance is described by a curve (Huey &

. Stevenson 1979), which rises gradually with temperature
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from a critical thermal minimum (CT;,) to an optimum
temperature (Toy), and then drops rapidly to the critical
thermal maximum (CTp). In the short term the thermal
extremes that an organism can tolerate will typically
depend on phenotypic plasticity, but long-term evolution-
ary shifts in thermal limits obviously depend on the pres-
ence of additive genetic variance.

Current interest in understanding species’ thermal physio-
logical limits has been fostered to some extent by pressing
concerns with human-induced climate change. Reliable pro-
jections of its biological impacts should be based not only on
average predictions, but also on the magnitude of the climatic
fluctuations in time. One worrying conclusion that emerges
from recent work is that tropical species are currently closer
to their upper thermal limits (Deutsch et al. 2008; Tewksbury,
Huey & Deutsch 2008; Huey et al. 2009), and that temperate
species might encounter extreme conditions in relatively short
periods of time (Hoffmann 2010). Recent projections predict
that warming will drive about 40% of lizard populations to
extinction before the end of the century, although mainly
because a reduction in time available for fitness-enhancing
activities such as growth, foraging, etc. (Sinervo et al. 2010).
In any case, obtaining realistic estimates of upper thermal tol-
erance limits and their evolvability /heritability is an impor-
tant endeavour to provide a reliable assessment of species’
extinction risk to global warming. Current work indicates
that CTax, as Well as its plasticity and evolutionary potential,
can be overestimated in those situations when heating rates in
thermal tolerance assays are higher than natural ones (Terb-
lanche et al. 2007; Chown et al. 2009). This adds more pessi-
mism to an already alarming situation.

Thermal tolerance is usually quantified with two different
experimental methods, labelled ‘static’ and ‘dynamic’. In the
static method, organisms are placed acutely at a stressful tem-
perature and time to physical incapacitation (‘knockdown
time”) is recorded. In the dynamic method (‘ramping’, sensu
Mitchell & Hoffmann 2010), temperature is increased or
decreased gradually until individuals reach their knockdown
temperature. The classical dynamic method (Cowles & Bog-
ert 1944) is appealing because it provides a direct estimate of
the target variables (CTpax Or CTyin), and rates of thermal
change can be adjusted to render ecologically realistic values
(Terblanche et al. 2007). The problem isthat both the average
and variance of the estimated thermal limits can change with
different heating or cooling rates (Mora & Maya 2006; Terb-
lanche et al. 2007; Chown et al. 2009). For example, CTnax
has been shown to rise with faster heating rates in the fish
Acantemblemaria hancocki (Mora & Maya 2006), in the tsetse
fly Glossina pallipides (Terblanche et al. 2007), in the fruit fly
Drosophila melanogaster (Chown et al. 2009), and in the
Argentine ant Linepithema humile (Chown et al. 2009); a puz-
zling result because slower heating rates should allow individ-
uals to acclimatize to new temperatures and because slow

heating pre-exposes individuals to non-lethal high tempera-
tures (‘hardening’), which increases heat shock resistance (see
e.g. Hoffmann, Sgrensen & Loeschcke 2003). Also disturbing

and presumably more realistic, heating rates (Mitchell &
Hoffmann 2010), which somewhat substantiates previous
speculations (Chown et al. 2009).

Here, we argue that there are some fundamental problems
in comparing the evolutionary potential of thermal limits
assessed in dynamic methods with different rates of thermal
change. We focus primarily on D. melanogaster, given our
familiarity with this model and the abundant information on
the physiology and evolution of tolerance limits in this species
(reviewed in Hoffmann, Sgrensen & Loeschcke 2003), which
allows (i) calculating the impact of different ramping proto-
cols on thermal limits employing parameters estimated empir-
ically and (ii) contrasting our theoretical predictions against
experimental outcomes described in the literature. However,
we emphasize that the rationale employed here and its reper-
cussions should be general to ectothermic animals, even
though the factors potentially involved will depend on the
model and the experimental setting employed (see below). We
show why decreasing heating rates are expected to negatively
affect CTac and estimated heritabilities, and also obscure
potentially beneficial plastic responses. Although we illustrate
our arguments with quantitative analyses and numerical
results for heuristic purposes, our main concern here is to be
biologically realistic rather than quantitatively precise.

Effects of ‘ramping’ on energy expenditure

When upper thermal limits are assessed by gradually increas-
ing temperature from an initial temperature T, to the critical
thermal maximum CT,,. at a rate DT (°C min)l), the proto-
col imposes CTpax to be co-linear with experimental time
given that t ¥4 0CTnax — ToP=DT (min). This potentially com-
plicates or even invalidates the analysis of causal associations
because ‘not everything else is equal’, as required by principles
of experimental design. Among other things, the accumulated
metabolic costs of individuals under different ramping
regimes are not equal; hence their physical conditions and
capability to cope with increasing temperatures should even-
tually decrease with time.

To demonstrate this problem in D. melanogaster, we first
estimate the total energy expenditure associated with different
regimes to measure CT.. Temperature-dependence meta-
bolic rate (MR) for a given taxon can be quantified in terms
of the traditional Q,, factor, which isdefined by the equation

M Rale 10=0T;—Top

1
Quo ¥ MRETop

egnl
where temperatures (T; = Tg) are expressed in °C and Qqq
is considered ‘constant’ (but see below). Metabolic rates
throughout the heat resistance assay with heating rate DT
can be estimated from eqn 1 as
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eqgn2

is the recent finding that heritability drops to zero with slow
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where log is the natural logarithm, (Tiy, + DT) > T, isthe
temperature at the ith minute from the start of the
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Fig. 1. Estimated metabolic rates from egn 2 (black lines), and total energy expenditure from egn 3 (shaded areas), of an average D. melanogaster
fly weighting 1 mg in the ramping experiments performed by Chown et al. (2009). Calculations assumed a metabolic rate of 422 mL O, g** h>*
at 18 °C (Berrigan & Partridge 1997). Upper panels: CT,. assays with DT = 0f1 °C min>* (lasting for 187 min before the fly was knocked
down), and DT = 0/5 °C min’* (lasting for 39 min), using the two extremes Q, values reported by Berrigan & Partridge (1997). Lower panels:
CT i assays with cooling rates DT = 0i1 °C min’*, and DT = 05 °C min>*. Shaded areas below the dotted points at the start of the experi-
ments are the estimated energy expenditures during the equilibration period of 6 min (not taken into account for subsequent calculations in

Table 1).

stressful temperature of 38 °C. Calculations suggest an
approximate threefold difference in total energy expenditure,
being it higher in the ramping than in the static assay (Fig. 2).

However, the preceding analyses could be criticized on the-
oretical grounds because they assume that Qy, inegn 2 iscon-
stant, and a thermodynamically correct expression for Qiq
shows it is a function of and changes with temperature
(Schmidt-Nielsen 1997; Gillooly et al. 2001). We have also
performed computations with different, more ‘realistic’, Q1
functions and results are given in Appendix S1 (Supporting
Information). If anything, these analyses even strengthen the
conclusions to be reached in the manuscript assuming Qo
constant in egn 2, as we will do henceforth.

Note also that calculation in Figs 1 and 2 assume that met-
abolic rates are not lowered when flies are under food and
water deprivation in sealed empty vials, which seems to be the
case in D. melanogaster (Djawdan, Rose & Bradley 1997).
They also ignore the increased consumption of energy for
protein production following a heat shock (Clark 2004). Fur-
thermore, the maximum estimated O, consumption in
Table 1 represents a negligible fraction (<<1%) of vial’s vol-
ume (5 mL in Mitchell & Hoffmann 2010; 10 mL in Chown
et al. 2009) and, hence, hypoxia was probably not a problem.
It remains to be seen, however, how much of an impact the

previous estimates of energy expenditure represent to total
energy and water budgets for our average fly.

Thermal tolerance in starved and dehydrated
flies

To determine the amount of energy and water lost during
measurements relative to the total budget of an individual fly,
we first analysed how desiccation and starvation resistance
changed as a function of temperature using data from Da
Lage, Capy & David (1989), who recorded survival times in
desiccation and starvation resistance assays in D. melanogas-
ter at nine temperatures ranging from 5 °C to 31 °C (Fig. 3).
If energy and water reserves are constant and ultimately
determine the amount of time that an individual fly may cope
with water or food deprivation, one would intuitively expect
an inverse relationship between temperature and resistance to
desiccation and starvation because of Q,, effects on metabo-
lism. Comparisons between empirical values against predic-
tions for our ‘average’ fly strongly support this prediction for
starvation resistance and to a lesser extent, for desiccation
resistance in the range of temperatures where deleterious
effects of cold temperatures are not apparent (below a given
threshold around 11-14 °C; Fig. 3). Estimates of desiccation
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Fig. 2. Same as in Fig. 1 for the thermal resistance assays performed by Mitchell & Hoffmann (2010) using two Australian populations of
D. melanogaster (Gordonvale and Melbourne). The straight lines give the constant metabolic rates for the static assay at 38 °C. The exponential
lines are for the dynamic assays with DT = 0{06 °C min>*. Shaded areas below the dotted points at the start of the ramping experiments are the
estimated energy expenditures during the equilibration period of 15 min (also obviated for subsequent calculations in Table 1).
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Fig. 3. Influence of temperature (5, 8, 11, 14, 17, 21, 25, 28 or 31 °C) on average survival times of D. melanogaster females in desiccation resis-
tance and starvation resistance assays performed by Da Lage, Capy & David (1989). Black dots are empirical values. Lines are the estimated
energy expenditures extrapolated from an average fly weighting 1 mg and metabolic rates of 631 mL O, g** h** at 25 °C with Q,, = 1i79, or
7198 mL O, g** h?*at 25 °C with Q;p = 2i5, obtained from the reported rate of 42 mL O, g** h”*at 18 °C (Berrigan & Partridge 1997). In the
range of temperatures where deleterious effects of cold temperatures are not apparent (above 11-14 °C) there is a reasonable fit with Qo = 2i5
for starvation resistance, but for desiccation resistance the fit improves assuming a higher Q..

resistance suggest that flies at lower temperatures are losing
water at slower rates than predicted by metabolism (i.e. they
tolerate desiccation for longer periods), which is likely due to
the added effects of temperature on vapour pressure. Suc-
cinctly, the fraction of water that evaporates from respiratory

organs and body surface should increase exponentially with
temperature (e.g. at 38 °C water vapour is about twice as high
as at 25 °C; see Schmidt-Nielsen 1997, p. 324), resulting in a
contribution to water loss that is independent of Qo effects
on metabolic rates.
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How much of an impact does the difference in energy
expenditure calculated for different experimental protocols
entail? At 25 °C, a D. melanogaster female can survive for
approximately 4515 h in a water-saturated vial without food
(starvation resistance), and 17 h when flies are water and food
deprived (desiccation resistance; Da Lage, Capy & David
1989). This would represent, respectively, a total energy
expenditure of 28722 - 10°% or 1073 - 10 mL O, during
these trials with Qo = 1f79; and 362{9 - 10°° or 135i6 - 1073
mL O, with Qo = 2f5. As flies enclosed in sealed empty vials
for the thermal tolerance assays somewhat match with the
desiccation resistance protocol, it immediately follows that
flies consumed about 10% of their energy reserves during
measurements with slow heating rates, and between 20% and
30% of their water reserves by the time they are approaching
CTmax if we assume that respiratory rates of water loss are
proportional to metabolism (Table 1).

These staggering results are actually conservative because
they assume vapour pressure to remain constant across tem-
peratures. If we repeat the previous analysis employing the
75 h duration of the desiccation trial at 31 °C (Da Lage,
Capy & David 1989), results would suggest that flies submit-
ted to slow thermal ramping in Chown et al. (2009) and
Mitchell & Hoffmann (2010) might have lost around 40% of
their total water reserves (corresponding to 67(1 - 10°° and
1037 - 102 mL O, calculated assuming Qi = 1i79 and
Q10 = 2i5 respectively) by the time they were knocked down.
Interestingly, Levins (1969) showed that changes in heat toler-
ance in D. melanogaster following thermal acclimation could
be partly explained by differences in water content: flies accli-
mated at higher temperatures would increase their mean body
weight hence presumably water uptake.

Regardless of the exact amount of water lost, there is no
doubt that flies are wasting a substantial fraction of their
water reserves during long thermal tolerance assays (i.e. low
DT), emphasizing that the effects of dehydration during
ramping protocols to measure CTy should be taken into
account. Analyses also suggest that physiological processes
underlying energy and water economy become increasingly
relevant in long assays of critical thermal limits, which is par-
ticularly true for CT, because temperatures increase in
time. As we discuss below, these observations may have
important repercussions for studies on thermal plasticity, and
analysis of the genetic basis and evolution of thermal toler-
ance in natural populations.

Plasticity, heritability and evolution of thermal
tolerance limits

No physiologist would find surprising that performance in
general and thermal tolerance in particular, changes as a func-
tion of an individual’s physical condition. This would explain,
for instance, why flies in the static treatment of Mitchell &
Hoffmann (2010) were able to cope with 38 °C for over
30 min while most individuals in the ramping treatment were
knocked down at lower temperatures, resulting in an average
CTax 0f 369 °C and 37i5 °C for flies from Gordonvale and

Melbourne respectively. Flies in the ramping treatment were
exhausted or dehydrated when approaching their ‘basal tar-
get’ CTax hence the general decrease in average CT. in
longer trials (e.g. fig. 1 in Chown et al. 2009) probably reflects
a real biological phenomenon with potentially important con-
sequences in nature. However, effects of physical condition
impinge on considerably more serious problems when
attempting to obtain causal variance estimates of thermal tol-
erance limits or to study the effects of thermal acclimation on
critical thermal limits. Subsequently, we illustrate these issues
with a Gedankenexperiment.

HERITABILITY/EVOLVABILITY

Assume that we genetically engineer D. melanogaster isogenic
flies to produce mutant alleles of target genes that affect only
desiccation rates during the course of a heat resistance assay.
Assume also that CTax under optimal physical conditions is

40 °C and that it decreases as individual flies become

dehydrated at a linear rate of 0{05 °C per 1% of total water
reserve lost. This is a reasonable scenario because CTa =

40i1)0i047 - (1% water lost) according to Chown et al’s.

(2009) experimental data and our estimated fraction of total
metabolism spent in desiccation resistance assays with
Qo = 2i5 (Table 1). Incidentally, Huey et al. (1992, p. 492)
noted that ‘if heating rate is slow and if evaporative water loss
is very high, then insects could be knocked down by desicca-
tion, not by heat’; and Parsons (1980) had already shown that
desiccated flies tolerate lower temperatures than their
hydrated counterparts.

Notice that in our hypothetical scenario no variation exists
on CTax per se apart from that imposed by dehydration,
hence all individuals with the same water content should have
identical CT,.. However, individuals will exhibit different
CTmax In heating assays simply because they lose water at dif-
ferent rates (Fig. 4). Consequently, one could erroneously
conclude that the observed variation in CT., has a genetic
basis when in reality it is due to variation in desiccation rates,
which by definition is orthogonal to CT .« because no genetic
variation exists for upper thermal limits in our engineered flies
(Falconer & Mackay 1996). This might seem as a trivial point,
but it is actually important because this environmental source
of phenotypic variation in CT,ax Scales up with experimental
time (i.e. decreasing DT; Fig. 4).

Let us now turn the problem on its head, and ask what
would happen if the phenotypic variance of CT,ax Was solely
due to (additive) genetic variation (i.e. assume that our
Gedankenexperiment makes use of D. melanogaster isogenic
flies targeted for genes that affect only CT,y). In this sce-
nario, all individuals loose water at exactly the same rate and,
therefore, observed variation in CT,. at any given hydric
condition reflects primarily genetic differences across individ-
uals (e.g. individuals with a CT.x correspondingto 41 °C
and 39 °C in optimal conditions would exhibit a CT . of
4015 °C and 385 °C, respectively, after losing 10% of their
water reserves). Numerical results show that in this case the
variance in CT. decreases with the duration of the assay,
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tal (right upper panel) or genetic (right lower panel).

resulting in a positive association between heating rates and
the genetic variance in CTnax (Fig. 4). For example, in an
assay with To = 20 °C and DT = 0406 °C min’* a fly with a
‘basal optimum’ CT,.x = 41 °C would be knocked down
after 309 min at a recorded temperature of 385 °C, having
lost 50£2% of its water reserves. Another fly with an optimal
CTmax = 39 °C, on the other hand, would be knocked down
at 36f9 °C after 282 min, having lost 41{8% of its water con-
tent. Consequently, the genetically determined 2 °C differ-
ence in basal optimum CT. drops to a 16 °C difference
simply as a result of the slow heating rate, illustrating how the
genetic variation in CT, changes with experimental condi-
tions. We emphasize that this pattern reflects a decrease in
(additive) genetic variance in the strict sense, and not an effect
of genetic correlation ¢ << 1across CT . measured in differ-
ent environmental conditions (see Falconer 1952; Falconer &
Mackay 1996, ch. 19). In fact, in our simulations the observed
genetic correlation across environments remains consistently
high (c  1).

As shown in Fig. 4, the thermal ramping rate affects the
genetic and environmental components underlying the phe-
notypic variance of CT . in opposite directions. Considering
that other factors such as thermal acclimation, variation in
energy and water reserves, and measurement error also con-
tribute to the phenotypic variation in CTay, it IS not surpris-
ing that similar protocols with different species (or vice versa)
may result in contrasting outcomes. For instance, Chown
et al. (2009) reported a decrease in phenotypic variances in
CTmax With heating rates for the ant Linepithema humile, and
the opposite trend for D. melanogaster (see their figs 2 and 3).
In contrast, Mitchell & Hoffmann (2010) showed that the
phenotypic variation in knockdown time of D. melanogaster
was three times higher in the ramping than in the static treat-
ment. In the tsetse fly, Glossina pallidipes, tests of homosce-
dasticity indicate that the phenotypic variance in CT . was
independent of the ramping protocol, but visual inspections
suggest that the variance might be actually lower at higher
heating rates (fig. 1a in Terblanche et al. 2007). Succinctly,
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no clear association between phenotypic variation and experi-
mental protocol seemsto emerge from empirical studies.
Nonetheless, the obvious implication of the previous
numerical exercises is that both heritability (h* = r¥/
gi[%‘m’ &&&&&&& r{ez); Falconer & Mackay 1996) and ‘evolvability” (i.e.,

rgzlz, where 1 is the average; Houle 1992) of CT, are

expected to decrease at lower heating rates. Although the rela-
tive magnitudes of genetic (rg) and environmental (r?) vari-
ances will obviously depend on real values, we suspect h?
should drop as heating rates decrease, primarily because of its
disproportional impact on the environmental component.
For instance, in our numerical results r” at a heating rate
D = 006 °C min’* corresponds to #§27 times r2 at
DT = 0i5 °C min’*, whereas r3 at DT = 0{06 °C min’* is
#0167 that at DT = 05 °C min’? (Fig. 4). Employing these
values and assuming that the contribution of rfand r3are
equal at DT = 055 °C min’Y, h? would drop to 0i024 at
DT = 0{06 °C min?%. It is also important to notice that the
decrease in the adaptive potential of CT.x With decreasing
DT (Fig. 4) is also evident in evolvability estimates, which
also drop by §15% from the fastest to the slowest heating
rates (this figure is quite consistent for different initial param-
eter values although it can slightly increase with a higher
‘basal’ CTyax). The scarce empirical available evidence sup-
ports this observation (Mitchell & Hoffmann 2010): narrow
sense h? for knockdown times were relatively high and signifi-
cant under static conditions (mean == SE: h? = 022 = 0{07
and h?> = 0814 = 0105 for Gordonvale and Melbourne D.
melanogaster populations, respectively), but were not signifi-
cantly different from zero in ramping conditions (differences
between protocols are listed in Table 1). Gilchrist & Huey
(1999) observation that knockdown temperatures in D. mela-
nogaster is heritable and responds to selection partly supports
our predictions, given that these authors employed a ramping
protocol with fast heating rates (i1 °C min’?). It remains to
be seen whether a similar experiment employing low heating
rates would result in the same output.

Although we have assumed two extreme situations in the
Gedankenexperiment (i.e. ré = 0 for CTa in the first sce-
narios and r2 = 0 in the second) for illustrative purposes,
there is ample evidence for the presence of genetic variation in
both desiccation resistance and thermal limits in Drosophila
populations (reviewed in Hoffmann & Harshman 1999;
Hoffmann, Sgrensen & Loeschcke 2003); albeit the seemingly
lower capacity for genetic and plastic responses in CTax
compared with CT i, (Chown 2001; Hoffmann 2010). More-
over, the repeatability and heritability of standard metabolic
rate is relatively high in several species of insects (Marais &
Chown 2003; Terblanche, Klok & Chown 2004; Nespolo,
Castaneda & Roff 2007), including D. melanogaster
(Williams, Rose & Bradley 1997). In addition, desiccation
and starvation resistance are genetically uncorrelated to met-
abolic rates in Drosophila (Djawdan, Rose & Bradley 1997,
Hoffmann & Harshman 1999), hence our conclusion that the
environmental component of the phenotypic variance for

CTmax scales up with decreasing heating rates is probably
applicable to real scenarios.

PLASTICITY

The preceding scenario also allows inquiring on the effect of
heating rates on thermal acclimatory responses. Briefly,
assume that, at temperatures above 25 °C (the optimum for
D. melanogaster), CTax iNcreases in response to ramping
conditions acclimation as

CT maxitdi o 1Pj ¥ C T imaxtdibj [p 80 0002 X CTmaxjtdibip  eqnd

where t(i) is time at the ith minute after ambient temp-
erature in the water-bath increased over 25 °C, and
CTmax|t(0)] = 40 °C as above. We therefore make the
implicit assumption that environment temperature (not
heating rate) is the clue to trigger the thermal acclimatory
responses.

Assuming Ty, = 20 °C and that flies” physical condition is
constant throughout the experiment (i.e. no desiccation
occurs and, hence, CTyalt(i)| remains equal to CTax|t(0)]
when ambient temperature is £25 °C and thereafter increases
as given by eqn 4 when >25 °C), CT.x at the end of the
assays would increase from 4024 °C with DT = 0i5 °C -
min?* to 4239 °C with DT = 0{06 °C min’*; that is, a non-
trivial net beneficial effect of 2(15 °C with the slowest heating
rate. However, when desiccation effects are considered as in
our first Gedankenexperiment (i.e. CTat(i)| continuously
decreases below CTt(0)] because of desiccation effects
when ambient temperature is £25 °C, and thereafter this
decrease is somewhat compensated because of the thermal
acclimatory responses given by eqn 4 when ambient tempera-
ture >25°C), the resulting CTp. are 3988 °C with
DT = 05 °C min’'and 3922 with DT = 0/06 °C min’™.
What this numerical exercise shows is that desiccation can
potentially overshadow thermal acclimation effects owing to
short-term responses of individuals to changing temperatures
(see also Woods & Harrison 2002) and, more importantly,
that a drop in CT ., With slower heating rates does not nec-
essarily rule out the ‘beneficial acclimation hypothesis’ (Le-
roi, Bennett & Lenski 1994), which has some empirical
support (Chung 1997; Nyamukondiwa & Terblanche 2010;
but see Huey et al. 1999).

Actually, in Drosophila pre-treatment or pre-exposure to
a non-lethal high temperature enables survival at even
higher temperatures (Levins 1969; Loeschcke, Krebs &
Barker 1994; Dahlgaard et al. 2002), and a similar response
is documented for low temperatures (i.e. pre-exposure at
non-lethal low temperatures enables survival at even lower
temperatures; Kelty & Lee 1999, 2001) thus suggesting that
beneficial thermal acclimation does indeed happen. Paren-
thetically, when assessing CTp,, in ramping protocols and
flies’ metabolic costs were probably of little concern
(Fig. 1), Chown et al. (2009) detected an important effect
of beneficial acclimation: flies kept at 15 °C had a CTpin
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that was §2i5 °C below that of their corresponding coun-
terparts raised at 25 °C.

Implications

As discussed above, multiple variables can affect the out-
come of ramping experiments aiming to estimate critical
thermal limits. Regardless of the true nature of the variables
(e.g. total energy expenditure, water loss, etc.), effects are
likely cumulative and consequently increase with the dura-
tion of assays, everything else being equal (eqn 3). The obvi-
ous implication is that the longer the trial, the higher the
contribution of these uncontrolled factors. Although we
have focused on the consequences of ramping protocol on
CTmax given the conspicuous effects of increased tempera-
tures on Qi empirical observations suggest that energy
reserves (triacylglycerols and proteins) are also important
determinants of chilling tolerance in D. melanogaster (Chen
& Walker 1994; Misener, Chen & Walker 2001). Empirical
evidence and theoretical expectations suggest that flies’ phys-
ical condition decays during the course of measurements,
hence observed responses reflect the interaction of multiple
stressors rather than the effects of temperature per se.

A related problem involves the interaction between genetic
and acclimatory effects, because acclimatory responses (if
any) should become increasingly important at slow heating
rates. Our Gedankenexperiment suggests that the phenotypic
expression of the ‘basal’ genetic diversity is expected to
decrease under this experimental condition (Fig. 4), and the
reduction might be even more pronounced if animals are
acclimating during the course of the assay. The take-home
message to circumvent all these problems is apparently
straightforward: heating and cooling rates in ramping proto-
cols should be as fast as possible (within the range in which
measurement accuracy and individuals’ physical condition
are not affected) when the primary goal is to study the evolu-
tionary potential of thermal tolerance or plastic responses to
thermal acclimation. But this obviously raises another impor-
tant question: what about ecological realism?

The fundamental issue regarding ecological realism is that
heating or cooling rates in the laboratory may mimic condi-
tions in nature (e.g. DT = 0{06 °C min’? roughly corre-
sponds to the thermal increase experience by D. melanogaster
flies during summer in arid environments of Australia; Mitch-
ell & Hoffmann 2010), but not necessarily the impact of other
stressors. For instance, Drosophila adults can behaviourally
thermoregulate (Dillon et al. 2009; Huey & Pascual 2009;
Rego et al. 2010) and might never encounter conditions simi-
lar to those of sealed empty vials in nature. Working in south-
eastern Spain, where ambient temperature in summer can be
higher than 40 °C at midday, one of us (M. Santos, unpub-
lished results) has observed that the heat tolerant cactophilic
fly D. buzzatii remains mostly inside its feeding and breeding
sites (rotting cladodes of Opuntia ficus-indica), and D. mela-
nogaster can also be found inside rotting Opuntia fruits. These
fruits are sweet and fleshy, and fermentation produces alcohol
that can also be used as food by D. melanogaster (van

Herrewege & David 1974). Although these flies could be expe-
riencing a heat stress (Gibbs, Perkins & Markow 2003; but
see Feder, Roberts & Bordelon 2000), food and water depri-
vation was probably not an issue as in the laboratory assays.
It might even be the case that under these circumstances a low
heating rate may result in higher CT ., contrarily to what is
observed in ramping protocols (Chown et al. 2009).

Conversely, there are situations when the thermal ramping
protocols with slow heating rates do perfectly match field sce-
narios. For instance, tadpoles developing in temporary ponds
experience natural heating rates around 0f03-0f05 °C min’%,
and their CTpax also drops at these values when compared
with a higher but unrealistic heating rate of 1i0 °C min*
(M. Tejedo, H. Duarte, M. Simon & M. Katzenberger,
unpublished data). Although food supply is kept constant in
these assays, elevated temperatures increase metabolism and
energetic demands in an exponential way because of Qio
effects, hence body conditions are likely to deteriorate over
time (e.g. Mora & Maya 2006) because of increased food
demands and also because not all physiological processes
scale up exponentially.

Nonetheless, given the potential contribution of other
uncontrolled factors, even in these scenarios results stemming
from measurements employing slow heating rates should be
interpreted with caution. As our Gedankenexperiment shows,
heritability may be severely underestimated because residual
variation (regardless of its source) is expected to increase
under these experimental conditions. Low heritability esti-
mates would suggest a limited potential for critical thermal
limits to evolve because the population will not track environ-
mental changes, while in reality this result would partly reflect
a lack of statistical power to detect the genetic source of varia-
tion underlying phenotypic variability in these traits (it is true,
however, that the genetic variance is also expected to decrease;
see Fig. 4). It is our contention here that the conclusion of a
limited evolutionary potential for upper thermal limits when
measured under ‘realistic ecological’ settings needs to be
revised, and its implications more critically addressed. We find
ourselves in the uncomfortable situation where the common
observation that heat tolerance varies geographically in an
‘adaptive’ direction (Levins 1969; Coyne, Bundgaard & Prout
1983; Hoffmann, Anderson & Hallas 2002; Anderson et al.
2003; Angilletta et al. 2007) is at odds with this conclusion.

Concluding remarks

As our results highlight, physiological traits are inherently
variable and susceptible to be affected by experimental con-
ditions, and the establishment of a formal conceptual
framework may help designing better experiments and also
elucidating which factors might explain observed empirical
patterns (see also Angilletta 2009). With the application of
a simple theoretical model, we have illustrated how the triv-
ial premise that measurement duration should eventually
have an impact on organisms’ physical condition can affect
the experimental outcome of dynamic methods to study
critical thermal limits. In this context, it is important to
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emphasize that our recommendation to employ relatively
rapid ramping conditions is particularly relevant for studies
on the genetic basis of phenotypic variation and/or the
effects of thermal acclimation on critical thermal limits. For
certain study models, this observation unavoidably results
in a trade-off between methodological adequacy vs. ecologi-
cal realism (a physiological analogue of Heisenberg’'s uncer-
tainty principle). Fast ramping rates may not be
ecologically realistic in some instances, but they minimize
the contribution of uncontrolled variables in experimental
settings. Conversely, slow ramping rates may closely mimic
conditions in nature, but the effects of other factors become
increasingly important and may ultimately overshadow the
effects of the target variables under study.

The fundamental message we want to stress is that different
ramping protocols ultimately result in variation across a mul-
titude of factors, hence researchers should be extremely cau-
tious when interpreting results obtained under different
experimental conditions and analysing their potential biologi-
cal significance. For instance, when discussing their findings
with the tsetse fly G. pallipides, Terblanche et al. (2007,
p. 2939) observed that T, and DT affect and interact with
thermal limits, and tried to test their effects, as well as the
mean duration of the assay, by entering all variables sequen-
tially in a linear model. The problem here is that these three
variables are necessarily co-linear due to the relationship
t ¥4 0CT,, — ToP=DT. It is well known that (severe) co-line-
arity creates serious problems if the purpose of the regression
is to understand the process, to identify important variables
in the process, or to obtain meaningful estimates of the regres-
sion coefficients (Rawlings 1988; Hadi & Ling 1998; Jolliffe
2004). Although any of those variables could be taken as a
surrogate for the whole set (Thisted 1980), a simple scaling up
of metabolic costs with decreasing heating rates may explain
why differences in CT, are associated with exposure dura-
tion. Note that we are not saying that energy expenditure is
the only factor that matters; instead, we simply stress that
effects such as the nearly fourfold difference in energy con-
sumption  between measurements in D. melanogaster
(Table 1) are probably not negligible and may be widespread
across study systems.
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Appendix S1. Thermal effects on metabolism employing other Q.
functions.

Fig. S1. Q, as a function of temperature using eqn S1.
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