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Abstract

1. To assess long-term impacts of global warming on species there is growing interest in

latitudinal intraspecific patterns in thermal adaptation. Yet, while both mean temperatures
and daily temperature fluctuations (DTFs) are expected to increase under global warming,

latitudinal differences in the effects of DTFs have not been documented.

. We tested whether low-latitude populations of an ectotherm deal better with greater DTF

than high-latitude populations, especially at a high mean temperature close to the optimal
temperature for growth where DTF causes exposure to extreme high temperatures. We
evaluated the impact of DTFs when assessing the effect of gradual thermal evolution at

the high latitude with a space-for-time substitution.

. We compared effects of both mean temperatures (20°C and 24°C) and DTFs (constant =

0°C, low = 5°C and high = 10°C) on growth rates between low-latitude and high-latitude
populations of the damselfly Ischnura elegans in a common-garden experiment.

DTFs, if anything, reduced growth and were generally stressful as indicated by reductions
in body condition, antioxidant defense and metabolic rate, and increases in oxidative
damage. Most negative effects of DTFs were only present at a mean of 24°C when too
high temperatures were reached during a daily cycle. Notably, while 4°C warming was
beneficial in terms of growth rate at both latitudes at a constant temperature regime, this
changed in a negative effect at high DTF. Moreover, this modulating effect of the mean
temperature by DTF differed between latitudes indicating local thermal adaptation. While
4°C warming at low DTF still caused faster growth in low-latitude larvae, it already
slowed growth in high-latitude larvae. This supports the emerging insight that warming
would increase growth in high-latitude larvae in absence of DTF, yet would decrease

growth in the more realistic scenarios with DTF. In contrast, a space-for-time substitution
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approach suggested that under gradual thermal evolution, the evolved high-latitude larvae
would no longer suffer a growth reduction in the presence of DTF.

5. Our study provided important proof-of-principle that jointly integrating gradual thermal
evolution and the expected increase in DTF generates opposing predictions of effects of

global warming on this ectotherm.

Keywords: Climate warming, Geographic differences, Latitudinal gradient, Life-history trait,

Space-for-time substitution, Temperature variability, Thermal evolution.

Introduction

There is increasing interest in latitudinal differences in thermal adaptation to mean
temperatures to address the long-term effects of global warming on species (Woodward,
Perkins, & Brown, 2010; Stoks, Geerts, & De Meester, 2014). Within temperate regions,
ectotherms from lower latitudes typically have their maximal performance at a higher
temperature compared to ectotherms from higher latitudes (Angilletta, Huey, & Frazier, 2009;
Conover, Duffy, & Hice, 2009). This is directly relevant to assess the potential of gradual
thermal evolution in shaping the performance of high-latitude populations under global
warming through a so-called space-for-time substitution (Fukami & Wardle, 2005). This
approach compares populations at strategically choosing latitudes that differ in mean
temperatures corresponding to an IPCC warming scenario, and assumes thermal genetic
adaptation of these populations to the current local thermal regime. In such case, the
performance of the low-latitude populations at their current higher environmental temperature
can then be used as a proxy for the performance of the high-latitude populations when they
gradually evolve (hence genetically adapt) under future warming (De Frenne et al., 2013).
While this approach should be done cautiously as time scales differ and it assumes that the

drivers of trait change in space are the same as those that drive trait change through time, this
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approach has been shown reliable to infer micro-evolutionary processes (Wogan & Wang,

2017).

The majority of global warming studies focused on the effects of an increase in mean
temperatures (Thompson, Beardall, Beringer, Grace, & Sardina, 2013; Vazquez, Gianoli,
Morris, & Bozinovic, 2015). Yet, also an increase in the magnitude of daily temperature
fluctuations (DTFs, the difference between the absolute maximum and absolute minimum day
temperatures) is expected (Colinet, Sinclair, Vernon, & Renault, 2015; IPCC, 2013;
Thompson et al., 2013; Vazquez et al., 2015). In general, increased DTFs at the same mean
temperature will result in a changed frequency of extreme warm and cold daily temperatures
(Estay, Lima, & Bozinovic, 2014). The more realistic climate scenario, where both the mean
temperature and the DTF around this mean increase, will result in a higher frequency and
intensity of extreme warm temperatures (scenario 3 in Estay et al., 2014). Notably, recent
studies indicate that it may be more challenging for ectotherms to deal with the increase in
DTFs than with the increase in mean temperatures (Paaijmans et al. 2013; Vasseur et al.
2014). DTFs at a given mean temperature can indeed negatively affect fitness-related traits
such as growth rate and development rate, and decrease survival (Bozinovic, Medina, Alruiz,
Cavieres, & Sabat, 2016; Colinet et al., 2015; Paaijmans et al., 2013). These deleterious
effects occur when the range of temperatures encountered during a daily cycle exceeds the
optimal temperature, above which performance rapidly falls (Colinet et al., 2015; Estay et al.,
2014; Martin & Huey, 2008; Stoks, Verheyen, Van Dievel, & Tiziin, 2017). A reduction in
performance under DTF can be explained because of the higher allocation of energy to the
increased metabolic demands for cell maintenance (Colinet et al., 2015; Kern, Cramp, &
Franklin, 2015), which may include the production of stress proteins (McMillan, Fearnley,

Rank, & Dahlhoff, 2005). Moreover, DTFs can reduce the thermal optimum (Bozinovic,



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Sabat, Rezende, & Canals, 2016) and the heat and cold tolerance (Bozinovic, Medina, et al.,

2016, but see Nyamukondiwa, Kleynhans, & Terblanche, 2010).

Besides mean temperatures, also DTFs are higher at low than at high latitudes in
temperate regions (30°-60° range in both hemispheres, Figure 1f in Wang & Dillon, 2014;
Manenti, Sgrensen, & Loeschcke, 2017). Note this pattern is the opposite for climate
variability (the difference between the absolute maximum and absolute minimum year
temperatures), which is higher at high latitudes because of lower extreme winter temperatures
(Addo-Bediako, Chown, & Gaston, 2000). Whether populations from low latitudes also are
better adapted to deal with the higher daily temperature variation compared to high latitudes is
largely unknown. Surprisingly, only three empirical studies tested for geographic differences
in the effects of DTF on performance (all on invertebrates studied at different latitudes), and
none of these studies detected it (for development rate in Ragland and Kingsolver, 2008;
intrinsic population growth rate in Hong and Shurin, 2015; multiple life-history and stress-
resistance traits in Manenti et al., 2017). Moreover, only one of these studies (Ragland and
Kingsolver, 2008) exposed animals both to their local mean temperature and DTF and those
of populations at different latitudes, which is important to assess adaptation to the local

thermal regime.

Despite the absence of empirical studies demonstrating it, latitudinal differences in the
effect of DTFs can be expected because of the widespread patterns of adaptation to the local
mean temperatures. Especially at high mean temperatures, DTFs can be predicted to be more
deleterious for high-latitude populations. This is because at a high mean temperature the high
DTFs will more often include temperatures exceeding the optimum temperature in the high-
latitude populations (as these have a lower optimum temperature than the low-latitude
populations). In other words, one can expect deleterious effects of DTFs on high-Ilatitude

individuals because of the extreme high temperatures that these fluctuations impose. The
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potential for latitudinal differences in how populations deal with DTV is a crucial but
neglected aspect in space-for-time substitutions. Indeed, space-for-time studies assume that
the current response to the higher mean temperature in low-latitude populations can be used
as a proxy for the future response to the predicted higher mean temperature under thermal
evolution at the high-latitude populations (De Frenne et al., 2013; Stoks et al., 2014). These
studies thereby ignore that besides the mean temperatures also the DTFs differ between

latitudes and will increase under warming.

In the current study, we investigated differences in the response of individual growth
rate to both mean temperature and daily temperature fluctuations between high- and low-
latitude populations of an aquatic insect in a common-garden rearing experiment. Given the
higher mean temperature and greater DTF at the low latitude, we expected low-latitude
populations to deal better with greater DTF than high-latitude populations, especially at a high
temperature close to the optimal temperature for growth. This is because (i) low-latitude
populations are experiencing (hence likely are better adapted to cope with) both a higher
mean temperature and a higher DTF around that mean compared to high-latitude populations
(Wang & Dillon 2014), and (ii) because when a high mean temperature is combined with a
high DTF the range of temperatures encountered often exceeds the optimal temperature which
will cause sharp decreases in performance as performance rapidly falls above the thermal
optimum (Estay et al., 2014). In other words, under large temperature fluctuations at a high
mean temperature, high-latitude larvae are more likely to suffer as they will more often
experience extreme high temperatures (above their thermal optimum) compared to low-

latitude populations.

We studied damselfly larvae as these are particular vulnerable to global warming as
they cannot escape exposure during their obligate aquatic life (Hassall & Thompson, 2008).

Moreover, the study species Ischnura elegans prefers shallow freshwater ponds and therefore



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

is subjected to high daily temperature fluctuations. This species has a wide European
distribution, occurring from northern Spain till central Sweden (Boudot & Kalkman, 2015).
While high-latitude populations (Denmark/Sweden) are semivoltine (one generation every
two years), low-latitude populations (southern France) are multivoltine (3-4 generations per
year) (Corbet, Suhling, & Soendgerath, 2006). We capitalized on the observation that the
mean water temperature experienced during summer is 4°C warmer at the studied low-
compared to high-latitude populations (De Block, Pauwels, Van Den Broeck, De Meester, &
Stoks, 2013; Dinh Van, Janssens, Debecker, & Stoks, 2014), thereby matching the expected
increase in temperature by 2100 under IPCC (2013) scenario RCP 8.5. Importantly, we not
only included the two mean water temperatures at both latitudes (20°C and 24°C), but also the
maximum daily water temperature fluctuations during summer at both latitudes (5°C and
10°C), allowing for the first time a space-for-time substitution including DTF. Hence, we can
use the current performance of the low-latitude populations at 24°C and 10°C DTF (their
current thermal summer regime to which they are genetically adapted) as a proxy for the
future performance of the high-latitude populations when they would gradually evolve when
their thermal regime (current thermal summer regime of 20°C with 5°C DTF) under global

warming shifts to the current regime at the low latitude.

To better understand patterns on growth rate we measured multiple physiological
mechanisms to independently evaluate whether thermal regimes were stressful (Folguera et al.
2011). We measured two important condition-related traits in damselflies (Rolff & Joop,
2002; Stoks & Cordoba-Aguilar, 2012): the activity of phenoloxidase (PO), a key enzyme of
the insect immune function, and total fat content, the main energy storage molecule in insects.
To assess oxidative stress, we determined the activity of the two key anti-oxidant enzymes in
insects (Korsloot, van Gestel, & van Straalen, 2004), superoxide dismutase (SOD) and

catalase (CAT), and the level of oxidative damage to lipids measured as lipid peroxidation
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(malondialdehyde, MDA) (Monaghan, Metcalfe, & Torres, 2009). As an estimate of
metabolic rate, we measured the activity of the electron transport system (ETS) (De Coen &

Janssen, 2003).

Materials and methods

Study populations and pre-experimental rearing

We studied three low-latitude (southern France) and three high-latitude (Denmark and
southern Sweden) populations within the European range of I. elegans (Boudot & Kalkman,
2015). The low-latitude populations were St. Martin de Crau (43°37°56.77”N; 4°46°58.20”E),
Camaret-sur-Aigues (44°08°56N; 4°51°17”E) and Bassin du Réaltor (43°28°1.85”N;
5°19°35.51”E) in southern France. The high-Ilatitude populations were Lund (55°44°5.4”N;
13°9°13.4”E) in southern Sweden, and Laesoe (57°15°12.14”N; 10°54°19.75”E) and Roskilde

(55°39°09.80”N; 12°08°01.68”E) in Denmark. All populations are situated at shallow lakes.

In each population 20-25 mated females were collected between the end of June and
the beginning of July 2015. The females were placed individually in small plastic vials with
wet filter paper to oviposit. After oviposition, the filter papers carrying eggs were transferred
to the laboratory in Leuven (Belgium) and incubated at 20°C. In the first two months, larvae
were reared in groups of 15 in 2 L containers. Thereafter, larvae were placed individually in
plastic cups (7.5 cm height, 3.5 cm diameter) filled with 100 mL dechlorinated tap water.
Throughout this period larvae were kept in a temperature-controlled room at a water
temperature of 20°C and a photoperiod of 14:10h (L:D). Larvae were fed Artemia nauplii ad

libitum once per day, five days per week.

To mimic realism all larvae were given the same artificial winter. At the end of
September, we started simulating the natural fall and winter temperature and photoperiod

conditions in Belgium (ca. halfway between both latitudes). Therefore, cups with larvae were
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placed on shelves in an outdoor cage where the water temperature ranged between 4 and
12°C. Winter temperatures of 4°C occur at both the high latitude (Denmark, southern
Sweden) and the low latitude (southern France) (data derived from the Flake model,
Simmons, Uppala, Dee, & Kobayashi, 2007). Mid-January, larvae were placed back inside at
10°C in incubators. Thereafter, water temperatures were gradually raised: to 13°C (27
January), 15°C (29 January), 18°C (2 February) and finally to 22°C (4 February). From the
simulated fall and winter onwards, larvae were fed Artemia nauplii ad libitum three days per

week. We checked every two days for final instar larvae, starting 12 February.

Experimental design
We exposed final instar larvae from both latitudes for 13 days to all six combinations of 2
mean water temperatures (20°C and 24°C) x 3 daily water temperature fluctuations (0°C, 5°C,
10°C). The mean temperatures represent the mean summer water temperatures in the high-
latitude (20°C) and low-latitude (24°C) ponds inhabited by the study species (De Block et al.,
2013; Dinh Van et al., 2014). The daily water temperature fluctuations were chosen based on
the maximum daily water temperature fluctuations during July in shallow clear freshwater
bodies (< 1m) at the high latitude (5°C) and the low latitude (10°C). These temperature
fluctuations were derived from the Flake model (Simmons et al., 2007) and validated with
actual temperature data from shallow ponds at both latitudes (unpublished data). During the
entire experiment water temperature data were collected using Hobo onset data loggers
(TidbiT v2 Temp logger). In each temperature treatment, water temperatures were logged
every 10 minutes throughout the whole experiment. The realized thermal regimes are shown
in figure S1 in Appendix S1.

Under global warming a mean temperature increase of 4°C is predicted by 2100 under
IPCC (2013) scenario RCP 8.5. Therefore, the current mean temperature (24°C) at the low

latitude corresponds to the future mean temperature at the high latitude. Following Paaijmans



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

et al. (2013), expected patterns in DTF were estimated based on daily maximum and
minimum temperatures predicted for 2080 under the RCP 8.5 scenario (IPCC 2013) using
BCC_CSM 1.1 (Beijing Climate Center Climate System Model 1.1) and Delta Method IPCC
AR5 at a spatial resolution of 2.5 min (consulted from http://www.ccafs-climated.org/Data).
To obtain latitude-specific data, temperature data were imported in ArcGIS Pro 2.2. This
model predicted an increase of DTF with 5°C by 2080. Therefore, we can conclude that the
current maximum DTF (10°C) at the low latitude matches the future maximum DTF at the

high latitude by 2100.

The thermal regimes started one day after the larvae molted into the final instar and
ran for 13 days. At the start, larvae were transferred into transparent cups (4.4 cm height, 5.0
cm diameter) filled with 90 mL dechlorinated tap water. During the 13-day period, larvae

received ad libitum Artemia nauplii seven days per week.

Response variables

Mortality during the 13-day period was low and varied between 0% and 2.5% among
treatments. To estimate growth rates we weighed each larva two times (at the start and at the
end of the 13-day growth experiment) to the nearest 0.01 mg using an electronic balance
(Mettler Toledo® AB135-S, Zaventem, Belgium). Before weighing, we gently blotted the
larvae dry with tissue paper; this gives reliable wet mass estimates which are strongly
correlated with dry mass (Stoks, De Block, Van De Meutter, & Johansson, 2005). We
estimated growth rates as [In (final mass) — In (initial mass)] / 13 days. The sample size for
growth rate per treatment combination was 30 larvae (total of 360 larvae). After the final
weighing, all larvae were stored at -80°C for further physiological analyses. Sample sizes for
phenoloxidase (PO) and superoxide dismutase (SOD) varied between 28 and 30 larvae. The
other physiological variables were measured on a subset of 18-20 larvae per treatment

combination. For all physiological variables, exact sample sizes are given in the figures.

10
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We quantified a set of physiological traits on the body supernatants using
spectrophotometry. To obtain the body supernatant we homogenized the larvae (without head)
in PBS buffer (Phosphoric Buffered Saline, 90% of the final mass x 15 pL) and centrifuged
the mixture. To correct the enzyme activities, we measured protein content in the body

supernatant of every sample using the Bradford (1976) method.

As a measure of immune function we quantified phenoloxidase (PO) activity using a
modified protocol of Stoks, De Block, Slos, Van Doorslaer, and Rolff (2006). The enzyme PO
plays a major role in the immune function of insects since it is involved in eliminating a
variety of pathogens (Braun, Hoffmann, & Meister, 1998) and in wound repair (Sugumaran,
2002). We added 5 pL of the body supernatant, 15 pL PBS buffer and 3 pL chymotrypsin (1
mg mL"! milliQ water) to wells of a 384-well microtiter plate. After the mixture incubated 5
minutes at room temperature, allowing the conversion of proPO to PO, we added 17 pL L-
Dopa (1.97 mg mL™! PBS). PO catalyses the transition from L-Dopa to dopachrome
(Sugumaran, 2002). This reaction proceeded at 30°C for 30 minutes; we measured the
absorbance of dopachrome every 20 seconds at 490 nm. We used the slope of the linear part
of the reaction curve (time interval 1000-2000s) to quantify the PO activity. For statistical
analyses we used the average of the duplicate readings per larva. One unit of PO activity is

expressed in nmol dopachrome formed per minute per mg protein.

To quantify fat content we used a protocol of Marsh and Weinstein (1966), which was
modified and optimized for damselfly larvae (Verheyen, Temmerman, De Block, & Stoks,
2018). After filling glass tubes with 8 pL body supernatant and 56 pL sulphuric acid (100%),
tubes were first heated at 150°C for 20 minutes and then cooled down to add 64 pL of milliQ
water. We filled a 380-well microtiter plate with 30 pL of the final mixture in triplicate per

larva and measured the absorbance at 490 nm. Means of the triplicate readings were used in

11
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statistical analyses and a standard curve of glyceryl tripalmitate was used to convert

absorbances into fat contents. Fat content was expressed in g per mg wet mass.

As antioxidant enzymes we measured superoxide dismutase (SOD) and catalase
(CAT). SOD dismutates superoxide anions into hydrogen peroxide, which is further reduced
to water by CAT. We measured SOD activity using the SOD assay kit WST (Fluka, Buchs,
Austria) following the protocol of (De Block & Stoks, 2008a). We pipetted 20 pL of the body
supernatant, 2 uL of enzyme working solution and 40 pL of WST working solution in wells
of a 96-well microtiter plate. We measured the absorbance of formazan, which is formed by
the reduction of the tetrazolium salt WST-1 with superoxide anion, at 440 nm after a 20-
minute incubation at 37°C. SOD activity units were derived from inhibition rates that were
calculated using an inhibition curve made with commercial SOD from bovine erythrocytes (>
97% purity). One unit SOD is defined as the amount of SOD needed to inhibit the WST-1
reduction with 50%. SOD activity was expressed as units per mg protein. We measured CAT
activity using an established protocol for damselfly larvae (De Block & Stoks, 2008a;
Janssens & Stoks, 2013). First, we diluted the body supernatant by adding 75 puL PBS buffer
to 5 pL supernatant. We added 20 pL of the diluted body supernatant, 80 puL PBS and 100 pL
of 20 mM hydrogen peroxide in a well of a 96-well microtiter plate. We measured the
degradation of hydrogen peroxide every 15 seconds during 2.5 minutes at 240 nm. The slope
of the linear part of the absorbance reaction curve was used to calculate the CAT activity
(measured in duplicate). One CAT unit is defined as the amount of enzyme needed to degrade

1 nmol hydrogen peroxide per min per mg protein.

To measure the amount of malondealdehyde (MDA), a measure of oxidative damage
to lipids, we used the thiobarbituric acid assay (TBA assay) based on a modified protocol of
(Miyamoto, Almeida, Nogueira, Gennari de Medeiros, & Di Mascio, 2011). The mixture

existing of 50 pL TBA solution (0.4 %, in 0.1 M HCI) and 50 pL of body supernatant was

12
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incubated at 90°C for 60 minutes. Afterwards, we added 165 pL butanol, mixed and
centrifuged the final mixture at 845 g during 4 minutes. We pipetted 30 pL of the final
mixture in triplicate in a 384-well microtiter plate and we measured fluorescence at an
excitation/emission wavelength of 535/550 nm. We used the standard curve of 1,1,3,3-
tetramethoxypropan 99% malonaldehyde bis (dimethyl acetol) 99% to calculate the

concentration of MDA. MDA levels were expressed as nmol MDA per mg fat.

The electron transport system (ETS) activity is an estimate of metabolic rate and was
measured using the protocol of De Coen and Janssen (2003). The ETS is a multi-enzyme
complex that is localized in the inner membrane of the mitochondria, where it functions as a
bridge between oxidizing organic matter and oxygen (G.-Téth, Szabo, & Webb, 1995). We
loaded wells of a 384-well microtiter plate in duplicate with 5 pL of the body supernatant and
15 uL buffered substrate solution (0.13 M Tris-HCI, 0.3% Triton X-100, 1.7 mM NADH, 250
MM NADPH, pH 8.5). Afterwards, we added 10 pL iodonitrotetrazolium (INT, 8 mM p-
iodonitrotetrazolium), which replaces O as electron acceptor and receives electrons from
NADPH via NADH-cytochrome oxidoreductase with the formation of formazan as a result.
We measured the increase in absorbance of formazan every 30 seconds during 5 minutes at
490 nm and 20°C. We calculated the formazan concentrations based on the Lambert-Beer law
using a molecular extinction coefficient of 15.9 mM-*cm™. These concentrations were
converted to cellular oxygen consumption rates using the stoichiometric relationship that 1
pmol Oz is used to form 2 umol formazan in the ETS system. ETS activity was expressed as

nmol Oz per minute per mg protein.

Statistical analyses
All analyses were run in R 3.4.0. for Windows (R Core Team, 2014). We tested for effects of
mean temperature, daily temperature fluctuation (DTF) and latitude on the different response

variables using linear mixed models using the ‘lme4’ package (Bates, Mé&chler, Bolker, &

13
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Walker, 2015). We calculated Wald chi-square statistics and p-values for fixed effects using
the ‘car’ package (Fox & Weisberg, 2011). In each model we added population nested in
latitude as random effect. Growth rate was square root transformed, while MDA levels, CAT
and ETS activity were log transformed to meet ANOVA assumptions. We further analyzed
significant effects of the daily temperature fluctuation (three levels) and its interactions by
comparing the least-square means using Tukey posthoc tests with the ‘Ismeans’ package

(Lenth, 2018).
Results

General patterns in larval growth rate

Low-latitude larvae had higher growth rates than high-latitude larvae across all thermal
regimes (Table 1, Fig. 1). Mean temperature and DTF interacted (MeanT x DTF) and this
interaction differed between latitudes (MeanT x DTF x Lat, Table 1, Fig. 1). While at both
latitudes growth rate was higher at 24°C than at 20°C at 0°C DTF, and lower at 24°C than at
20°C at 10°C DTF, at the intermediate 5°C DTF growth of low-latitude larvae was faster at
24°C than at 20°C (Tukey P =0.037), while growth of high-latitude larvae tended to be lower
at 24°C than at 20°C (P = 0.052). This 3-way interaction also indicated different effects of
DTF and its interaction with latitude between mean temperatures. Indeed, at a mean of 20°C
DTF had no effect on growth rate (DTF: x5 = 3.92, P = 0.14, DTF x Lat, x3 = 4.52, P = 0.10,
Fig. 1). Yet, at a mean of 24°C larval growth rate strongly decreased with increasing DTF (x5
=104.97, P < 0.001), and this further depended on latitude (DTF x Lat: x3 = 20.88, P <
0.001, Fig. 1). In high-latitude larvae, the decrease in growth with increase in DTF at 24°C
was stronger and already occurring at 5°C DTF (Tukey P < 0.001), while in low-latitude

larvae the growth decrease was smaller and not yet present at 5°C DTF (P = 0.39).

Estimated effects of global warming on growth rate at the high latitude

14
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Assuming only plastic thermal responses, 4°C warming will increase the growth rate of high-
latitude larvae when DTF is absent (Tukey P = 0.007). When considering DTF, however,
high-latitude larvae will grow slower at the predicted 24°C with 10°C DTF under global

warming than at their current mean temperature of 20°C with 5°C DTF (Tukey P < 0.001).

Estimated effects of global warming on growth change considerably when we simulate
thermal evolution by applying a space-for-time substitution where the growth of the high-
latitude larvae gradually evolves into the current growth of the low-latitude larvae. In the
absence of DTF, evolved high-latitude larvae will grow faster at 24°C compared to the current
growth of the high-latitude larvae at 20°C and no DTF (Tukey P < 0.001), and more so than
when they would show only a plastic thermal response (Tukey P < 0.001). When considering
DTF, the increase in growth of high-latitude larvae under warming (24°C with 10°C DTF)
will still be present compared to the not evolved high-latitude larvae at their current

temperature conditions (20°C with 5°C DTF, Tukey P = 0.005).

Condition-related traits

Of the two condition-related traits, PO activity but not fat content was affected by the thermal
treatments and their interactions (fat content: all P > 0.36, Table 1, Fig. 2a). Mean
temperature and DTF interacted for PO activity (MeanT x DTF, Table 1, Fig. 2b), and this
further depended on latitude (MeanT x DTF x Lat, Table 1, Fig. 2b). In high-latitude larvae,
PO activity was lower at 24°C than at 20°C, but only at 10°C DTF (Tukey P = 0.011). In low-
latitude larvae, however, PO activity was lower at 24°C than at 20°C at 0°C DTF (P = 0.038)
and nearly so at 5°C DTF (P = 0.097). This 3-way interaction also indicated different effects
of DTF and its interaction with latitude between mean temperatures. Indeed, PO activity was
not affected by DTF and latitude at 20°C (Tukey, all P > 0.44), while at 24°C PO activities
were higher in high-latitude larvae than in low-latitude larvae but only at 0°C DTF (P =

0.005) and 5°C DTF (P = 0.036). Furthermore, at 24°C PO activity in high-latitude larvae
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decreased at 10°C DTF compared to 0°C (trend: P = 0.10) and 5°C DTF (P = 0.036), while in
low-latitude larvae PO activity instead increased at 10°C DTF compared to 0°C DTF (P =

0.036).

Oxidative stress and damage

The effect of mean temperature on both antioxidant enzymes depended on DTF (MeanT x
DTF, Table 1, Fig. 3). CAT activity was higher at 24°C than at 20°C but only at 0°C DTF
(Tukey P =0.027, at other DTFs: P > 0.13, Fig. 3a). Furthermore, CAT activity at 24°C
tended to be lower at 10°C DTF than at 0°C DTF (P = 0.098). SOD activity was higher at
24°C than at 20°C but only at 10°C DTF (Tukey P = 0.018, at other DTF: P > 0.20, Fig. 3b).
Furthermore, SOD activity at 24°C was higher at 10°C DTF than at 0°C DTF (Tukey P =
0.046). At 20°C, DTF did not affect CAT (all P > 0.46, Fig. 3a) and SOD activity (all P >
0.53, Fig. 3b). MDA levels were higher in low-latitude than in high-latitude larvae but only at
10°C DTF (Tukey P = 0.045, DTF x Lat, Table 1, Fig. 3c). Furthermore, MDA levels did not
differ among DTFs in high-latitude larvae (P > 0.46), while in low-latitude larvae MDA

levels were higher at 10°C DTF compared to 0°C DTF (P = 0.033).

Metabolic rate
Low-latitude larvae tended to have a higher ETS activity than high-latitude larvae (Table 1,
Fig. 4). ETS activity did not differ between mean temperatures but was lower at 10°C DTF

than at 0°C DTF (Tukey P = 0.024, main effect DTF, Table 1, Fig. 4).

Discussion

We found widespread effects of daily temperature fluctuation (DTF) on nearly all traits
measured (except for fat content) confirming the biological importance of the daily
temperature cycles that animals encounter in natural populations (Colinet et al., 2015). DTF,

if anything, reduced growth and was stressful as indicated by reductions in body condition
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(activity of phenoloxidase), antioxidant defense (activity of catalase) and metabolic rate
(activity of the electron transport system), and an increase in oxidative damage (measured as
malondialdehyde). Notably, most effects of DTF were strongly dependent on the mean
temperature. Indeed, for four traits (growth rate, and the activity levels of PO, CAT and
superoxide dismutase (SOD)), the effect of DTF was only present at 24°C and not at 20°C,
indicating the thermal performance curve was linear at 20°C. Vice versa, the effect of 4°C
warming strongly depended on DTF. Our findings indicate that while a 4°C increase in mean
temperature was beneficial in the absence of DTF, this critically changed when DTFs were
present. An important novel finding of our study was that, as expected, the effects of DTF
also differed for several traits between latitudes, mostly supporting the idea that DTF was
more costly for high-latitude larvae. Based on these latitudinal differences, the long-term
effects of warming in the high-latitude population may strongly differ when taking into

account gradual evolution and DTF.

General latitudinal patterns

Low-latitude larvae grew faster than high-latitude larvae in all thermal regimes. This confirms
the latitudinal pattern in growth rate in the study species when using constant rearing
temperatures (Dinh Van et al., 2014; Shama, Campero-Paz, Wegner, De Block, & Stoks,
2011; Stoks, Swillen, & De Block, 2012), and extends it to thermal regimes with DTF. Low-
latitude populations have multiple generations per year (multivoltine), which selects for a
faster life history (including growth rate) due to higher time constraints experienced per
generation (Shama et al., 2011, for other insects: e.g. Ragland & Kingsolver, 2007). In
contrast, the slower growing high-latitude populations complete one generation every two
years (semivoltine) (Corbet et al., 2006), thereby experiencing less time constraints per
generation. The faster life history of low-latitude larvae may also explain the trend for a

higher metabolic rate (measured as ETS activity), confirming a higher respiration rate in the

17



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

low-latitude larvae (Debecker & Stoks, in press). Related to this, low-latitude larvae
experienced more oxidative damage to lipids (measured as MDA) than high-latitude larvae at
10°C DTF. Oxidative damage occurs when antioxidant defense mechanisms fail to eliminate
the produced ROS (reactive oxygen species) in time, causing an imbalance towards ROS
(Monaghan et al., 2009). Associated with prioritizing rapid growth, low-latitude larvae also
invest less energy in costly immune defense mechanisms (Stoks & De Block, 2011), observed
here as a trend for a lower PO activity.

DTF shapes the effects of mean temperature

A key finding was that while larval growth rates were higher at 24°C than at 20°C in the
absence of DTF, this pattern reversed at high DTF. The higher growth rates at 24°C and no
DTF match previous studies where I. elegans larvae were reared at constant temperatures
(Dinh Van et al., 2014; Shama et al., 2011; Stoks et al., 2012). This confirms that growth rates
at 24°C are situated in the rising part of the thermal performance curve for growth. In
contrast, larvae from both latitudes grew slower at 24°C than at 20°C when DTF was large
(10°C) suggesting that during the high DTFs at 24°C temperatures regularly exceeded the
optimal temperature for growth rate. Our results match the stronger reduction in survival in A.
stephensi mosquito larvae when a higher DTF (12°C) was imposed around the thermal
optimum (32°C) than a smaller DTF (8°C) (Paaijmans et al., 2013).

A growth reduction under DTF at a high mean temperature has been explained by the
higher allocation of energy to the increased metabolic demands for cell maintenance (Colinet
et al., 2015; Ruel & Ayres, 1999). However, in our study metabolic rate (measured as ETS
activity), was instead lower at 10°C DTF compared to 0°C DTF. This matches the pattern that
oxygen consumption in Chinese shrimp (Fenneropenaeus chinensis, Tian, Dong, Wang, &
Wu, 2004) and in sea cucumbers (Apostivhopus japonicas, Dong & Dong, 2006) was lower

when temperatures fluctuated than when constant at the same mean temperature. Intriguingly,
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in both studies the decrease in oxygen consumption was assumed to underlie the opposite
growth pattern than we observed, namely a higher growth rate under fluctuating compared to
constant temperatures (Dong & Dong, 2006; Tian et al., 2004). The relationship between
metabolic rate and growth rate can, however, be positive, absent or negative (Glazier, 2015).
Apparently, in our study when too high temperatures were reached for a given acclimation
temperature during a daily cycle, larvae reduced both their metabolism and when at 24°C also
their growth rate. This resembles the hypometabolic response that is shown in many animals,
including damselfly larvae (Dinh Van, Janssens, & Stoks, 2016), at stressful temperatures

(Storey, 2015).

To the best of our knowledge, we provide the first demonstration that the modulation
of the effect of the mean temperature by DTF has a geographic component indicating local
thermal adaptation. Indeed, the increase in growth rate going from a mean temperature of
20°C to 24°C at a constant temperature (0°C DTF), was still present at low (5°C) DTF in low-
latitude larvae but no longer in high-latitude larvae. At high (10°C) DTF growth rate was
lower at a mean of 24°C than at 20°C at both latitudes. This suggests that stressful (above the
thermal optimum for growth) upper temperatures during a day-night cycle at the mean
temperature of 24°C were already reached at lower DTF in high-latitude larvae than in low-
latitude larvae. This observation is consistent with local thermal adaptation as the mean
summer water temperature is lower in the high-latitude populations (20°C) than in the low-
latitude populations (24°C) (De Block et al., 2013). In support of this, in the study by Shama
et al. (2011), growth rate of the low-latitude larvae was still steadily increasing at the highest
test temperature used in that study (24°C) while growth rate of the high-latitude larvae was
already considerably levelling off at 24°C, indicating 24°C to be close to the thermal optimum
for high-latitude populations and the thermal optimum to be higher in low-latitude

populations than in high-latitude populations. At high (10°C) DTF, the upper temperatures
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came close to 30°C, which apparently was also stressful in low-latitude larvae. This is

supported by the fact that low-latitude I. elegans adults suffered a reduced flight ability when
reared as larvae at 30°C (Arambourou, Sanmartin-Villar, & Stoks, 2017). Geographic

differences in the effect of DTF have been largely ignored. The three other studies could not
find geographic differences in the effect of DTV on performance traits despite differences in
both mean temperature and DTF across populations from different latitudes (Hong & Shurin,
2015; Manenti et al. 2017; Ragland & Kingsolver, 2008). Our results suggest that one reason
for differences among studies is that the geographic signal may only be detected at low DTF

and not at high DTF.

DTF also differently shaped the effect of 4°C warming on immune function between
latitudes. Indeed, 4°C warming reduced the PO activity only at 10°C DTF in high-latitude
larvae, while it reduced the PO activity only at 0°C (and trend at 5°C) DTF in low-latitude
larvae. For the high-latitude larvae that experience colder temperatures in their ponds of
origin, a mean temperature 24°C with 10°C likely resulted in temperatures crossing the
thermal optimum for immune function. Apparently, the optimum temperature for PO activity
is slightly higher than for growth rate as a mean temperature of 24°C with 5°C DTF already
caused a reduction in growth rate. Differences in thermal sensitivity among traits are a general
phenomenon (Colinet et al., 2015, Sinclair et al., 2016). In contrast, the lower PO activity of
the low-latitude larvae at a mean temperature of 24°C compared to 20°C when no or 5°C DTF
was present, likely was driven by a trade-off with their high investment in growth rate under
low DTF. Such trade-off between rapid growth and lower PO activity has been
experimentally demonstrated in damselfly larvae (e.g. De Block and Stoks, 2008b). This
trade-off is less expected at 24°C combined with 10°C DTF where low-latitude larvae

reduced their growth rate.

Possible implications for effects of global warming in the high-latitude populations
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The interactive effects between mean temperature, DTF and latitude have important
implications for the predicted effect of 4°C warming (based on IPCC (2013) scenario
RCP8.5) at the high latitude. Indeed, while mild warming is thought to be beneficial for
temperate ectotherms (Deutsch et al., 2008), our results indicate this may critically depend on
the degree of DTF. This supports similar findings based on simulation studies (Estay et al.,
2014; Vasseur et al., 2014) and on an empirical study on mosquito larvae (Paaijmans et al.,
2013). Because under global warming both increases in mean temperature and in DTF are
expected (models: Easterling et al., 2000; empirical data: Katz, Brush, & Parlange, 2005),
considering this interaction is highly relevant to arrive at more realistic predictions of the
effects of global warming on fitness-related traits (Colinet et al., 2015; Folguera et al., 2011;
Vasseur et al., 2014). Assuming no thermal evolution, 4°C warming would plastically
increase growth in high-latitude larvae in the absence of DTF, yet would decrease growth in
the more realistic scenarios with 5°C and 10°C DTF. DTFs around a warmer mean
temperature daily generate extreme temperatures which may neutralize any performance
advantages established by the increase in mean temperature alone (Vasseur et al., 2014). This
strong interaction between mean temperature and DTF confirms that caution is needed when
using constant temperatures to study the plastic responses to warming because this may not
reflect changes in performance under more realistic conditions (Carrington, Armijos,
Lambrechts, Barker, & Scott, 2013; Kingsolver, Higgins, & Augustine, 2015; Paaijmans et

al., 2013; Ragland & Kingsolver, 2008; Vasseur et al., 2014).

These predictions based on current plastic thermal responses in the high-latitude
population strongly changed when we assessed the impact of the more realistic scenario of
gradual thermal evolution at the high latitude using a space-for-time substitution (De Frenne
et al., 2013; Stoks et al., 2014). We thereby built on the latitudinal pattern in thermal

adaptation and assumed that by 2100 the mean temperature at the high latitude will raise to
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24°C and the DTF to 10°C (based on IPCC (2013) scenario RCP8.5), thereby matching the
current thermal regime at the low latitude. This approach predicts that under gradual thermal
evolution where the high-latitude larvae evolve to have the same ability as the low-latitude
larvae to deal with a mean of 24°C and 10°C DTF, the evolved high-latitude larvae would no
longer suffer a growth reduction, but instead would increase growth rate. Hence, our results
suggest that gradual evolution has the potential to reverse the emerging insight that
temperature variation will make ectotherms more vulnerable to future warming (Paaijmans et
al., 2013; Vasseur et al., 2014; this study). Note that the high levels of gene flow in the study
species (Shama et al., 2011) may facilitate the gradual evolution in northern populations by
providing alleles from low-latitude populations that are pre-adapted to warmer conditions
(Paul, Sheth, & Angert, 2011). Taken together, our combined study of the effects of increases
in mean temperature and DTF at two strategically chosen latitudes provided important proof-
of-principle that integrating gradual thermal evolution and the expected increase in DTF may

generate different and even opposing predictions of the effect of global warming.

To conclude, our results add to the increasing insight that mean temperature and DTF
can not only strongly impact individual performance and physiology but may do so in an
interactive way (Colinet et al., 2015; Estay et al., 2014; Stoks et al., 2017). This supports the
call for their integrated study when assessing the impact of climate change on species (Boher,
Trefault, Estay, & Bozinovic, 2016; Estay et al., 2014). We added an important dimension to
this topic by showing predictable latitudinal differences in how species react to such
integrated warming scenarios that consider both increases in mean temperature and in DTF.
This highlights the importance of jointly considering gradual thermal evolution and DTF

when predicting the impact of global warming on species.
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Table 1. The results of linear mixed models testing for the effects of mean temperature (MeanT), daily temperature fluctuation (DTF) and

latitude (Lat) on larval growth rate and a set of physiological traits in larvae of Ischnura elegans. Physiological traits analyzed were

phenoloxidase (PO) activity, fat content, activities of catalase (CAT) and superoxide dismutase (SOD), malondialdehyde (MDA) levels and

electron transport system (ETS) activity. Significant P-values (< 0.05) are indicated in bold, trends (P < 0.10) are underlined.

Growth rate Fat content PO activity CAT activity SOD activity MDA levels  ETS activity
Effect x5 P x5 P X3 P X3 P x5 P x5 P x5 P
MeanT 1261 <0.001 0.0002 0.99 0.011 0.92 2.74 0.098 1.22 0.27 1.74 0.19 0.018 0.89
DTF 410 0.13 2.05 0.36 1.90 0.39 1.49 0.48 0.80 0.67 1.29 0.52 7.49 0.024
Lat 24.87 <0.001 0.15 0.70 2.77 0.096 1.19 0.27 0.13 0.71 1.39 0.24 2.76 0.097
MeanT x DTF 34.19 <0.001 159 045 7.97 0.019 522 0.074 6.74 0.034 324 0.20 0.62 0.73
MeanT x Lat 1.09 0.29 0.74 0.39 242 0.12 0.067 0.80 1.34 0.25 201 0.16 0.35 0.55
DTF x Lat 413 0.13 1.08 0.58 1.59 0.45 2.44 0.30 0.071 0.97 491 0.086 0.73 0.69
MeanT x DTF x 9.13 0.010 0.19 091 6.45 0.040 0.66 0.72 4.47 0.11 1.52 0.47 1.12 0.57

Lat
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Figure legends

Figure 1. Mean (+ 1 SE) larval growth rate of Ischnura elegans as a function of mean

temperature, daily temperature fluctuation (DTF) and latitude. Numbers denote sample sizes.

Figure 2. Mean (+ 1 SE) phenoloxidase (PO) activity (a-b) and fat content (c-d) of Ischnura
elegans as a function of mean temperature, daily temperature fluctuation (DTF) and latitude.

Numbers denote sample sizes.

Figure 3. Mean (+ 1 SE) catalase (CAT) activity (a-b), superoxide dismutase (SOD) activity
(c-d) and levels of oxidative damage to lipids (MDA) (e-f) of Ischnura elegans as a function
of mean temperature, daily temperature fluctuation (DTF) and latitude. Numbers denote

sample sizes.

Figure 4. Mean (+ 1 SE) electron transport system (ETS) activity (a-b) of Ischnura elegans as
a function of mean temperature, daily temperature fluctuation (DTF) and latitude. Numbers

denote sample sizes.
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