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Abstract

Although plasticity has been proposed as an escape from climate change, beyond certain limits
genetic adjustments may be required to persist in awarming world. Evolutionary adaptation
depends on the amount of additive genetic (co)variances and on the strength of phenotypic
selection. However, in spite of its paramount importance to prevent demographic extinction, it is
unknown whether selection in nature targets thermal acclimation capacity itself. We addressed
such an important gap in our knowledge by measuring survival, through mark recapture
integrated into an information-theoretic approach, as a function of the plasticity of critical
thermal limitsfor activity, behavioral thermal preference and the thermal sensitivity of
metabolism in the northernmost population of the four-eyed frog Pleurodema thaul. Overall, our
results indicate that thermal acclimation isatarget of selection in nature. In particular, we found
that survival strongly increases with body size, although models with directional selection on
trait plasticity showed support (ca. 25% of cumulative Akaike weights) and suggest arather
complex fitness landscape where different high-fitness strategies are being favoured. The models
including correlational, directional and stabilizing selection for more than one trait had very
weak empirical support. One strategy favoured frogs that are able to tolerate the high
temperatures that occur during the cold breeding season whilst the other favoured frogs that

increase their activity levels during the warmer periods of the year.

Keywords: Climate change, amphibians, natural selection, physiological plasticity, acclimation,

Pleurodema thaul, Atacama Desert
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Introduction

The biodiversity of the Earth is undergoing an extraordinary transformation as a result of
the effects of human activities on every terrestrial ecosystem [1,2]. Although it is clear the
impact of global change drivers will depend on the region, ecosystem and species, without a
doubt, global warming is projected to be the largest human-induced disturbance placed on
natural ecosystems [3,4]. In the face of warming, a population (or a species) has four possible
compensatory mechanismsto prevent demographic extinction. Mobile species can track their
current climate envelope given the structure of the landscape or they can regulate their body
temperature behaviourally if the thermal environment is heterogeneous [5]. However, when
dispersal and behavioural thermoregulation are not options, a population should adjust to a
warming climate by physiological plasticity and/or evolutionary adaptation under the force of
natural selection [6,7].

Although plasticity has been proposed as an escape from climate change, beyond certain
limits genetic adjustments may be required to persist in awarming world [6]. Evolutionary
adaptation depends on the amount of additive genetic (co)variances and on the strength of
phenotypic selection [8-11]. Recently, Logan and collaborators [12], showed that when lizards
are transplanted to awarmer and more thermally variable site, thus mimicking future climate
change, natural selection favored individuals that run faster at warmer temperatures and across a
broader range of temperatures. However, in spite of its paramount importance to prevent
demographic extinction, it is unknown whether selection in nature targets thermal acclimation
capacity itself. We addressed such an important gap in our knowledge by measuring survival,
through mark recapture integrated into an information-theoretic approach, as a function of the

plasticity of four thermal key traitsin the northernmost population of the four-eyed frog
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Pleurodema thaul. At the limit of its distribution and inhabiting two small pondsin the oasis
Carrera Pinto in the hyperarid Atacama Desert, this population does not have any dispersal
opportunities. Furthermore, residing in such a thermally variable environment on both daily and
seasonal basis, this population will have to face warming either by physiological plasticity,
evolutionary adaptation or both. We have recently shown that this population will be able to
endure the worst projected scenario of climate warming asit has not only the plasticity [13] but
also the environmental opportunities to regulate its body temperature behaviourally [14].
However, we still do not know whether that physiological plasticity, which results from
inhabiting a highly variable environment, is being targeted by natural selection. Therefore, we
measured for the first time natural selection on plastic responses of thermal critical temperatures

(CT,,, @nd CT, ), preferred temperature (Terer) and thermal sensitivity of metabolism (Qio)

after acclimation to 10°C and 20°C. We tested three predictions regarding phenotypic selection
and plasticity (i.e. Traitypec-Traitioec) that built up from previous findings showing that
acclimation to warmer temperatures produces an increase in the upper but not in the lower limits
of the thermal performance curve [14]. First, there is positive directional selection for plasticity

of CT,,, and T, . aswell as correlational selection among them. Second, thereis stabilising
selectionon CT, . plasticity. As energy inputs are limited, the energetic definition of fitness

indicates that individuals with higher maintenance costs (i.e. resting metabolic rate) would have
less energy available to allocate to growth, reproduction and/or performance The main prediction
of thisprincipleisthat natural selection should maximize the residual available energy, and
therefore, higher maintenance costs would be associated with lower fitness if no compensations
in other functions were available [15,16]. Thus, our third prediction isthat there is stabilising

selection on Q,, plasticity.
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89 METHODS
90  Study organism and laboratory maintenance
91 Eighty-three adultsindividuals of P. thaul were captured during September 2012 on two
92  small ponds at Carrera Pinto (27°06'40.2"" S, 69°53'44.3" W), asmall oasis in the Atacama
93  Desert that is known to be the northernmost population of the species[17]. In both ponds, we
94  performed an exhaustive search across microhabitats (below rocks, in the vegetation and in the
95  water). All individuals were transported to the laboratory (Universidad Austral de Chile,
96 Vadivia) within 2 — 3 days of capture. Following capture all animals were marked by toe
97  clipping and maintained in the laboratory for one month at atemperature of 20° £ 2°C and with a
98 photoperiod 12D:12L. Animals were housed (N = 5) in terrariums (length x width x height: 40 x
99 20 x 20 cm) provided with a cover of moss and vegetation and a small recipient filled with water.
100  Individuals were fed once aweek with mealworms (Tenebrio sp. larvae) and Mazuri® gel diets.
101
102 Acclimation and thermal traits
103 After one month at maintenance conditions, in a split cross design frogs were acclimated
104  toeither 10°C or 20°C for two weeks before measuring thermal traits. Frogs were randomly
105  assigned to the first acclimation temperature using a coin. Next they were acclimated to the other
106 temperature and again measured thermal traits. We chose these acclimation temperatures because
107  they are close to the mean minimum temperatures during the breeding season (August - October,
108  10°C) and to the mean temperatures during the active period of the species (20°C) at Carrera
109  Pinto (www.cr2.cl). None of the investigators were blinded to the group allocation during the

110  experiments.
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Critical temperatures were determined as the environmental temperature at which an
individual was unable to achieve an upright position within 1 minute [14]. Each individual was
placed in asmall chamber inside athermo-regulated bath (WRC-P8, Daihan, Korea) at 30°C
(CTmax) and 5°C (CTwin) for 15 minutes, after which the bath temperature was increased (or
decreased) at arate of 0.8°C per minute [18]. Every minute or at every change in 1°C, the
chamber was turned upside down and we observed if the animal was able to return to the upright
position. When an animal was unable to achieve an upright position within 1 minute it was
alowed to recover at ambient temperature (CTwin) or for 30 minutesin abox with ice packs
(CTwmax). Body mass (a proxy of body size) was obtained before each trial using a Shimadzu
TX323L el ectronic balance.

Preferred temperature (Tp) Was determined simultaneously for five individualsin five
open-top terraria (length x width x height: 85 x 12 x 30 cm). Each terrarium had a thermal
gradient between 10°C and 30°C produced by an infrared lamp overhead (250 W) on one end,
and ice packs on the other. The organic gardening soil was moisturized at the beginning of each
trial to prevent the desiccation of the frogs. Five individuals were placed at the centre of each one
of the terrariaand 45 minutes later we registered Tpr as the dorsal body temperature (Tp) using a
UEi INF155 Scoutl infrared thermometer. Dorsal and cloacal Ty, are highly associated (rp =
0.99) [see,14 for details on the calibration procedure]. Body mass was obtained before each trial
using a Shimadzu TX323L electronic balance.

Standard metabolic rate, measured through oxygen consumption at 20°C and 30°C was
measured continuously using an infrared O, - CO, analyzer (LI-COR L16262, Lincoln, NV,
USA). The analyzer was calibrated periodically against a precison gas mixture. Although there

was almost no difference between calibrations, baseline measurements were performed before


https://doi.org/10.1101/191825

bioRxiv preprint doi: https://doi.org/10.1101/191825; this version posted September 22, 2017. The copyright holder for this preprint (which was

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and after each recording. Flow rates of CO2 — free air was maintained at 100 ml min™ + 1% by a
Sierramass flow controller (Henderson, NV, USA). We used cylindrical metabolic chambers (60
ml), covered by metal paper. O, consumption was recorded during 45 minutes per individual.
Each record was automatically transformed by a macro program recorded in the ExpeData
software (Sable Systems), to (1) transform the measure from % to mlO, min™, taking into
account the flow rate and (2) to eliminate the first 5 min of recordings. For each individual, the
metabolic sensitivity (Qi0) was calculated as the ratio between metabolic rate measured at 30°C

and metabolic rate measured at 20°C.

Selection on thermal traits

After experiments, all frogs were put back to 20°C for at least one month before releasing
them. Marked frogs were released at Carrera Pinto in April 2013 and their survival was
monitored on three separate recapture efforts (13" October 2013, 13" June and 9™ September
2014). For each individual, we express plagticity asthe differencein trait values between high
versus low acclimation temperatures (ATrait = Traitypec-Traitigec), hereafter referred to as
ACTmax, ACTwmin, ATprer, and AQqo. As the desert surrounds these two small ponds dispersal was
not a concern.

The relationship between trait plasticity and survival was analyzed using a Cormack-
Jolly-Seber (CJS) framework in Program MARK. An overall goodness of fit test was run using
U-Care to check for the presence of structure in the data which could be accommodated within
the modeled parameters and to obtain a value for the over dispersion parameter (c-hat). Thetime
interval between capture occasions (as afraction of 1 year and considering also the original

capture event) was included in the analysis to accommodate the unequal intervals. The resulting
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resighting and survival estimates were therefore corrected to annual estimates. Survival and
resighting parameters were obtained in atwo-stage process. First, the best-fit resighting model
was identified from three candidate models (constant, time dependent and alinear trend). The fit
of the three candidate resighting models was compared using survival modeled as both a constant
rate and also as a time-dependent rate, to ensure that selection of the best-fit resighting model
was not influenced by choice of survival model. Once the best-fit resighting model had been
identified (using AlCc) this was then retained for all candidate survival models. Survival rates
were extracted as a function of the individual covariates. A model selection and an information-
theoretic approach [19] was employed to contrast the adequacy of different working hypotheses
(the candidate models) of selection on trait plasticity. To reduce the number of candidate models,
thereby minimizing the likelihood of spurious results[19,20], we tested only for a null model, a
model with body mass and models with directional and quadratic selection for each trait
separately and also for correlational selection (interaction of trait combinations) among traits
(Table 1). In total, 27 models were evaluated. Body mass wasincluded in all modelsincluding
physiological traits. All analyses were performed in R version 3.1.3 employing package RMark

[21]. No transformation was required to meet assumptions of statistical tests.

RESULTS

All measured traitsincluding critical thermal limits (CTyax, CTwmin), thermal preference (Tpre)
and senditivity of metabolic rate to temperature (Q10) and their norms of reaction for acclimation
plasticity (ACTmax, ACTwmin, ATprer, AQ10) Showed high variance among individuals (Fig. 1). In
addition, for all traits some individuals shifted their thermal traitsto higher values when

acclimated to high temperatures, but other individuals showed the reverse response, that istheir
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traits shifted to lower values after acclimation at higher temperatures (Fig. 2). Body size showed
apositive relationship with ACTwax (b =0.59 £ 0.18 SE, F; g5 = 10.99, P = 0.0013) which
indicates that larger individuals had positive delta values of CTya (i.€. the values at 20°C were
higher than at 10°C). Body size was not associated with any other trait plasticity (results not
shown).

The overall goodness of fit measure for the CJS model indicated a moderate level of
over-dispersion (c-hat = 2.65, P = 0.103), however with only 3 recapture occasionsit was not
possible to identify an alternative starting model and the basic CJS model was adopted as the
basis for subsequent model fitting, with unexplained over-dispersion controlled using the c-hat
adjustment. A congtant resighting rate was the best-fit model irrespective of whether survival
was modeled as a constant or time dependent rate (Table 1). Consequently, the constant rate-
resighting model was retained for subsequent modeling of survival. The model selection
procedure indicated that from the 27 candidate models tested, there was not a single best-fit one.
In particular, the null model and the one containing only body size had arelative strong support
(ca. 60% of cumulative Akaike weights), whilst a remaining 35% was split among models
including simple directional selection (ca. 26% of cumulative Akaike weights) and those
including directional and non-linear selection on the plasticity of each trait (ca. 9%, Table 1).
The models including correlational, directional and stabilizing selection for more than one trait
had very weak empirical support (Table 1). Strong support for the ssmpler models may in part
have been dueto the relatively high value of c-hat, which penalizes models on the basis of
parameter number. Survival in relation to each covariate was obtained as the model averaged

value across al candidate models (Table 1), weighted by individual model probability. In
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202  particular, survival increased with body mass, ACTwinand AQiand decreased with ACTyax and
203 ATpe (Fig. 3).

204

205 DISCUSSION

206 To persist in awarming world evolutionary adaptation might be required when

207  acclimatisation responses reach their limit [6]. As both the strength and shape of selection are
208  key elements that impact the speed at which populations can evolve, determining whether

209  sdectionin nature targets plasticity itself is of paramount importance. Here, to the best of our
210  knowledgefor thefirst time, we studied natural selection on thermal acclimation capacity of
211 performance (ACTwmax and ACTin), metabolism (AQ1o) and behaviour (ATpr). Our results

212  indicate that thermal acclimation isatarget of selection in nature, although the pattern of

213  phenotypic selection evidences a complex fitness landscape where different high-fitness

214  dtrategies are being favoured. Summarising, we found that survival increased in individuals: (i)
215  with larger body size, (ii) with higher CTwax when cold acclimated, (iii) with higher CTyi, when
216  warm acclimated, (iv) that selected higher temperatures (Tpe) When cold acclimated and (v) that
217  increase their Qi When warm acclimated.

218 Acclimation, particularly from the point of view of environmental or comparative

219  physiologists, has long been thought to be adaptive (usually post hoc), although that claim

220  clearly does not represent atest for it [22]. However, most of the empirical tests of this beneficial
221  acclimation hypothesis (i.e. BAH, acclimation to a higher temperature should enhance

222  performance at those temperatures) have offered little support for it [22,23]. In fact, it has been
223 shown that physiological traits can evidence a wide repertoire of responses to acclimation

224  [23,24]. Here we show an adaptive benefit of the BAH in terms of improved survival for CTin
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and Qqo. In addition, CTyax and Tprer Show that acclimation to alow temperature enhances
performance at those low temperature, which is known as the cold is better with complete
temperature compensation hypothesis [23]. Furthermore, although we did not use an
experimental framework to isolate a particular agent of selection [12,25], we consider that our
results strongly suggest that the thermal environment is responsible for the patterns we found.
First, this population inhabits two highly isolated ponds were the presence of other potentials
competitors (anurans) has not been observed, although there might be arisk of predation by
herons (L.D.B. personal observation). Second, survival was monitored during a complete year on
three separate recapture efforts encompassing specific phases related to the breeding season
(August — October). After measurements, animals were released in April 2013 (non-breeding),
the first recapture occurred at the end of that breeding season (October 2013), the second
occurred almost at the onset (mid-June 2014) and during the following breeding season
(September 2014). In this context, although our survival estimates have been averaged out
through that year (see Methods), they incorporate that within year variation associated with
clearly different thermal regimens during the breeding season and the active period. Third, using
biophysical models at Carrera Pinto, we have determined that mean operative temperature during
daytime was only affected by sun exposure (shade — sunshine) but not by hydric (dry — wet)
conditions [14].

Selection favored bigger individuals, something that have been previously reported in the
literature [26-29]. Thisis somewhat unsurprising, given that body massis known to be
positively associated with several physiological traits that enhance performance [ 30—-34]
including plasticity itself [35]. Furthermore, bigger individuals showed positive delta values of

CTwmax, that istheir CTya increased when warm acclimated. This might seem puzzling as we
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also shown that survival increased in individuals with higher CTyax when cold acclimated (i.e.
the opposite pattern in directional selection on ACTwa). We believe these two different high-
fitness strategies are probably related to Pleurodema thaul’ s natural history. These frogs are
active and aboveground 365 days a year, only retreating to the pond to breed, cool off, or to
hydrate. They breed during August — October where they experience an average minimum
temperature of 10°C but where temperatures reach an average maximum of 25°C. In addition
during the breeding season temperatures have been recorded to fluctuate from below 0°C
(minimum -6.2°C) up to above 30°C (maximum 37.5°C) (1993 — 2014; www.cr2.cl). The non-
breeding season (November — July) has higher averages of minimum and maximum
temperatures, but less extreme records of minimum temperatures. In this context, one strategy
exhibitsincreased survival in individuals that are able to tolerate high temperatures during the
breeding season. That is, they showed higher CTya and Tper When cold acclimated (Fig. 3).
However, the higher tolerance to high temperatures when cold acclimated, came at a cost of
lower tolerance to cold temperatures in that cold season (i.e. higher CTwin, Fig. 3). The
aternative strategy exhibits higher survival in individuals that, when warm acclimated (i.e. 20°C
mean temperature during the whole year), increase their Qi and reduce their investment in cold
tolerance mechanisms. In addition, it might be possible that bigger individuals, who also have
higher values of CTyax, are able to tolerate better the high temperatures during the non-breeding
months. Nevertheless, further work is needed to evaluate whether sel ection operates differently
on and off the breeding period for body size.

The difference between habitat temperature and CTyax iS thought of as an index warming
tolerance [36,37]. Here we construct an analogous metric between T e and CTuax as athermal

safety margin. A frog that has a large difference between its thermal preference and CTyax Will
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maintain alarger safety margin than one with a small difference. We computed plasticity in the
thermal safety margin under acclimation, A[CTwax — Trref], and correlated it with AQqo for
metabolism (b=-0.00256 + 0.00124 S.E., F1 ,=4.26, P =0.04), controlling for effects of frogs
with higher growth plasticity that also have higher Qo plasticity (b= 0.0705+0.0295 SE., F1 5, =
5.71, P =0.02). That is, frogs with a positive value for AQo (and also higher survival when warm
acclimated) have negative values for A[CTwuax — Terer] @nd thus, lose some of their safety margin
during acclimation. Therefore, the high plasticity in Qqo involves a change in preference that
brings the body temperatures of thermoregulating frogs closer to CTyax When they move from
lower to higher temperatures. In addition, frogs that increased they Tt When warm acclimated
showed a decreasein survival (Fig. 3) suggesting that the gains in metabolic capacity when
warm acclimated might be offset by the costs of being active at higher temperatures.
Summarizing, one strategy favored frogs that are able to tolerate the high temperatures that occur
during the cold breeding season whilst the other favored frogs that increase their activity levels
during the warmer periods of the year.

It isimportant to mention though, that we have measured plasticity in just one life stage.
It islikely that other ecological and physiological traits might also be plastic, their responses to
acclimation might be different and they might even be different between different life stages and
thus, only further work in other traits and stages might disentangle these possibilities.
Nevertheless, we still consider our results show a strong signal and provide the first evidence of
phenotypic plasticity as an actual target of selection in nature, and therefore to evaluate the

potential of evolutionary adaptation to prevent demographic extinction from climate change [38].
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Figure Legends
Figure 1. Frequency distribution of CTwin, Terer and CTyax Of the four-eyed frog when

acclimated to 10°C and 20°C.

Figure 2: Individual plasticity in CTyin, Teret, CTmax and Qioto 10 and 20°C acclimation
treatments. Each line represents the individual value of the specific traits at each temperature.
For CTwmin and CTyvax the width of the lineis directly proportional to the number of individuals

that showed that specific response.

Figure 3: Survival estimates of directional selection as afunction of individual plasticity,

expressed as A (i.e. Traitypec-Traitioec).
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459 Table 1. Candidate models ordered accordingly to their Akaike weights. Single term models
460  represent directional (e.g. ACTuax) and/or stabilizing selection when a square term is included
461 (e.g. ACTwa+ (ACTma)?) and correlational selection when different traits plasticity are

462  included (€.g. ACTmax* ACTwin).

Modes K AlCc AAICc Wi
1 Null mode 2 10628 000 041
2 MB 3 10798 170 017
3  ACTwin 4 10989 361 007
4  ACTma 4 10993 365 007
5  ATpe 4 11002 374 006
6  AQio 4 11009 381 006
7 ACTuin+ (ACTwin) 5 11204 576 002
8  ACTmax* (ACTwma)? 5 11208 580 0.2
9 ATk + (AThe)’ 5 11217 589  0.02
10  AQio+ (AQi)? 5 112.24 5.96 0.02
11  ACTmax* ACTwin 6 11314 686 001
12 ACTwma* ATpe 6 11321 693 001
13 ACTwa* AQmpo 6 11389 761 001
14 ACTwin* ATpe 6 11416 7.88 001
15  ACTwmin* AQu 6 11421 793 001
16 AQup* ATpe 6 11426 798 001
17  ACTyax+ (ACTua)’+ ACTmin+ (ACTwin)? 7 11588 960  0.00
18  ACTma+ (ACTma)?+ ATpe + (ATprer)? 7 11637 1009  0.00
19  ACTwmin+ (ACTwin)*+ ATpe + (ATre)? 7 11639 1011  0.00
20  ACTwin+ (ACTwmin)?+ AQu+ (A Quo)? 7 11643 1015 0.00
21 ACTuax+ (ACTma)?+ AQuo+ (A Qio)? 7 11644 1016  0.00
22 AQu+ (A Qu)’+ ATpa + (AThe)? 7 11655 1027  0.00
23 ﬁgI)MfX(Z((QAngT me) + ACTuwin*+ (ACTM) "+ g 1593) 1404 000
iy igﬁx Z A(TApcr:eggAax)2 + ACTwin+ (ACTwin)* + 9 12034 1406 000
25 f((:AT %?O;Z(ACTM a) * ATmat (AT} + Q0 o 10583 1455 000
26 fc(:ATg;;z (ACTwin) + AToa* (ATee) +AQ0 g 12090 1462 0,00
27 ACTwaxt(ACTwad”+ ACTuin* (ACTM)+ 17 15487 1859 0,00

AQuo+ (A Quo)’+ ATpret + (ATprer)’
463 Note MB wasincluded in all 3—27 models
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464 K =number of parameters.
465  AlCc: AIC values corrected for small sample sizes.
466  w;: Akaike weights.
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