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Abstract

Extreme temperatures during heat waves can induce mass-mortality events, but can also exert
sublethal negative effects by compromising life-history traits and derailing sexual development.
Ectothermic animals may, however, also benefit from increased temperatures via enhanced
physiological performance and the suppression of cold-adapted pathogens. Therefore, it is
crucial to address how the intensity and timing of naturally occurring or human-induced heat
waves affect life-history traits and sexual development in amphibians, to predict future effects of
climate change and to minimise risks arising from the application of elevated temperature in
disease mitigation. We raised agile frog (Rana dalmatina) and common toad (Bufo bufo)
tadpoles at 19 °C and exposed them to a simulated heat wave of 28 or 30 °C for six days during
one of three ontogenetic periods (early, mid or late larval development). In agile frogs, exposure
to 30 °C during early larval development increased mortality. Regardless of timing, all heat-
treatments delayed metamorphosis, and exposure to 30 °C decreased body mass at
metamorphosis. Furthermore, exposure to 30 °C during any period and to 28 °C late in
development caused female-to-male sex reversal, skewing sex ratios strongly towards males. In
common toads, high temperature only slightly decreased survival and did not influence
phenotypic sex ratio, while it reduced metamorph mass and length of larval development.
Juvenile body mass measured two months after metamorphosis was not adversely affected by
temperature treatments in either species. Our results indicate that heat waves may have
devastating effects on amphibian populations, and the severity of these negative consequences,
and sensitivity can vary greatly between species and with the timing and intensity of heat.

Finally, thermal treatments against cold-adapted pathogens have to be executed with caution,
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taking into account the thermo-sensitivity of the species and the life stage of animals to be

treated.

Keywords:
Batrachochytrium dendrobatidis; Bufonidae; Chytridiomycosis; Heat stress; Ranidae; Thermal

tolerance
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Introduction
Earth's wildlife and ecosystem face the sixth mass extinction event today due to anthropogenic
environmental alterations, including extreme climatic conditions (Ceballos et al. 2015). Due to
global climate change, heat waves occur with increasing frequency, intensity and duration
(Gardner et al. 2016). Extreme temperatures during heat waves expose species to intensified
physiological stress (Williams et al. 2016) and can even induce mass-mortality events
(Welbergen et al. 2008, McKechnie and Wolf 2019). Warming climate with frequently
reappearing heat waves can alter species distributions (Krockenberger et al. 2012, Stillman
2019), trigger shifts in the timing of the breeding season and directly affect breeding success in a
taxonomically diverse range of species (Blaustein et al. 2001, Oswald et al. 2008, Truebano et al.
2018, Stillman 2019). These factors can generate profound changes in community structure and
ecosystem functioning via the formation of interactions between species with previously non-
overlapping spatial or temporal distributions (Williams et al. 2016) and the alteration of predator-
prey and host-pathogen systems (Blaustein et al. 2010, Cohen et al. 2019, Stillman 2019,
Carreira et al. 2020). Fluctuations in temperature affect ectotherms in particular because they
lack the metabolic, physiological and anatomical mechanisms that would allow them to maintain
constant body temperature, and, therefore, ectothermsare able to maintain high physiological
performance only within a narrower environmental temperature range than are endotherms
(Clarke and Pdrtner 2010).

Amphibians are among the most threatened vertebrate groups, because 41 % of the species
are endangered (IUCN 2021), and almost 50 % show population declines worldwide, mainly due

to anthropogenic environmental change (Stuart et al. 2004, Wake and Vredenburg 2008, Hof et
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81 al. 2011, Monastersky 2014, Campbell Grant et al. 2016). The growing incidence of

82  meteorological extremes and rising temperatures resulting from global climate change and

83  anthropogenic heat pollution (i.e. urban heat islands; Arnfield 2003, Brans et al. 2018) are major

84  threats to amphibians. Their complex life cycle, usually including an aquatic stage, the unshelled

85 eggs and a highly permeable integument make amphibians excessively sensitive to water

86 availability. Also, though amphibian larvae generally exhibit a relatively high thermal tolerance

87  (Ultsch et al. 1999, Sunday et al. 2011, but also see Harkey and Semlitsch 1988, Wallace and

88  Wallace 2000, Bellakhal et al. 2014, Goldstein et al. 2017) temperatures as low as 30 °C

89  experienced during the larval period can be detrimental to them. Heat can result in delayed

90  metamorphosis (Goldstein et al. 2017), reduced body mass (Harkey and Semlitsch 1988, Phuge

91 2017, Lambert et al. 2018), disabled locomotor activity (Goldstein et al. 2017), sex reversal

92  (Dournon et al. 1984, Wallace and Wallace 2000, Mikd et al. 2021) and biased sex ratios (Phuge

93 2017, Lambert et al. 2018, Ruiz-Garcia et al. 2021). Exposure of adult frogs to 30 °C or higher

94  can increase stress hormone levels (Jurani et al. 1973, Narayan and Hero 2014) and enhance the

95  processes that contribute to accelerated ageing (Burraco et al. 2020).

96 Emerging infectious diseases represent another serious threat to amphibians (Harvell et al.

97 2002, Pounds et al. 2006). Due to repeated introductions arising from human activities (Lips

98 2016, O’Hanlon et al. 2018), chytridiomycosis caused by the chytrid fungi Batrachochytrium

99  dendrobatidis (Bd) and Batrachochytrium salamandrivorans (Bsal) (Van Rooij et al. 2015) has
100 already led to the decline or extinction of several hundred species and continues to cause mass
101 mortality events on five continents (Scheele et al. 2019). Since Bsal was only discovered eight
102 years ago (Martel et al. 2013) and its known geographic distribution is much smaller (Spitzen-

103 van der Sluijs et al. 2016), we focus here on the much better known and more widespread Bd.
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104  The fungus infects keratinous epidermal layers of the skin with waterborne motile zoospores

105  (Berger et al. 1998), impairs its osmoregulatory function, which leads to shifts in electrolyte

106  balance that can ultimately result in cardiac asystolic death in metamorphosed anurans (Voyles et
107  al. 2009). Tadpoles exhibit keratinous elements only in their mouthparts; therefore they are less
108  susceptible to Bd infection than subsequent life stages (Marantelli et al. 2004, Blaustein et al.
109  2005). Nonetheless, it is often the early ontogeny (larval and metamorphic stages) when

110 individuals become infected, due to their aquatic lifestyle (Kilpatrick et al. 2010). The thermal
111 optimum of this cold-adapted fungus is between 18-24 °C, and its growth ceases above 27-28 °C
112 (Cohenetal. 2017, Voyles et al. 2017), while the vast majority of amphibian species can survive
113 temperatures above 30 °C (Ultsch et al. 1999, Sunday et al. 2011). Consequently, when and

114 wherever microclimatic conditions allow amphibians to sufficiently raise their body temperature
115  viathermoregulation, Bd infection prevalence and intensity are low (Richards-Zawacki 2010,
116  Forrest and Schlaepfer 2011, Becker et al. 2012), and mass mortalities typically only occur in
117  constantly cool environments (Berger et al. 2004, Woodhams and Alford 2005). Accordingly,
118  thermal treatment of amphibians with 28 °C and higher for a few days can be effectively applied
119  for Bd-disinfection of larval, juvenile or adult amphibians in captive populations (Woodhams et
120  al. 2003, Retallick and Miera 2007, Chatfield and Richards-Zawacki 2011, Geiger et al. 2011,
121 McMahon et al. 2014) and may also prove effective for fighting Bd in situ (Hettyey et al. 2019).
122 Based on the above information, heat waves may exert several opposing effects on

123 developing amphibians, which may be beneficial for combating Bd but harmful for other fitness-
124  related traits. Heat waves usually last for only a couple of days, and just a few days of heat

125  treatment can be sufficient for the suppression or even the complete clearance of cold-adapted

126  pathogens, such as Bd (Woodhams et al. 2003, Retallick and Miera 2007, McMahon et al. 2014).
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127 However, we still know little about the developmental costs of brief periods of high temperatures
128  for larval amphibians because most experiments that investigated the effects of heat on larval
129  fitness exposed animals to heat chronically for several weeks, and the effects of shorter heat

130  pulses are rarely tested (Miké et al. 2021). Because the effects of high temperatures are likely to
131  depend on the intensity, timing and duration of exposure, and may differ between species,

132 studies focusing on these sources of variation are necessary to assess potential malign impacts of
133 heat waves on amphibians and uncover hidden risks arising from thermal treatment of diseased
134  animals.

135 In this study, we experimentally investigated the developmental effects of six-day long
136 exposures to 28 and 30 °C during early, mid, and late larval development of two amphibian

137  species. We assessed the effects of these experimental heat waves on the survival, growth,

138  somatic and sexual development of agile frogs (Rana dalmatina; Bonaparte, 1840) and common
139  toads (Bufo bufo; Linnaeus, 1758). These two species are common in Europe, they inhabit

140  various types of water bodies, have different thermal optima (Morand et al. 1997) and represent
141  two globally widespread families (Bufonidae and Ranidae). The temperatures we applied occur
142  during heat waves in aquatic habitats of amphibian larvae in the temperate climate zone

143 (Lambert et al. 2018, Lindauer et al. 2020) and are also recommended for thermal treatment of
144  diseased amphibians (Chatfield and Richards-Zawacki 2011, McMahon et al. 2014, Cohen et al.
145 2017, Hettyey et al. 2019). Thus, our aim was twofold: to reveal developmental effects of heat
146  waves that may occur in natural habitats, and to assess possible negative consequences of

147  thermal treatment applied against cold-adapted pathogens.

148

149  Methods
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150  Experimental procedures

151 In March 2019, we collected 50 eggs from each of 12 freshly laid egg clutches of the agile frog
152  from three ponds in the Pilis-Visegradi Mountains, Hungary (Katlan: 47.71110° N, 19.04570° E,
153 llona-t6: 47.71326° N, 19.04050° E, and Apatkuti pisztrangos: 47.76656° N, 18.98121° E; four
154  clutches from each population). We transported the eggs to the Experimental Station of the Plant
155  Protection Institute in Julianna-major, Budapest, and placed each clutch (family hereafter) into a
156  plastic container (24 x 16 x13 cm) filled with 1.3 L continuously aerated reconstituted soft water
157  (RSW; APHA et al. 1992, USEPA 2002). In the laboratory, we maintained 16.3 £ 0.3 °C (mean
158  * SD) and the lighting was adjusted weekly to outdoor conditions, starting with 12:12 h

159 light:dark cycles in late March, which we gradually changed to 14:10 h by the end of April. In
160  April, we collected 50 eggs from each of 12 freshly laid egg strings of the common toad from
161  two ponds in the Pilis-Visegradi Mountains (Apatkuti tarozo: 47.77444° N, 18.98624° E, and
162  Hatarréti to: 47.64644° N, 18.90920° E) and one pond in Budapest (Hidegkuti horgaszto:

163 47.56942° N, 18.95509° E), i.e. four clutches from each population. We housed common toad
164  eggs as described above for agile frogs.

165 Four days after hatching, when all individuals reached the free-swimming stage

166  (development stage 25; according to Gosner 1960), we started the experiment by haphazardly
167  selecting 36 healthy-looking larvae from each family (36 individuals x 12 families = 432

168 individuals per species). Tadpoles not used in the experiment were released at the site of their
169  origin. We reared tadpoles individually in opaque plastic containers (18 x 13 x 12 cm) filled with
170 1L RSW, arranged in a randomised block design, where each block contained members of one

171 family. Air temperature in the laboratory was 20.1 + 1.1 °C resulting in 19.0 £ 0.2 °C water
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172 temperature in tadpole containers. We changed water in the tadpole rearing containers twice a
173 week and fed tadpoles ad libitum with slightly boiled, chopped spinach.

174 We exposed tadpoles to 19 (unheated control), 28, or 30 °C water temperature for six days,
175  starting 6, 12, or 18 days after hatching (Fig. 1). Thus, thermal treatments were applied during
176  three ontogenetic periods: in early, mid, and late larval stages (hereafter 1%, 2" and 3" larval

177  period). This resulted in nine treatments with 48 replicates (4 individuals per family x 12

178  families) in each treatment for each species. In agile frogs, data from the 19 and 30 °C treatments
179  presented here were also used (combined with data from additional treatment groups) for testing
180  another a-priori study question, which we published elsewhere (Miko et al. 2021). We

181  performed thermal treatments in a separate room adjacent to the room where we reared tadpoles.
182  Lighting conditions and room temperature were set to be identical in the two rooms. Immediately
183  before starting thermal treatments, we performed a water change and topped up the RSW to

184  reach a depth of 10 cm (1.7 L RSW in each container during treatment). We placed the

185  containers in 80 x 60 x 12 cm trays filled with tap water to a depth of 8 cm (to avoid floating of
186  the rearing containers), and started to heat the water in the trays to the treatment-specific

187  temperature using thermostated aquarium heaters (Tetra HT 200 in 28 °C treatments and Tetra
188  HT 300 in 30 °C treatments, Tetra GmbH, Melle, Germany). Thereby, water temperature

189  increased gradually to the desired level in ca. two hours, allowing tadpoles to adapt. Opposite to
190  heaters, we placed water pumps (Tetra WP 300) to ensure homogeneous water temperatures,

191  resulting in < 0.5 °C difference among tadpole containers within trays. Overall, this resulted in
192 28.1+0.4and 30.0 £ 0.3 °C (mean = SD) in heated tadpole containers in respective treatments
193  (for details on temperature setting and validation, see the electronic Supporting Information; Fig

194  S1, Table S1). Each tray hosted twelve containers, one from each family (Fig S2), resulting in

10
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195  four trays in each thermal treatment at a time. During the treatment period, we changed water in
196 the tadpole containers every other day with aerated RSW pre-heated to the treatment-specific
197  temperature, and fed tadpoles with a reduced (ca. 1/3) amount of spinach to prevent water

198  fouling and anoxia. Control individuals experienced the same handling and treatment conditions,
199  except that their trays lacked heaters. At the end of the six-day long thermal treatment periods,
200  we changed water with 1 L heated and aerated RSW, removed the containers from the trays and
201 placed them back into their original position in the laboratory, allowing tadpoles to cool down
202  gradually.

203 After the last thermal treatments, when tadpoles approached metamorphosis, we checked
204  all rearing containers daily. When an individual started to metamorphose (emergence of

205  forelimbs; development stage 42), we measured its body mass to the nearest 0.1 mg with an

206  analytical balance (Ohaus Pioneer PA-114, Ohaus Europe Gmb, Nanikon, Switzerland), replaced
207 its rearing water with 0.1 L fresh RSW, lifted one side of the container by ca. 2 cm to provide the
208  metamorphs with both water and a dry surface, and covered the container with a transparent,

209  perforated lid. When metamorphosis was completed (complete tail resorption; development stage
210  46), we placed the individual into a new, lidded container of the same size as before, equipped
211 with wet paper towel lining and a piece of cardboard egg-holder as a shelter. Twice a week, we
212 fed froglets ad libitum with small crickets (Acheta domestica, instar stage 1-2) sprinkled with a
213 3:1 mixture of Reptiland 76280 (Trixie Heimtierbedarf GmbH & Co. KG, Tarp, Germany) and
214  Promotor 43 (Laboratorios Calier S.A., Barcelona, Spain) to provide the necessary vitamins,

215  minerals and amino acids. Due to their smaller size, we fed toadlets with springtails (Folsomia

216  sp.) in the first three weeks after metamorphosis, and switched to crickets afterwards. For each

11
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217  individual we recorded the dates of starting metamorphosis, completion of tail resorption, and
218  eventual mortality.

219 Between 6-8 (for agile frogs) or 9-12 (for common toads) weeks after metamorphosis

220 (depending on species and development), when gonads became sufficiently differentiated and
221  easy to observe (Ogielska and Kotusz 2004, Nemeshazi et al. 2020), we measured body mass to
222  the nearest 0.01 g and euthanized juvenile individuals in a water bath containing 6.6 g/L tricaine-
223 methanesulfonate (MS-222) buffered to neutral pH with the same amount of NazHPO4. We

224  dissected the animals and examined the internal organs under an Olympus SZX12

225  stereomicroscope (Olympus Europa SE & Co. KG, Hamburg, Germany) at 16x magnification
226  and assigned fat bodies into one of four ordinal categories based on their size: lacking, small,
227  regular-sized, or large. We also categorised phenotypic sex as male (testes), female (ovaries) or
228 uncertain (abnormally looking gonads). Because many animals' guts contained food remains, we
229  cut out the entire digestive tract, measured its mass to the nearest 0.01 g, and subtracted it from
230 the body mass of juveniles to obtain ‘net body mass’. We removed both feet of euthanized agile
231 frogs and stored them in 96 % ethanol until DNA analyses.

232 We extracted DNA from agile frog foot samples with Geneaid Genomic DNA Extraction
233 Kit for animal tissue (Thermo Fisher Scientific, Waltham USA) following the manufacturer's
234  protocol, except that digestion time was 2 hours. We used a recently developed molecular marker
235  set for genetic sexing validated on agile frog populations in Hungary (Nemeshazi et al. 2020).
236 We first tested all froglets for the Rds3 marker (> 95 % sex linkage) applying high-resolution
237 melting (HRM). We considered an individual to be concordant male or female if its Rds3

238  genotype was in accordance with its phenotypic sex. Individuals that appeared to be sex-reversed

239  based on the Rds3 marker were also tested using PCR for Rds1 (> 89 % sex linkage). For a

12
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240  detailed description of HRM and PCR methods, see Nemeshazi et al. (2020). When both markers
241  congruently suggested sex reversal, we considered the given individuals to be sex-reversed. In
242  case of contradiction between the results of analyses based on Rds1 and Rds3, we considered
243 genetic sex to be unknown (Table S2). We did not investigate sex reversal in common toads

244  because phenotypic sex ratios suggested no treatment effects on sex (see Results).

245

246  Statistical analyses

247  We analysed the data of the two species separately. We assessed treatment effects on survival,
248  length of larval development, body mass at metamorphosis, net body mass at dissection, size of
249  fat bodies, and phenotypic sex ratio. For each dependent variable, we ran a model (see model
250  specifications below) with temperature and treatment period as categorical fixed factors and their
251 interaction, the difference between the mean temperature in each tadpole container and the

252 nominal temperature of the given treatment (measured as described in the electronic Supporting
253  Information) as a numeric covariate, and family nested in population as random factors. We

254  tested the effect of temperature within each treatment period by calculating pre-planned linear
255  contrasts (Ruxton and Beauchamp 2008), correcting the significance threshold for multiple

256  testing using the false discovery rate (FDR) method (Pike 2011). All analyses were conducted in
257 'R’ (version 3.6.2), with the 'emmeans’ package for linear contrasts.

258 For the analysis of survival, we used Cox's proportional hazards model (R package

259  ‘coxme’). Individuals were divided into five ordered categories; 1: died during treatment, 2: died
260  after treatment, but before the start of metamorphosis, 3: died during metamorphosis, 4: died

261  after metamorphosis, but before dissection, 5: survived until dissection. Animals that died before

262  the treatment (four agile frog and five common toad larvae) were excluded from survival

13
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263  analyses. We entered the ordinal survival categories as the dependent variable and treated the
264  fifth survival category as censored observations.

265 To analyse variation in the length of larval development, body mass at metamorphosis and
266  net body mass at dissection, we used linear mixed-effects models (LMM; ‘Ime’ function of the
267  ‘nlme’ package), allowing the variances to differ among treatment groups (‘varldent’ function)
268  because graphical model diagnostics indicated heterogeneous variances. In the analysis of net
269  body mass at dissection, we included age (number of days from finishing metamorphosis to

270  dissection) as a further covariate. In the case of agile frogs, we entered the log-transformed

271 values of the length of larval development to achieve normal distribution of model residuals. For
272 the analysis of fat-body size, we applied cumulative link mixed models (CLMM; ‘clmm’

273 function of ‘ordinal’ package; Christensen 2015), where we also entered age as a covariate.

274 To analyse phenotypic sex ratio, first, we excluded those few individuals the gonads of
275  which were not unambiguously categorizable either as male or female (Table S2). Then we

276  analysed the proportion of phenotypic males using phenotypic sex as a binary response variable
277  in generalised linear mixed modelling procedures (GLMM) with binomial error distribution and
278  logit link (‘glmmTMB’ function of the ‘gImmTMB’ package; Brooks et al. 2017). To analyse
279  sex reversal in agile frogs, we could not apply the same modelling framework as for sex ratios
280  because of separation, i.e. sex-reversed individuals were absent in certain treatment groups

281  whereas in some others there was 100% sex reversal. Therefore, we applied six separate analyses
282  comparing the two elevated temperature treatments to their associated controls in each of the
283  three ontogenetic periods using Fisher’s exact tests. The dependent variable was phenotype, i.e.

284  whether or not the individual was sex-reversed. We restricted these analyses to genetic females

14
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285  since heat induces female-to-male sex reversal, and we detected no male-to-female sex reversal.
286  Because of multiple testing, we corrected P values using the FDR method.

287

288  Results

289  Survival of agile frogs that were exposed to 30 °C during either the 1% or the 2" larval period
290  was significantly reduced (by 56 and 17 %, respectively; Fig. 2, Table 1, Table S3). Survival of
291  common toads also significantly decreased upon exposure to 30 °C (by ca. 33 %), but only if this
292  temperature was applied during the 2" larval period (Fig.2, Table 2). Thermal treatments that
293  exposed tadpoles to 30 °C in other larval periods (3" in both species and 1% in common toads)
294  and those involving 28 °C at any period did not affect survival in either species (Table 1-2).

295 Length of larval development of agile frogs was significantly prolonged by all thermal

296 treatments applied in all larval periods (Fig. 3, Table 1 and S3). By contrast, in common toads,
297 the length of larval development was not affected when tadpoles were exposed to 28 °C during
298  the 1% larval period, but larvae that were exposed to this temperature during the 2" and 3" larval
299  period developed faster compared to their control groups (Fig. 4, Table 2 and S3). When

300 common toad tadpoles were exposed to 30 °C, their larval development was only shortened upon
301 exposure during the 3™ larval period but remained unaffected if treated in the 1%t or 2" larval
302  period (Fig 4, Table 2 and S3).

303 Body mass at metamorphosis was significantly reduced in agile frogs by the 28 °C thermal
304 treatment if applied during the 1% larval period but was not affected if 28 °C was applied later on
305 (Fig 3, Table 1). Exposure to 30 °C tended to decrease body mass at metamorphosis when

306  applied in the 1% larval period and exerted a significant negative effect during the 2" and 3™

307 larval period (Fig 3, Table 1 and S3). In common toads, both thermal treatments applied in all
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308 larval periods resulted in significantly reduced body mass at metamorphosis (Fig 4, Table 2 and
309  S3).

310 At dissection, net body mass of juvenile agile frogs was only increased in animals treated
311 with 30 °C during the 2" larval period, but remained unaffected in all other treatment groups
312 (Fig 3, Table 1 and S3). Thermal treatments applied in any larval period did not affect the net
313  body mass of common toads (Fig 4, Table 2 and S3). The number of days between

314  metamorphosis and dissection positively affected net body mass at dissection in both species
315 (Table S3).

316 The size of fat bodies was significantly smaller in juvenile agile frogs as a result of both
317  thermal treatments, but only upon exposure during the 1% larval period and not during later

318  periods (Fig 3, Tablel). In juveniles of the common toad the size of fat bodies was unaffected by
319 thermal treatments applied in any larval period (Fig 4, Table 2), and positively correlated with
320 the age of juveniles (Table S3).

321 Phenotypic sex ratio in agile frogs was affected by exposure to elevated temperature:

322 exposure to 28 °C during the 3 larval period (but not in the earlier periods) caused a significant
323  shift towards a male-biased sex ratio, and treatment with 30 °C in all larval periods resulted in
324  highly male-biased sex ratios (Fig 3, Table 1, S2 and S3). Accordingly, the proportion of agile
325  frog individuals that underwent heat-induced sex reversal was significantly higher (between 30
326 and 100 % of genetic females) at both temperatures and in all treatment periods compared to the
327  respective control groups (<4.5 %, all P <0.012; Fig 3, Table S2). In contrast, none of the

328 thermal treatments applied in either larval period had any effect on the phenotypic sex ratio of
329  juvenile common toads (Fig 4, Table 2, S2 and S3).

330

16


https://doi.org/10.1101/2021.12.17.473144

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.17.473144; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

331  Discussion

332 Our results demonstrate that high temperatures experienced for six days during larval

333  development can negatively affect the survival, growth, somatic and sexual development of

334 amphibians, but the severity of these effects depends on the intensity and timing of thermal stress
335 and can largely differ between species. Agile frogs proved to be more sensitive: in this species,
336 all studied variables were affected by one or more heat treatments, and almost all of the resulting
337  changes are likely disadvantageous for individual fitness and population viability (Fig. 5). In

338  contrast, for common toads, the only consistent effect of thermal stress was reduced mass at

339  metamorphosis and, in a few treatments, faster larval development, while we observed barely
340 any effect on survival and no lasting developmental effects in juveniles (Fig. 5). These results
341  highlight that even sympatric species that are relatively similar in their ecology may be affected
342  very differently by heat waves.

343 Survival rate in both species was decreased by exposure to 30 °C, but only if tadpoles

344  experienced it relatively early on during their development (during 1% and 2" larval periods).
345  Temperatures of around 30 °C throughout the entire larval development often resulted in

346  decreased survival in earlier studies (Bellakhal et al. 2014, Goldstein et al. 2017, Phuge 2017,
347  Lambert et al. 2018). Our results suggest that the adverse effect of elevated temperature on larval
348  survival depends on the species and on the timing of exposure, indicating a peak in

349 thermosenitivity during the early stages of larval development (in addition to the increased

350 thermosensitivity of the final larval stages, directly before the onset of metamorphosis (Floyd
351  1983), which we did not study). This is in line with many previous studies suggesting that the
352 earliest life stages of amphibians are the most susceptible to several stress factors such as

353  chemicals, parasites, poor environmental conditions and pesticides (Ortiz-Santaliestra et al. 2006,
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354  Holland et al. 2007, Crespi and Warne 2013, Miké et al. 2017). The energetically costly cellular
355  repairing mechanisms and the maintenance and restoration of homeostasis during and after

356 thermal stress compromise higher-level functions that are necessary for survival (Williams et al.
357  2016). Furthermore, dissolved oxygen level in the water decreases with rising temperature

358  (Stefan et al. 2001, Fang and Stefan 2009), which in turn can cause hypoxia and oxidative stress
359 intadpoles (Lushchak 2011, Freitas and Almeida 2016). High temperature may also accelerate
360 bacterial bloom in the water (Ferreira and Chauvet 2011), potentiating the accumulation of

361  opportunistic pathogens. All of these processes might contribute to mortality observed in

362  experiments involving thermal treatments and, under natural conditions, during or after heat
363  waves.

364 Timing of metamorphosis and body mass at metamorphosis are crucial components of
365 fitness in amphibians. Earlier metamorphosis allows for leaving the more hazardous aquatic
366  environment faster (Denver 1997), and allows for a longer post-metamorphic growth period

367 compared to late-metamorphosing individuals, which in turn leads to increased survival during
368 the first hibernation (Altwegg and Reyer 2003, Uveges et al. 2016). In the present study, the
369  simulated heat waves prolonged larval development in agile frogs but shortened it (when heat
370  was experienced in the late larval period) in common toads, whereas mass at metamorphosis
371  decreased after heat exposure in both species (although in agile frogs the latter effect was only
372 significant in a few treatment groups). According to the temperature-size rule (Koztowski et al.
373  2004), high temperatures are associated with increased metabolic rates and accelerated

374  development in larval anurans (Alvarez and Nicieza 2002, McLeod et al. 2013, Courtney Jones
375 etal. 2015), which results in earlier metamorphosis at a smaller body size (Laugen et al. 2003,

376  Niehaus et al. 2006). Our results likely documented this relationship between development and
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377  growth in common toads. However, in agile frogs, this relationship was disrupted by heat

378  treatments, most probably because the applied temperatures acted as severe stressors. This result
379  aligns with the observation that larvae of the common toad are more thermophilic than those of
380 agile frogs, as suggested by a higher critical thermal maximum and higher preferred temperatures
381 inthe former than in the latter (Hettyey, personal communication).

382 Stress experienced early in life can have long-lasting consequences, such as small adult
383  size and limited energy reserves (Crespi and Warne 2013, Jonsson and Jonsson 2014). However,
384  inour study, the reduced mass at metamorphosis in heat-treated groups did not persist into

385  juvenility: after a few months of post-metamorphic growth, we found no differences in body

386  mass or fat reserves in either species. There were only two exceptions to this: in juvenile agile
387  frogs, fat bodies were smaller if they received either heat treatment in the 1% larval period, and
388  unexpectedly, their body mass was larger after exposure to 30 °C applied during the 2" larval
389  period. The death of lighter individuals likely contributed to the equalization of juvenile body
390 mass among treatment groups, given that most individuals that died between the onset of

391  metamorphosis and dissection had a lower body mass at metamorphosis than conspecifics that
392  survived until the end of the experiment in both species (Welch’s tests; agile frogs: t = -3.54, df =
393  32.0, P =0.001, common toads: t =-9.30, df =53.9, P <0.001). A further contributing factor
394  may be compensatory growth (Squires et al. 2010, Hector et al. 2012). Nonetheless,

395 compensatory growth can have hidden costs (Stoks et al. 2006, De Block and Stoks 2008,

396  Murillo-Rincon et al. 2017), so that the lack of among-treatment differences in juvenile mass

397  does not necessarily indicate the absence of long-term malign consequences of high temperatures
398  experienced during larval life. Indeed, the majority of juvenile agile frogs completely lacked fat

399  bodies if they were exposed to heat during the 1% larval period. Fat bodies in amphibians are
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400  major energy stores that are vital to survival (Scott et al. 2007) and regulate processes related to
401  reproduction (Pierantoni et al. 1983, Girish and Saidapur 2000). Consequently, high

402  temperatures experienced during early ontogeny may have long-lasting negative effects on the
403  survival and reproductive potential of agile frogs, which may compromise population

404  persistence. The observation that the size of fat bodies was not affected by thermal treatments in
405  common toads confirms that these are more tolerant to high temperatures than agile frogs, and,
406  more generally, reinforces the hypothesis that there is large among-species variation also in the
407  long-term consequences of thermal stress.

408 Sex reversal can occur naturally in wild populations of agile frogs (Nemeshazi et al. 2020)
409  and other species (Alho et al. 2010, Lambert et al. 2019, Xu et al. 2021), but high temperature
410  can increase its frequency in a wide range of ectothermic vertebrates (Baroiller and D’Cotta
411 2016, Ruiz-Garcia et al. 2021, Whiteley et al. 2021). In our study, six-day 30 °C heat waves

412  caused male-biased sex ratios via sex reversal in agile frogs, and the same effect was induced by
413 exposure to 28 °C in the 3" larval period. These results align with previous studies documenting
414  altered sex ratios in several anuran species where larvae were raised at high temperatures

415  throughout their development (Ruiz-Garcia et al. 2021), and additionally suggest that the

416  sensitivity of sex determination to elevated temperature increases close to the end of larval

417  development. Our findings caution that heat waves lasting for only a few days during tadpole
418  development can trigger sex reversal, which may have wide-ranging consequences including
419  skewed sex ratios and lowered population viability (Bokony et al. 2017, Wedekind 2017,

420 Nemeshazi et al. 2021). However, our observation that the same thermal treatments did not affect
421  phenotypic sex ratios in common toads suggests that there is considerable interspecific variation

422  in the thermosensitivity of sexual development.

20


https://doi.org/10.1101/2021.12.17.473144

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.17.473144; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

423 Heat treatment is a promising mitigation method against amphibian chytridiomycosis

424  (Chatfield and Richards-Zawacki 2011, Geiger et al. 2011, Hettyey et al. 2019). Our results,
425  however, underline the importance of pre-assessing the thermal sensitivity of each species,

426 including that of their sexual development. Based on our results, thermal treatment at 30 °C
427  could be applied for six days to common toads, which would likely lead to Bd clearance, or at
428 least to a drastic suppression of Bd growth (Retallick and Miera 2007, Chatfield and Richards-
429  Zawacki 2011, Geiger et al. 2011). This treatment could be recommended in specific situations,
430  such as epizootic outbreaks, when the benefits clearly outweigh the costs arising from decreased
431  body mass at metamorphosis, or when the latter can be compensated for (e.g. by supplemental
432 feeding). In agile frogs, treatment with 28 °C during the 2" larval period (days 12-18 after

433 hatching) was the only treatment combination without adverse effects on most life-history traits
434  and sexual development. Although this treatment also caused somewhat lengthened larval

435  development, this cost may be negligible (especially so in captivity) considering the benefit of
436  Bd clearance. Whether treatment with temperatures lower than 28 °C would be applicable

437  without costs and still suppresses Bd growth sufficiently needs further investigation (Hettyey et
438  al. 2019). A further possibility to explore is that under controlled conditions, capitalising on the
439  feminizing effect of estrogens or other estrogenic chemicals might make thermal treatment of
440  Bd-infected animals potentially suitable also for species with thermally sensitive sex

441  determination (Kitano et al. 2012).

442 In conclusion, our study demonstrates that species can differ in a multitude of ways in how
443  they are affected by short periods of elevated temperatures which are similar in magnitude to
444  those occurring in natural water bodies during heat waves. Most importantly, we demonstrate

445  that already 28 °C can have surprisingly severe consequences for larvae of a thermosensitive
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446  anuran, where the strength of effects depends largely on the developmental stage of individuals
447  that become exposed to the heat. At the same time, even 30 °C experienced any time during

448 larval development does little harm to individuals of another sympatric species. Such species-
449  specific differences should be examined in a wide range of taxa and considered when evaluating
450 the impact of climate change on amphibians, and also in the development of mitigating methods
451  against chytridiomycosis.
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722
723 Table 1: Agile frog responses to heat by the timing of exposure (1%, 2" and 3" larval period) and

724  the applied temperature. Results represent pre-planned comparisons from the models shown in
725  Table S2, comparing each period and temperature combination to the 19°C treatment in the

726  corresponding period. Linear contrasts (c), associated standard errors (SE), t-values (z-values in
727  case of Cox’s proportional hazards model in the analyses of survival) and P-values adjusted

728  using the FDR method are reported. Treatment groups that differed significantly (P < 0.05) from

729  their corresponding controls are highlighted in bold.

Dependent Period Temperature (°C) c SE t(orz) P
variable
Survival* 1 28 0.31 0.51 0.62 0.610
2 28 -0.47 0.91 051 0610
3 28 -0.43 0.65 -0.67 0610
1 30 2.11 0.43 485 <0.001
2 30 1.56 0.65 241  0.048
3 30 0.60 0.52 1.16  0.490
Length of larval 1 28 0.14 0.03 438 <0.001
development 2 28 0.05 0.01 458 <0.001
(log(days)) 3 28 005 002 257 0011
1 30 0.24 0.04 6.24 <0.001
2 30 0.19 0.02 8.29 <0.001
3 30 0.14 0.02 9.12 <0.001
Body mass at 1 28 5253  19.20 274  0.020
metamorphosis 2 28 775  11.20 0.69  0.490
(mg) 3 28 2312 1350  -1.71  0.106
1 30 -51.06  27.00 -1.89  0.089
2 30 3223  13.60 237  0.036
3 30 3401  12.30 277 0.020
Net body massat 1 28 0.03 0.03 1.01 0374
dissection (g) 2 28 007 003 205 0123
3 28 -0.07 0.03 -1.76 0.127
1 30 0.09 0.05 1.73 0.127
2 30 0.13 0.03 3.97 <0.001
3 30 -0.02 0.03 063 0528
Size of fat 1 28 -1.76 0.47 -3.78 <0.001
bodies™* 2 28 0.21 0.38 054  0.705
3 28 0.47 0.41 1.15 0.375
1 30 -1.86 0.56 -3.31  0.003
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2 30 -0.73 0.42 -1.71 0175
3 30 0.06 0.43 014  0.889
Phenotypic sex 1 28 -0.22 0.47 -0.47  0.640
ratio (proportion 2 28 0.72 0.45 1.62  0.127
of males)*** 3 28 383 106 360  0.002
1 30 1.63 0.71 230  0.034
2 30 1.54 0.55 2.80  0.011
3 30 3.70 1.06 347  0.002

*The linear contrast is the log(hazard ratio)
**The linear contrast is the log(cumulative odds ratio)
***The linear contrast is the log(odds ratio)
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731

732 Table 2: Common toad responses to heat by the timing of exposure (1%, 2" and 3" larval period)
733 and the applied temperature. Results represent pre-planned comparisons from the models shown
734  in Table S2, comparing each period and temperature combination to the 19°C treatment in the
735  corresponding period. Linear contrasts (c), associated standard errors (SE), t-values (z-values in
736  case of Cox’s proportional hazards model in the analyses of survival) and P-values adjusted

737  using the FDR method are reported. Treatment groups that differed significantly (P < 0.05) from

738  their corresponding controls are highlighted in bold.

Dependent variable Period  Temperature (°C) C SE t(orz) P
Survival* 1 28 -0.06 0.40 -0.15 0.882
2 28 0.88 0.60 1.46  0.433
3 28 -0.21 0.56 -0.38 0.882
1 30 -0.09 0.42 -0.23 0.882
2 30 1.51 0.57 2.66  0.047
3 30 0.12 0.53 0.23 0.882
Length of larval 1 28 0.03 1.55 0.02  0.986
development (days) 2 28 -7.24 059 -1221 < 0.001
3 28 -7.11 0.81 -8.73 < 0.001
1 30 -0.48 0.96 -0.50 0.742
2 30 -1.28 0.95 -1.36 0.263
3 30 -3.24 0.87 -3.76 < 0.001
Body mass at 1 28 -63.80 8.04 -7.93 < 0.001
metamorphosis (mg) 2 28 -63.20 789  -801 < 0.001
3 28 -73.00 7.36 -9.92 < 0.001
1 30 -54.00 7.29 -7.40 < 0.001
2 30 -76.30 9.30 -8.02 < 0.001
3 30 -73.50 9.32 -7.88 < 0.001
Net body mass at 1 28 -0.39 0.17 227 0144
dissection (g) 2 28 -0.01 015  -0.06  0.950
3 28 -0.02 0.12 -0.14  0.950
1 30 -0.28 0.15 -1.95 0.156
2 30 -0.29 0.20 -1.47 0.288
3 30 0.11 0.13 0.83 0.615
Size of fat bodies** 1 28 -0.11 0.47 -0.23 0.941
2 28 0.03 0.47 0.07 0.941
3 28 -0.57 0.47 -1.21 0.675
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1 30 -0.09 0.47 -0.20 0.941
2 30 -0.19 0.48 -0.39 0.941
3 30 -0.97 0.46 211 0.211
Phenotypic sex ratio 1 28 -0.67 0.48 -1.38 0.377
(proportion of 2 28 -0.46 045  -101 0377
males)** 3 28 0.76 0.46 165 0377
1 30 -0.58 0.49 -1.19 0.377
2 30 -0.23 0.48 -0.50 0.621
3 30 0.55 0.49 1.13 0.377

*The linear contrast is the log(hazard ratio)
**The linear contrast is the log(cumulative odds ratio)
***The linear contrast is the log(odds ratio)
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741

742  Figure Legends

743  Figure 1: A schematic illustration of experimental treatments. Each horizontal bar represents one
744  treatment group. Striped bars represent periods when tadpoles were exposed to thermal

745  treatments. Orange (28 °C) and red (30 °C) bars symbolize heat treatments, while blue filling
746  represents maintenance at 19 °C. Treatments were identical in both species.

747

748  Figure 2: Survival of agile frogs (a) and common toads (b) during the experiment over time in
749  each treatment group. Blue lines represent controls maintained at 19 °C throughout, orange lines
750  represent treatment groups exposed to 28 °C, red lines represent treatment groups exposed to 30
751 °C; dotted lines represent individuals exposed to thermal treatments during the 1% larval period,
752  dashed lines those exposed during the 2" larval period, and solid lines those exposed during the
753 3" larval period. Numbered vertical lanes depict the respective larval periods when thermal

754  treatments were performed. Note that the experiment lasted longer for common toads than for
755  agile frogs.

756

757  Figure 3: Agile frog responses to thermal treatments in terms of the length of larval development,
758  body mass at metamorphosis, net body mass at dissection, the size of fat bodies and phenotypic
759  sex ratios in juveniles. In boxplots, horizontal lines and boxes represent medians and

760 interquartile ranges (IQR), respectively, while whiskers extend to IQR + 1.5%IQR and dots

761  indicate more extreme data points.

762

763  Figure 4: Common toad responses to thermal treatments in terms of the length of larval

764  development, body mass at metamorphosis, net body mass at dissection, the size of fat bodies
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765  and phenotypic sex ratios in juveniles. In boxplots, horizontal lines and boxes represent medians
766  and interquartile ranges (IQR), respectively, while whiskers extend to IQR £ 1.5%IQR and dots
767  indicate more extreme data points.

768

769  Figure 5: Summary of responses by the two species to the simulated heat waves in different

770  larval periods. Arrows show the direction of the observed change in the given variable relative to
771  the respective control group, not the advantageousness or harmfulness of the effect. Separation is

772 aided by different colours.
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Measurements validating temperature in heat treatments

We validated the heating setup by repeatedly measuring water temperature (£ 0.1 °C) in tadpole
containers of each position in each tray, as well as water temperature in the trays in which
treatments took place. Before the experiment, we measured these temperatures ten times on two
consecutive days with a Greisinger digital thermometer (GTH175/PT). After termination of the
experiment, we repeated these measurements five times. To detect eventual temperature
fluctuations during each treatment, twice per day we checked water temperature in all trays
using the digital thermometer. Furthermore, data loggers (Onset HOBO Pendant
Temperature/Light 8K Data Logger; one per each tray) recorded temperature in the trays every
30 minutes during the treatments. We did not measure temperature in the tadpole containers
during the treatment periods in order to avoid stress and injury as a result of stirring the water.
We did not detect considerable temperature fluctuations during the treatments (Fig S1,
Table S1), and temperature readings were very similar before and after the experiment in each
container position. Temperature did vary somewhat among containers in different positions
within trays (maximal temperature difference within a tray at 19 °C: 1.3 °C; at 28 °C: 1.5 °C;
at 30 °C: 1.5 °C), but this variation was highly consistent over time. We calculated the
difference between the actual (experienced by the tadpoles) and nominal temperature of the
given treatment for each tadpole container by subtracting the nominal temperature from the
mean water temperature (measured before and after the treatments in each container with the
digital thermometer). This method minimised the disturbance caused to animals during the
experiment while delivering accurate data on the temperatures experienced by the tadpoles.
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Figure S1 Water temperatures in the trays during treatment periods show minimal temperature

fluctuations. Note that the water temperature in the heated trays was always warmer than the
temperature in the tadpoles’ containers (set to be as close to the nominal temperature as
possible; Table S1).
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Table S1 Minimal (Tmin), maximal (Tma) and mean (Tmean) temperatures in the heated trays
during temperature treatments. Mean diff. represents the average difference in water
temperature between the tadpoles’ containers and the trays, since water temperature in the

heated trays was always warmer than the temperature in the tadpoles’ containers.
Tray Trin (°C)  Tmax (°C)  Tmean (°C) Mean diff. (+ SE)
30°C /1 30.6 31.6 31.0 1.1(x0.13)
30°C /2 30.2 31.6 30.8 1.1(x0.10)
30°C /3 30.4 31.6 30.9 0.5 (£ 0.09)
30°C /4 30.5 31.3 30.8 0.7 (£ 0.09)
28°C /1 28.2 28.9 28.5 0.4 (£ 0.06)
28°C /2 28.4 29.4 28.8 0.1(x0.07)
28°C /3 28.0 29.5 28.5 0.5 (£ 0.06)
28°C /4 28.1 29.5 28.6 1.1(x0.08)
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Figure S2 Schematic representation (a) and in situ photograph (b) of the heating system used
in the thermal treatments.
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69  Table S2 Phenotypic sex ratio (% males) in each treatment group. In case of agile frogs, genetic
70  sex ratio and female-to-male sex-reversal rate (% of phenotypic males in genetic females) are
71 also shown.

Dissected " Nenotypic  Genetic sex Female-to-

Species Treatment group (N) sex ratio ratio (% male sex
(% male)"  male)* reversal (%)
Agile frog Period 1
Control 40 55.0 55.0 0.0
28°C 39 52.9 324 30.4
30°C 19 89.5* 63.2 71.4
Period 2
Control 45 48.9 48.9 0.0
28 °C 46 63.4 46.3 31.8
30°C 32 83.3* 56.6 61.5
Period 3
Control 41 48.8 46.3 45
28 °C 43 97.5* 60.9 93.8
30°C 37 100.0* 58.3 100.0
Common Period 1
toad Control 36 58.3
28 °C 35 429
30°C 37 48.6
Period 2
Control 42 54.8
28 °C 39 43.6
30°C 34 52.9
Period 3
Control 38 39.5
28 °C 41 58.5
30°C 36 55.6
*Sex ratios that differ significantly from 1:1 according to Fisher's

exact tests

tExcluding those individuals whose gonads were not unambiguously
categorizable either as male or female (3 agile frogs: 2 individuals at 28 °C in the
2" Jarval period and 1 individual at 30 °C in the 2" larval period; 2 common
toads: 1 individual at 28 °C in the 2™ larval period and 1 individual at 30 °C in
the 3" larval period)

tExcluding those individuals whose genetic sex was unknown due to
contradiction between the Rds1 and Rds3 markers' results (at 28 °C 1 individual
in the 1%, and 2 individuals in the 3" larval period; at 30 °C 1 individual each in
the 2" and 3" larval periods)

72
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73 Table S3 Type-2 analysis-of-deviance tables of the statistical models. Significant effects (P <
74  0.05) are highlighted in bold. The covariate "T.diff" is the difference between mean
75  temperatures in each tadpole container and the nominal temperature of the given treatment.

Dependent _ Agile frog Common toad
variable Predictors ,
X df P v df P
Survival
Heat 40.90 2 <0.001 2.15 2 0340
Period 28.71 2 <0.001 4,71 2 0.095
T.diff 0.36 1 0551 0.08 1 0.783
HeatxPeriod 5.48 4 0241 5.93 4 0.204
Length of larval development
Heat 195.34 2 <0.001 208.73 2 <0.001
Period 9.04 2 0011 7.19 2 0.028
T.diff 0.05 1 0817 0.36 1 0548
HeatxPeriod 12.03 4 0.017 23.78 4 <0.001
Body mass at metamorphosis
Heat 17.44 2 <0.001 250.50 2 <0.001
Period 6.88 2 <0.001 145.80 2 <0.001
T.diff 0.02 1 0.988 2.66 1 0.103
HeatxPeriod 8.67 4 0.070 7.18 4 0.127
Net body mass at dissection
Heat 7.84 2 0.020 1.83 2 0399
Period 1.43 2 0.488 4.08 2 0.130
T.diff 0.23 1 0631 0.75 1 0.386
Age at dissection 80.86 1 <0001 11.38 1 <0.001
HeatxPeriod 14.71 4 <0.001 8.29 4 0.081
Size of fat bodies
Heat 7.20 2 0.027 2.18 2 0337
Period 7.03 2 0.030 1.13 2 0.567
T.diff 0.07 1 0.790 2.46 1 0117
Age at dissection 2.56 1 0.109 6.87 1 0.009
HeatxPeriod 17.87 4 0.001 2.60 4 0.627
Phenotypic sex
ratio
Heat 22.53 2 <0.001 0.18 2 0916
Period 2.17 2 0.338 0.10 2 0.953
T.diff 0.02 1 0.964 3.32 1 0.068
HeatxPeriod 15.18 4 0.004 5.92 4 0.205
76
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