Trenton W J Garner 
email: trent.garner@ioz.ac.uk
  
J Marcus Rowcliffe 
email: marcus.rowcliffe@ioz.ac.uk
  
Matthew C Fisher 
email: matthew.fisher@imperial.ac.uk
  
Trenton Wj Garner 
  
  
  
  
  
Climate, chytridiomycosis or condition: an experimental test of amphibian survival

Keywords: amphibian survival host/parasite, climate warming, Batrachochytrium dendrobatidis, condition, infection, mortality, Bufo bufo host/parasite, climate warming, Batrachochytrium dendrobatidis, 16 condition, infection, mortality, Bufo bufo

HAL is

Variation in climatic variables impacts host/parasite dynamics by influencing host and parasite factors. One such variable, temperature, is frequently cited as playing a powerful role in driving host/parasite dynamics, and as a consequence future patterns of disease are predicted to change owing to global warming. However, the preponderance of data is correlational and few quantitative tests exist that dissect the relative effects of changing temperature on host and parasite responses. In this study, we experimentally tested the effect that changing overwintering temperature had on the susceptibility of a vertebrate ectothermic host, the common toad Bufo bufo, to infection and mortality caused by the globally emerging amphibian pathogen, Batrachochytrium dendrobatidis (Bd). We showed that a 'poor' overwintering regime increases the probability of infection, supporting the concept that the dynamics of infection are altered by changing environmental temperature profiles. However, we also showed that, once established, the proliferation of Bd in the host was better in toadlets that experienced a 'good' winter, and there was no relationship between survival and the different overwintering regimes or any consistent deleterious influence of disease on survival. Instead, survival was overwhelmingly predicted by measurments of condition, such as toadlet mass and the amount of mass lost over winter, neither of which was determined by overwintering temperature. We conclude that the survival of a cohort of overwintering toadlets is primarily driven by patterns of growth during the larval period rather than winter temperature or infectious disease. the preponderance of data is correlational and few quantitative tests exist that dissect 7 the relative effects of changing temperature on host and parasite responses. In this 8 study, we experimentally tested the effect that changing overwintering temperature 9 had on the susceptibility of a vertebrate ectothermic host, the common toad Bufo bufo, 10 to infection and mortality caused by the globally emerging amphibian pathogen, 11

Batrachochytrium dendrobatidis (Bd). We showed that a 'poor' overwintering regime 12 increases the probability of infection, supporting the concept that the dynamics of 13 infection are altered by changing environmental temperature profiles. However, we 14 also showed that, once established, the proliferation of Bd in the host was better in 15 toadlets that experienced a 'good' winter, and there was no relationship between 16 survival and the different overwintering regimes or any consistent deleterious 17 influence of disease on survival. Instead, survival was overwhelmingly predicted by 18 measurments of condition, such as toadlet mass and the amount of mass lost over [START_REF] Mitchell | Persistence of the 20 emerging infectious pathogen Batrachochytrium dendrobatidis outside the amphibian 21 host greatly increases the probability of host extinction[END_REF] winter, neither of which was determined by overwintering temperature. We conclude 20 that the survival of a cohort of overwintering toadlets is primarily driven by patterns 21 of growth during the larval period rather than winter temperature or infectious 22 disease. 23

F o r R e v i e w O n l y Introduction 1 2
The dynamic between a host and parasite is strongly influenced by the abiotic 3 environment within which it operates [START_REF] Ostfeld | Climate change and the distribution and intensity of infectious 5 diseases[END_REF]. This is in part due to parasite 4 growth, virulence and transmission functioning optimally under specific 5 environmental conditions. Host immunity is also expected to have an environmental 6 optimum, an effect more readily observed in ectotherms [START_REF] Harvell | Climate change 18 and wildlife diseases: when does the host matter the most?[END_REF]). How 7 changes in environmental conditions might affect host-parasite interactions have 8 recently been examined in light of current and projected climate warming. These 9 studies have yielded insights as to how we may expect increasing environmental 10 temperatures to impact host and parasite vital rates and cause parasites to be lost or 11 maintained in certain hosts and biogeographic regions (Mydlarz et al. 2006, Cattadori 12 et al. 2005[START_REF] Harvell | Climate warming and disease risks for terrestrial and marine biota[END_REF]. In some cases increases in environmental temperature 13 comes at a cost to the host. This is because warming may impair host responses to 14 parasite insult, accelerate parasite growth and transmission rates and reduce temporal 15 ). It is reasonable to assume, though, that, at least in some circumstances, 27 environmental temperature may also interact with these factors, either directly or 28 indirectly [START_REF] Cattadori | Parasites and climate synchronize red 22 grouse populations[END_REF]. 29

If a role for temperature in a host/parasite system is accepted, determining 30 whether changing temperature affects the host, the parasite, or both has proven to be 31 less than straightforward. This is because after infection has occurred temperature 32 changes are imposed simultaneously on host and parasite, and studies almost 33 exclusively focus on the host/parasite interaction after it has been initiated (Cattadori 34 [START_REF] Blanford | Temperature checks the Red 21 Queen? Resistance and virulence in a fluctuating environment[END_REF]. Depending on the question, it may be more 1 appropriate to focus on the effects of changing environmental temperature before the 2 onset of the host-parasite interaction. For example, if the goal is to ascertain how 3 changing temperature may affect the ability of a host to prevent infection or combat it 4 soon thereafter, temperature shifts imposed on the host before infection arguably are 5 more important than those imposed after infection. In contrast, since the progression 6 of infectious disease and virulence are usually linked to the proliferation of a parasite 7 in the host, it makes little sense to impose environmental shifts on the parasite before 8 the onset of the actual interaction, unless costs imposed on the parasite before 9 exposure directly affect the likelihood of infection and parasite replication in the host. 10

F o r R e v i e w O n l y et al. 2005,
This would be most likely in parasites that have a clearly defined and persistent 11 environmental stage. [START_REF] Andre | Effect of temperature on host response to 3 Batrachochytrium dendrobatidis infection in the mountain yellow-legged frog (Rana 4 muscosa)[END_REF] The amphibian host/Batrachochytrium dendrobatidis (Bd) parasite system is 13 considered by many to be strongly influenced by changes in environmental 14 temperature (Muths et to be strongly impacted by changing environmental temperatures. Because of this, we 2 predict the interaction between B. bufo hosts and Bd will become more common over 3 time. It is therefore important to begin to understand how the interplay between 4 climate and disease could potentially regulate toad survival, and through this, the 5 population dynamics of this broadly distributed Bd host. In this study we 6 experimentally examined how varying winter temperature would affect the onset of a 7 novel toad host/Bd parasite interaction. To do this, we altered the overwintering 8 temperature regime experienced by recently metamorphosed toadlets and 9 subsequently exposed them to controlled doses of Bd after overwintering was 10 completed. We mimicked the disease conditions that overwintered toadlets would be 11 most likely to encounter if disease newly emerged in a population, or if toadlets 12 migrated to a location where disease was present. We ignored imposing climate 13 change on the parasite before the onset of the interaction because evidence for a 14 persistent environmental stage for Bd is weak (Mitchell et transferred to a single 90 l tub lined with moistened dirt and fed ad libitum crickets 28 until mid November. At that time, toadlets (n = 160) were transferred to 700 mL 29 volume plastic boxes lined with moistened paper towelling and with a small plastic 30 cover object as a refuge, where they were kept singly for the duration of the 31 experiment, or until death. We weighed each animal to the nearest 0.01 g and divided 32 them into two groups (80 per group), allocating a balanced distribution of masses to 33 each group. We then refrigerated all boxes to 8˚C to start the overwintering period, 34
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which, for all animals, lasted a total of 83 days with no food or light. The two groups 1 were overwintered under different overwintering temperature profiles, altered 2 between 8˚C (the lower limit of temperature associated with toad activity in the early 3 spring and late autumn in the U.K., Reading 2007) and 4˚C (previously published 4 overwintering temperatures imposed on toads that elicited normal post-overwintering 5 behavioural and physiological responses, Jørgensen 1986). To mimic the effects of 6 changing, temperate zone climate (climate change, CC), one group was maintained 7 for significantly longer time periods at the temperature associated with limited toad 8 activity: 36 days at 8˚C, followed by 11 days at 4˚C, followed by another 36 days at 9 8˚C. The other group (normal climate, NC) was maintained primarily at the lower 10 temperature associated with normal physiological function post-overwintering: 16 11 days at 8˚C, 51 days at 4˚C followed by another 16 day period at 8˚C. 12 After overwintering was completed, animals were removed from refrigeration 13 and transferred to a constant 18˚C room with a 12:12 day/night cycle. Every animal 14 was once again weighed to the nearest 0.01 g. Animals were fed recently hatched 15 crickets ad libitum and allowed to recover from overwintering for 16 days. 18 days post-exposure, we classified toadlets as either infected or uninfected, 2 depending on whether or not the qPCR results indicated genomic equivalent values 3 greater than zero. We used a generalised linear model with binomial errors to examine 4 the effects of overwintering treatment, proportional mass loss over winter and post-5 winter mass on the probability of infection 18 days post-exposure; the two measures 6 of condition were included as mass was previously shown to influence mortality more 7 so than infection in post-metamorphic toads [START_REF] Garner | Life history trade-offs influence mortality associated with the amphibian 12 pathogen Batrachochytrium dendrobatidis[END_REF]). We also explored 8 what influenced parasite proliferation in infected toadlets. For this analysis, we used a 9 linear model of log e transformed genomic equivalent values dependent on 10 overwintering regime (CC vs. NC), dose (high vs. low) and end mass. For all the 11 above analyses, full models with interaction terms were initially fitted, then simplified 12 by stepwise removal of non-significant terms to arrive at a minimal adequate model. 13

We used Cox proportional hazards (CPH) regressions to examine what factors 14 influenced survival and illustrated these relationships using survival curves. Our first 15 CPH model tested if overwintering regime and/or dose (high vs. low) influenced 16 survival probability. We then explicitly tested if infection was a good predictor of 17 survival. For this model, we included infection as a categorical variable (yes/no), end 18 mass, mass loss and the interaction term between end mass and mass loss as factors. [START_REF] Mitchell | Persistence of the 20 emerging infectious pathogen Batrachochytrium dendrobatidis outside the amphibian 21 host greatly increases the probability of host extinction[END_REF] We then tested if the burden of infection (genomic equivalent scores for qPCR 20 analysis of swabs taken 18 days post-exposure) rather than the probability of infection 21 influenced survival. We restricted this analysis to only those animals that became 22 infected and included genomic equivalent scores (log-transformed), end mass, mass 23 loss and the interaction between the two condition terms in the model. As with 24 previous models, CPH regressions were reduced to a minimum adequate model after 25 the removal of non-significant terms. 26 the climate change treatment were more likely to be infected than those in the normal 7 climate (CC = 72%, NC = 44%; χ 2 1 = 4.09, p = 0.043). However, looking in more 8 detail at interactions between climate, overwinter mass loss and post-winter mass, a 9 significant three-way interaction term (χ 2 1 = 5.52, p = 0.019) suggested more complex 10 variation (Fig. 2b). Under the normal climate treatment, small toadlets were 11 substantially more likely to be infected, with a tendency to higher likelihood of 12 infection among toadlets that lost more mass over winter. In contrast, under the 13 climate change treatment, toadlets that lost more mass were much more likely to be 14 infected, largely irrespective of final mass. Inexplicably, among those that lost 15 relatively little mass, heavier toadlets were unexpectedly more likely to be infected. 16

Removal of the three-way term reduced the model to the simpler form reported above. 17

Infection burdens (measured as the natural log of qPCR genomic equivalents) 18 of infected toadlets were unaffected by the degree of mass loss over winter (χ 2 1 = 19 0.59, p = 0.67), but strongly associated with post-winter mass (χ 2 1 = 45.2, p = 20 0.0002), chytrid dose (χ 2 1 = 138, p < 0.0001) and climate treatment (χ 2 1 = 22, p = 21 0.008): burdens were higher in smaller toadlets, those in the high dose treatment and 22 those in the cold ("normal") climate treatment (Fig. 3). There were no significant 23 interactions between variables in this model. [START_REF] Bosch | Evidence of a chytrid fungus 25 infection involved in the decline of the common midwife toad (Alytes obstetricans) in 26 protected areas of central Spain[END_REF] Three sets of survivorship model were run, looking first at the effect of 25 infection status, second the effect of infection burden among toadlets that were 26 infected, and finally the effects of climate and chytrid dose treatments. All of these 27 models were run with post-winter mass and overwinter mass loss as covariates, 28 including two-way interaction terms. The only significant interaction term was 29 between mass and mass loss, which appeared consistently in all models (Table 1). 30

This reflects synergistic effects of mass and mass loss on mortality. Among toadlets 31 that emerged from hibernation at smaller masses, those that lost more mass had much 32 higher mortality, but this effect of mass loss was not apparent in larger toadlets (Fig 33 ). The mortality rate of infected toadlets was about 70% higher than of uninfected 1 toadlets (100*[exp(0.55)-1]), although this difference was not significant (p = 0.

14). 2

There was a significant increase in mortality in infected toadlets with increasing 3 infection burden (Table 1). Overall, the mortality rates of toadlets with low and no 4 infection were very similar, but the mortality rate of toadlets with high burdens was 5 much higher (Fig. 4b). Mortality was unaffected by climate treatment (Fig. 4c),6 probably reflecting the fact that, while probability of infection was higher in the 7 climate change treatment, the infection burden among infected toadlets was lower in 8 that treatment. Chytrid treatment influenced mortality overall, but only at the high 9 dose rate; mortality rates of low dose and control treatments were lower than the high 10 dose treatment, and similar to one another (Fig. 4d). 11

No animals that survived to the end of the experiment exhibited any detectable 12 infections, as qPCR results from second swabs all tested negative for the presence of 13

Bd DNA. This included numerous animals (n = 57) that had tested positive in the 14 previous sampling period 18 days post-exposure. included dose-dependent probability of infection and parasite proliferation once 23 infection had occurred, and an association between burden of infection and mortality 24 in infected animals (Figs. 234). Overall, disease dynamics in our experiment 25 confirmed the hypothesis that climate warming may result in higher probability of 26 establishment of emergent disease through increased probability of infection. 27 However, for climate warming to facilitate host population decline in the absence of 28 reservoirs, the parasite must reproduce effectively after emergence and be maintained 29 in the host population. More general expectations are that environmental stressing of 30 the host will result in congruent parasite responses: probability of infection and 31 parasite replication will both improve as hosts are subject to less optimal 32 environmental conditions [START_REF] Lloyd | Environmental influences on host immunity[END_REF]. Neither was the case in our study: disease 33 dynamics were decoupled in post-overwintered toadlets after exposure to Bd. Poor 34
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simulated overwintering conditions aided infection but heavier infections were 1 developed by animals subject to good simulated winter conditions (Figs. 2,3). 2 Heavily infected animals were also more likely to die (Fig. 4b) and all animals that 3 survived to the end of the experiment tested negative for infection. These host 4 responses are unlikely to sustain Bd in a toad population and are certainly far less 5 likely to lead to host population extirpation due to climate-driven emerging disease 6 dynamics. This is further supported by the lack of a significant effect of climate on 7 mortality (Fig. 4c). 8

We did not impose variation in environmental conditions on our parasite 9 before exposing hosts, thus the influence of overwintering on the outcome of any 10 initial interaction between host and parasite would have been dictated primarily by the 11 host's ability to resist infection. Once a dynamic had been initiated, the environment 12 imposed on the parasite by the host itself would influence parasite vital rates. The 13 observed effect of toadlet overwintering environment on qPCR values suggests that 14 toadlets experiencing colder (NC) winters provide a better environment for Bd 15 growth, as they exhibited heavier infections. For this to happen, overwintering regime 16 would have to affect host condition in way(s) we did not measure. The keratinized 17 skin of metamorphosed amphibians is the location for Bd infection, growth and 18 replication [START_REF] Pessier | Cutaneous chytridiomycosis 11 in poison dart frogs (Dendrobates spp.) and White's tree frogs (Litoria caerulea)[END_REF]). During normal overwintering, amphibians invest 19 more heavily in this skin layer [START_REF] Barni | Nuclear changes and morphology of the 10 epidermis in the hibernating frog[END_REF]. Poorly overwintered amphibians 20 that do not invest as much in the keratinized skin layer may therefore be poor hosts 21 for parasite proliferation. Similar effects of poor host condition on parasite growth 22 have been described in other host/parasite systems (Seppälä et al. 2008, Bedhomme et 23 al. 2004, Ebert et al. 2004[START_REF] Ebert | Dose effects and density-31 dependent regulation of two microparasites of Daphnia magna[END_REF]. [START_REF] Bosch | Evidence of a chytrid fungus 25 infection involved in the decline of the common midwife toad (Alytes obstetricans) in 26 protected areas of central Spain[END_REF] Changing the overwintering regime had no discernable effect on mass loss 25 experienced by toadlets (Fig. 1, Table 1). These findings are unexpected, as field 26 studies have reported relationships between winter temperature profiles and toad 27 condition, as is expected for ectothermic vertebrates with poor dispersal capability 28 (Reading 2007). Nor were overwintering regime or disease particularly important for 29 predicting toadlet survival (Fig. 4). Instead we measured consistent effects of toadlet 30 condition on survival, specifically, mass lost during overwintering, the interaction 31 between mass loss and mass after overwintering and, to a lesser extent, mass after 32 overwintering. These conditional traits that predicted toadlet survival, and disease 33 dynamics as well, were determined before toadlets were subject to overwintering, as 34
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altering overwintering regime did not predictably influence any of these three 1 parameters. However, early larval development has been postulated as an important 2 determinant of survival in the subsequent terrestrial stages through its effects on 3 condition of recent metamorphs. Altwegg and Reyer (2003) were the first, and to our 4 knowledge, the only researchers to experimentally describe carry over effects of body 5 size as determined during the larval period on survival over winter. In their study, 6 larger size at metamorphosis was associated with increased survival of the first winter 7 and small size at metamorphosis could not be compensated for through first season 8 post-metamorphic growth. If this is also the case for developing B. bufo, the rate of 9 mass lost during winter was most likely determined during larval development, less so 10 by the weeks preceding overwintering and after metamorphosis, where we provided 11 ad libitum food, although we did not control for individual food intake until transfer 12 later in the season to 700 mL boxes. Irrespective of the mechanism, our results show 13 clearly that post-metamorphic survival B. bufo is not strongly influenced by changes 14 in winter temperature profiles or exposure to a potentially lethal amphibian pathogen. 15 Instead, the environment preceding overwintering is what shapes individual survival 16 probability. 17 

  role in driving host/parasite dynamics, and as a consequence 5 future patterns of disease are predicted to change owing to global warming. However, 6

  restrictions on parasite growth imposed by cold winters (Mydlarz et al. 2006, Harvell 16 et al 2002). These effects are contrasted against evidence that shifting temperatures 17 may move parasites out of environmental optima, or improve host responses 18 (Blanford et al. 2003). However, factors intrinsic to the host, the parasite and the 19 interplay between the two may outweigh any impact that extrinsic environmental 20 drivers may have (Ryder et al 2007, Duffy & Sivars-Becker 2007, Bar-David et al 21 2006, Ostfeld & LoGuidice 2003). Parasite growth, transmission and virulence can be 22 mediated by density-or frequency-dependent processes that may not be directly 23 affected by temperature. Host sex, age and condition may play a more important role 24 in mediating infection and parasite proliferation than small fluctuations in host body 25 temperature (Monello & Gompper 2009, Seppälä et al. 2008, Ryder et al. 2007, Krist 26 et al. 2004

  along with two other amphibian species (Alytes obstetricans and Salamandra 7 salamandra), have been dying from chytridiomycosis for several years(Bosch et al. 8 2001, Bosch & Martínez-Solano 2006, Garner et al. 2009). The onset of mortality of 9 amphibians at this location coincided with yearly average increases in environmental 10 temperature that should benefit parasite growth and replication (Bosch et al. 2007). 11 Nevertheless, mortality of common toads has remained both spatially and numerically 12 restricted across Peñalara, unlike the other two species suffering fatal 13 chytridiomycosis (Bosch & Martínez-Solano 2006, Garner et al. 2009). In fact toads 14 appear to have benefited from declines of common midwives (A. obstetricans) in the 15 region and are ecologically replacing them (Bosch & Rincón 2008) even though 16 infection and post-metamorphic mortality is still recorded. 17 Common toads are also affected strongly by altered environmental 18 temperature. Although one of the most widely distributed Old World amphibians, B. 19 bufo is found primarily in temperate climes and both current data and projections for 20 the Old World temperate zone show how mean temperature is increasing and predict 21 it should continue to do so. One demonstrated result of this change in environmental 22 temperature has been shorter, warmer winters (Meehl et al. 2007). Across broad 23 geographical scales, shifts in breeding phenology by common toads in response to 24 warming winters have already occurred and these changes have effects on multiple 25 life history stages (Reading 1998, Reading & Clarke 1999, Reading 2007, 26 Tryjanowski et al. 2003). Warmer winters have had a direct impact on the length of 27 the overwintering period (Reading 2007) and post-hibernation body condition 28 (Jørgensen 1986). Consequences include poor adult female body condition, 29 reproductive investment and survival (Reading 2007, Tomašević et al. 2007). 30 How altered overwintering, body condition and the emergence of B. 31 dendrobatidis will interact to dictate host survival has not been tested. Bd is an 32 emerging pathogen in Europe, and is increasing its range through unknown means in 33 Spain and France, and is detected in the U.K., Italy and Switzerland (Garner et al. 34 et al. 2009, Bielby et al. 2009, Walker et al. 2010), all regions expected 1

  al. 2008, Di Rosa et al. 15 2007). Instead we imposed the most biologically meaningful alteration of climatic 16 temperature for a new cohort of toadlets from a Bd-negative population. Our results, 17while supporting some aspects of the expected climate/disease interaction, do not 18 support the conclusion that climate and disease combine to dictate amphibian of toad spawn were collected at one breeding site and allowed to hatch 24 in captivity. Tadpoles from every string were mixed and cohoused in 90 litre tubs 25 filled with aged tapwater and fed Tetra TabiMin tablets ad libitum. A subset of 26 animals that completed metamorphosis (Gosner stage 46, Gosner 1960) was 27

  We then 16 allocated animals to one of three Bd dose categories (high, low and sham infection as 17 per[START_REF] Garner | Life history trade-offs influence mortality associated with the amphibian 12 pathogen Batrachochytrium dendrobatidis[END_REF]). Each of the 6 experimental treatments (overwintering regime 18 crossed by Bd dose) contained 25 animals and mass distribution was again balanced 19 among treatments. To expose animals, each toadlet was placed for five hours in a 20 standard Petri dish with 30 mL of aged tap water containing the appropriate dose of 21Bd. Toadlets were bath-exposed 3 times in this manner over two weeks. High doses 22 ranged from 12,000 to 30,000 zoospores and low doses ranged from 120-300 23 zoospores, or 1/100 of the high dose. Once exposures were completed, animals were 24 maintained individually and survival tracked daily for an additional 120 days. To 25 determine infection status, each animal was superficially swabbed twice and swab 26 samples were screened for infection using quantitative real-time PCR (qPCR,Boyle et 27 al. 2004). First swabs were taken 18 days after the third infection, to allow for 28 sufficient time for fungal growth and replication (Longcore et al 1999, Piotrowski et 29 al 2004, Woodhams et al 2008) and second swabs were taken 1 week before the end 30 of the experiment in July to test if infection was maintained in surviving animals. 31We tested for the effects of overwintering on proportional mass loss (the log e 32 transformed ratio of mass before and after winter) using a linear model with climate 33 treatment, mass measured before overwintering (start mass) and their interaction term 34 variables. Based on results of qPCR analysis of swabs taken 1

  was negligible: only 3/160 animals died. 30 Proportional change in mass during overwintering was not significantly affected by 31 overwintering regime (χ 2 1 = 0.0002, p = 0.89, Fig.1), mass before the onset of 32 0001, p = 0.93) or the interaction between them (χ 2 1 = 0.02, p 1 = 0.21). These results were not changed by removal of the largest outlying toadlet. 2 High doses of chytrid almost comprehensively infected toadlets -only one of 3 the 50 toadlets in the high dose category did not exhibit detectable infection 18 days 4 post-exposure based on results of qPCR(Fig 2a). By contrast, only 58% of the 5 toadlets in the low dose category were infected, and within this category, toadlets in 6

  post-infection parasite replication were both influenced by 19 overwintering regime in our experiment, reaffirming a role for environmental 20 temperature in an amphibian host/Bd parasite system (Fig. 2, 3; Bosch et al. 2001, 21 Andre et al. 2008, Ribas et al. 2009, Walker et al. 2010). Typical disease dynamics 22

  Mitchell et al. (2008) modelled the probability of toad population persistence 18 in the face of emergent Bd, as have Briggs et al (2005, also see Rachowicz et al. 2006) 19 for another host species. In Mitchell's (2008) study, only larval forms could become 20 infected, all infected larvae died post-metamorphosis, and toad population dynamics 21 were primarily determined by cycles of Bd prevalence and the ability of Bd to persist 22 in the environment (Mitchell et al. 2008). The model assumptions of disease dynamics 23 in larvae are largely supported by experimental work (Mitchell et al. 2008, Garner et 24 al. 2009), but the role that disease may play in toad population regulation may have 25 been overemphasized. Our demonstration that condition and, less so, parasite dose are 26 strong determinants of survival show that models cannot assume a uniform 27 distribution of mortality across a post-metamorphic cohort. Reading & Clarke (1999) 28 described a decade ago how changing environmental temperature may affect tadpole 29 survival either directly or through density-dependence, the latter which will inevitably 30 affect the population distribution of post-metamorphic size and potentially mass loss 31 during the first winter: we extend their findings experimentally by showing how pre-32 overwintering development predicts survival to a large degree. Both disease and 33 climate change have the potential to destabilize wildlife populations, and ours and 34

  Reading 2007, Garner et al. 2009) provide insights as to the role both 1 may play in amphibian survival. However, if the goal is to understand under what 2 conditions population persistence is most likely assured, we argue that for toads, 3 larval growth, development and dynamics in the pond may be as key components to 4 focus on as are climate change and infectious disease. to acknowledge the help of M. Perkins of the Institute of Zoology and 10 the staff of the Central Biological Service of Imperial College, specifically C. Mack, 11 for help with animal husbandry. This study was supported by grants to NERC 12 (NE/E006701/1; NE/G001944/1), the ERA-Net BiodivERsA project RACE: Risk 13 Assessment of chytridiomycosis to European amphibians (www.bd-maps.eu) and an 14 RCUK Fellowship to TWJG. All experimental procedures were licensed by the Home 15Office and subject to full ethical review by both the Institute of Zoology and Imperial 16College. 17
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 211521234 Figure 1. Proportional change in mass by toadlets while overwintering in relation to 1 initial mass, split by overwintering treatment (NC = normal climate treatment, CC = 2 Climate change treatment). Mass change is measured as the natural logarithm of the 3 ratio of initial and final mass. 4 5 Figure 2. The proportion of toadlets infected 18 days post-exposure, a) split by dose 6 and overwintering regime (changed climate CC vs. normal climate NC), and b) for the 7 low dose alone, split by overwintering regime, overwinter mass loss and post-winter 8 mass. Values plotted are the back-transformed fitted values of the binomial GLM 9 including three-way interaction, with mass loss categories defined by the 1/3 and 2/3 10 quantiles of the distribution. 11 12 Figure 3. The effects of post-winter mass, dose (H: high dose; L: low dose) and 13 overwintering regime on infection burden, log e -transformed. Only animals exhibiting 14 detectable infections 18 days post-exposure are included 15 16 Figure 4. Survivorship curves in relation to a) mass post-winter and overwinter mass 17 loss (categories are median-split, H = high, L = Low); b) infection status and burden 18 (burden categories are median-split qPCR genomic equivalent values among infected 19 toadlets); c) climate treatment (NC = normal (cold) climate, CC = changed (warm) 20 climate); and d) chytrid dose. 21 22 23 24 25 26 27

Table 1 .

 1 Cox proportional hazards models for survivorship in relation to either 1 infection status, infection burden (infected toadlets only) or experimental treatments, 2 all in combination with post-winter mass and overwinter mass loss. All two-way 3 interactions were tested, but non-significant terms (α = 0.05) were removed.
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