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Abstract

:

Global warming is a great threat to biodiversity with negative impacts spanning the entire biological hierarchy. One of the main species’ traits determining survival at higher temperature is the thermal point at which an animal loses its ability to escape from deadly conditions (critical thermal maximum—CTmax). Variation in CTmax across species is the outcome of environmental and evolutionary factors, but studies do not typically measure the degree to which environment or phylogeny influences the variation in trait values. Here, we aim to elucidate whether local environmental variables or phylogeny influence CTmax in highly climate change-threatened amphibians in the Tropical Andes. We measured CTmax from 204 individuals belonging to seven Pristimantis frog species encountered in primary and secondary forests, and cattle pastures. We recorded their habitat, elevation, and the range of environmental temperatures they experienced over one year. Using phylogenetic analyses, we demonstrate that physiological thermal tolerance is related to phylogeny, positively related to body length, but not affected by environmental factors. We suggest that both phylogeny and morphology determine vulnerability to global warming.
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1. Introduction


The rate of global warming is accelerating and is severely threatening the entire hierarchy of biological organization [1]. The impacts of global warming on organisms will depend, among other factors (e.g., see [2]), on their level of exposure combined with their physiological sensitivity and tolerance to high temperatures [3,4]. Consequently, a species’ critical thermal maximum (CTmax), the thermal point at which an animal loses its ability to escape from deadly conditions [5], is a vital trait in understanding thermal stress and vulnerability to increasing temperatures [6] and can also improve our predictions of species’ vulnerability to global warming [7].



Variation in species’ traits, including CTmax, is a function of both environmental exposure and the evolutionary history of species [8,9]. In vertebrate ectotherms, for example, CTmax has been considered a stable evolutionary trait [10]. Yet, there are also strong environmental effects, where acclimation to extraordinarily hot and/or cold temperatures can move the thermal ceiling up and down, respectively [11,12]. However, in this nature versus nurture scenario, it is generally unknown whether environment or phylogeny is more important in determining trait variation across species [8].



A key question is whether upper thermal tolerances can adjust through plastic and/or evolutionary responses, which would aid in predicting species’ potential responses to global warming [4,7,13]. Phylogenetic comparative analyses may provide the best method [14] to test if the rate of evolution of a trait is too slow to match the rate of change in an external driver (e.g., environmental change) [15,16]. A strong phylogenetic signal might arise from selection or could suggest that CTmax is evolutionarily conserved across the phylogeny, thus making local adaptation to environmental factors challenging because changes in CTmax would not match changes in the environment. Alternatively, a weak phylogenetic signal could suggest strong phenotypic plasticity in CTmax to changing environmental conditions. Here, we aim to incorporate phylogenetic information into comparative analyses to reveal correlations between CTmax and environmental variables [8,17].



We chose amphibians as our study organism as they are a highly threatened taxon [18] and because ectotherms are especially dependent on environmental variables to perform their basic bodily activities (e.g., food intake, reproduction). Since impacts of habitat loss and degradation on local temperature [19] are likely to synergize with climate change, we chose a disturbance-climate gradient, including secondary forests. These are likely to become the most widespread habitat type in the future [20], and each of these habitats will exert different levels of thermal stress, which may define the capacity to evolve upper thermal limits [21]. Information on phylogenetic constraints in thermal limits will help further assess this threatened taxon.



The spatial scale (resolution) of environmental variables used can result in some variables not representing accurately the actual conditions experienced by species and/or a geographical or environmental bias, all of which can ultimately decrease the phylogenetic signal of CTmax [22,23]. In broad-scale studies, environmental variables that might influence a species’ phenotype tend to be averaged across the species’ broad geographic range. By contrast, phenotypic plasticity occurs within populations at local spatial scales [24]. Thus, studies that test for phenotypic responses across large spatial extents must overcome a scaling issue whereby environmental variables (e.g., averaged maximum temperature within a grid cell) occur at different scales than that at which selection for phenotypes occurs. This is one of few studies to use a small-scale approach to ask whether local environmental or phylogenetic factors shape the evolution and distribution of local physiology. We hypothesize that: (1) local environmental variables will influence CTmax variation, but not to a great degree because tropical species have small geographical ranges, occupy a narrow range of climatic conditions and experience low environmental variability [22]; (2) phylogeny will be strongly related to upper thermal limits, since they are a stable evolutionary trait in ectothermic vertebrates [10]; and (3) morphologically larger species will show higher CTmax as body size has been shown to influence species’ CTmax [25]. We tested these hypotheses in Pristimantis frogs in the Tropical Andes, which is a global hotspot of extinction risk and species endemism and found that both phylogeny and morphology determine vulnerability to global warming.




2. Materials and Methods


2.1. Study Site


Our study area is located on the western slope of the Western cordillera of the Colombian Andes, in the Reserva Mesenia-Paramillo, Antioquia (−75.8895 lon, 5.4950 lat). The study area covered an altitudinal range of 2100 m–2690 m above sea level and it encompassed primary forest, naturally regenerating secondary forests and cattle pasture.




2.2. Study Organisms


Between July and August 2014, we collected frogs from 12 species of the genus Pristimantis (Craugastoridae, Anura). Frogs were identified to species level by a regional expert (ARA-G), based in a reference collection housed in the Biological Collections of the Instituto de Investigación de Recursos Biológicos Alexander von Humboldt Colombia, Villa de Leyva, Boyacá, Colombia (IAvH-Am). Voucher specimens were collected under a permit issued by the Alexander von Humboldt Biological Resources Research Institute (IAvH) (Decree 1376 of 2013). These small frogs (range 10–37 mm) have the highest abundance in our study area [26]. Frogs were sampled in 25 m × 10 m transects, each separated by at least 200–300 m, in primary forest (24 transects), old secondary forest (7 transects), young secondary forest (16 transects), and cattle pasture (15 transects; Table S1).




2.3. Trait Variation–Critical Thermal Maximum (CTmax)


We follow the same methodology as [7] to measure CTmax. We used the loss of righting response (LRR) as an indicator of CTmax [27,28]. 222 frogs were kept in the field laboratory with a similar photoperiod regime 3 to 4 days before experiments [28] at 2200 m a.s.l. (15 individuals were kept for 5 days due to logistical difficulties, but CTmax did not differ between these and the individuals acclimated for fewer days). As von May (2019) explained, we performed our experiments in a field where fully controlled conditions are difficult to achieve, however, we strived to maintain similar ambient temperature conditions for all individuals (housed within 16.5–18.5 °C range). Frogs were placed in a plastic cup with a thin layer of water (1.5 mL) to prevent desiccation [27], and cups were positioned in a water bath. The temperature of the water started at 17 °C [28] and increased by 0.45 °C per minute on average [7].



We used the probe of a two-channel digital thermometer (K-type; resolution: 0.1 °C, accuracy: ±0.1 °C) to gently but often turn the frogs over on their backs. We incited individuals to righten by touching their inner thighs. After 5 s, if the frog was incapable of rightening, we registered its temperature by touching one flank with the probe [27,28]. We considered this temperature as the core body temperature since small-sized frogs have high heat transfer [28]. The frogs were immediately placed in a cool container [27], and observed for 24 h to verify they were ready to be released (there were no mortalities in our study). In addition, we recorded individuals’ body lengths by measuring the snout-vent length (SVL). Note that we measured CTmax at a loss of righting response rather than at the onset of spasms and, as such, our CTmax measurements could be considered conservative.




2.4. Measuring Environmental Exposure


We used habitat type, elevation, maximum empirical temperature, and climatic niche breadth as environmental variables that may be related to CTmax variation:



2.4.1. Habitat Type and Elevation


Habitat type and elevation can be important factors influencing variation in CTmax [29,30]. We categorized habitat type into 4 categories: primary forest (pristine forest), old secondary forest (≥19 years old), young secondary forest (<19 years old), and cattle pasture. As well as recording the habitat type per individual, we used a GPS to record the elevation where each individual was found.




2.4.2. Temperature


To determine if the temperature is shaping the evolution of CTmax, we monitored individuals’ temperature exposure. From March 2014 to February 2015, we recorded understorey ambient temperature, which is buffered by above-ground vegetation, using iButtons loggers (model: DS1921G-F5; accuracy: 0.5 °C). iButtons were placed ~1.5 m above the ground [31], recording the temperature ectotherms would experience at understorey level (individuals were found from ground level up to 2.70 m above the ground).



iButtons were placed in 18 transects spanning all habitats across the range of elevations (6 in primary forest, 4 in old secondary forest, 6 in young secondary forest, and 2 in cattle pasture). We then calculated two temperature variables for each individual: (1) Maximum temperature: the mean of daily maximum temperatures recorded as maximum air temperatures have proven to influence critical thermal traits in Pristimantis species [32]; and (2) Climatic niche breadth: the difference between the mean daily maximum and the mean daily minimum temperature. We used the temperature data from the closest temperature logger to where each individual was found accounting for habitat type and elevation.





2.5. Phylogeny


To account for phylogeny, we used one phylogenetic tree from [33] chosen at random using the function ‘sample’. This phylogeny is the most complete amphibian phylogeny up to date comprising 7238 amphibian species.




2.6. Statistical Analyses


Environment or Phylogeny Shapes Local CTmax?


To understand whether the environment will change more quickly than species’ thermal tolerances are able to evolve, we used a phylogenetic signal (V) to measure this trait evolution, as it represents the tendency of related species to resemble each other more than at random [34]. We tested the relationships between CTmax and habitat, elevation, temperature variables, and body size by fitting a linear mixed-effect model that allows phylogenetic covariance matrices. We used the function lmekin in the R package coxme [35] in the statistical software R (version 3.3.1 [36]). This model produces a z-value that represents the contribution of each environmental factor and of body size. Our model included residual variance associated with both the individual measurement (e.g., species-specific variation in CTmax) and with phylogeny. We specified the variance-covariance structure of the residual variance as a vector of errors I (following [37]). We estimated the errors assuming they follow a multivariate normal distribution with a variance-covariance matrix with three components. The first component is the phylogenetic signal, representing the variance among species means that results from phylogenetic dependence (V). This component shows the covariance between each pair of tips, calculated using the branch lengths of the phylogeny. Thus, it represents the phylogenetic contribution. The second describes variation in the species means that is independent of phylogeny (S). The final variance is that between replicate experimental units independent of phylogeny or species identity, i.e., the error variance (I) [37].



We also calculated Pagel’s lambda (λ) for ease of interpretation of a phylogenetic signal for both CTmax and SVL using phylosig function from the R package phytools [38]. Values of Pagel’s lambda range from 0 (phylogenetic independence) and 1 (strong phylogenetic signal, species’ traits covary in direct proportion to their shared evolutionary history). All analyses were performed with the full dataset (12 species; 222 individuals) and a reduced dataset (7 species; 204 individuals) represented by species with more than 10 individuals (Table S1). Although results were similar across our datasets (Table S2), results shown in this article belong to the reduced dataset.






3. Results


3.1. Critical Thermal Maximum (CTmax) and Environmental Exposure


The mean CTmax (±1SE) across all species was 21.94 °C ± 0.14. Species closer together in the phylogeny showed a slight pattern of CTmax similarity (Figure 1A). Our sampling encompassed different habitats (cattle pasture, young and old secondary and primary forests), elevational ranges (2100–2690 m) and temperature gradients. Maximum temperatures spanned from 15.30 °C to 24.95 °C, and temperature decreased by 1.5 °C for every 100 m increase in elevation, in part due to the confounding effect of habitat type: the lowest elevation belonged to cattle pasture, whereas the highest elevations were recorded in primary forests. The lowest temperature recorded was in primary forests, with a mean maximum temperature of 15.89 °C, followed by old secondary forest = 17.12 °C, young secondary forest = 21 °C, and the highest mean maximum temperature recorded was in cattle pasture = 24.87 °C. Since cattle pasture showed more extreme temperatures, the highest values of climatic niche breadth also belonged to species that are present in cattle pasture.




3.2. Environment or Phylogeny Determine Local CTmax?


We used the CTmax of 204 captured frog individuals in our model. Habitat type, elevation, maximum temperatures and climatic niche breadth showed similar patterns across the phylogeny (Figure 2).



Hypothesis 1.

Local environmental variables will influence CTmax variation.





We found no evidence suggesting that local environmental variables were influencing CTmax variation. There were no differences in CTmax across habitat types (Figure 3A), elevation (Figure 3B), maximum temperature (Figure 3C) or climatic niche breadth (Figure 3D) accounting for phylogeny (Table 1). These results were consistent when performing the analyses with the full dataset (Table S2).



Hypothesis 2.

Phylogeny will have a strong influence on CTmax variation.





Phylogeny was strongly related to species’ upper thermal limits. We found a strong phylogenetic signal (λ = 0.84) and the phylogenetic component of the model was high (V = 0.40; Table 1), and the second and third error components had low variances (S = 0.002; I = 0.002; Table 1), indicating a strong model since the error variance and the variance among species were very low.



Hypothesis 3.

Larger species will show higher CTmax.





Confirming our third hypothesis, body length was positively related to individuals’ CTmax (F = 48.81,202, r2 = 0.19, p < 0.001; Figure 3E) and showed a strong phylogenetic signal (λ = 0.91; Figure 1B).





4. Discussion


In this article, we studied evolutionary patterns of physiology, which may be relevant to understand the potential responses of amphibians to the dangers posed by climate change. This study uniquely uses a small spatial-scale approach, which guarantees that the environmental variables measured represent the real environment experienced by species, to assess local physiology combined with phylogenetic and local environmental factors. Importantly, considering the full dataset, our study encompasses 12 species, which represent a large portion (63%) of the known alpha diversity at our study site [26]. We found that local CTmax was not driven by any environmental factor assessed, whereas frog body length was positively related to CTmax. Moreover, we found a strong phylogenetic signal in species’ CTmax suggesting evolutionary constraints on this physiological trait. Thus, there is minimal potential for this group to locally adapt to keep pace with changes in temperature because such changes in CTmax would require evolutionary processes.



4.1. Local Environmental Variables Did Not Influence CTmax Variation


Our results did not support our first environmental selection hypothesis which is in accordance with other studies showing that environmental factors, such as temperature and elevation, have minimum influence on the local thermal tolerance of lizards [39], beetles [29], and Drosophila in wet environments [17]. Individuals were collected across the whole elevational range of our study site, yet examining a broader elevational range and hence including species at a lower elevation that experience higher temperatures, could result in elevation having an influence on CTmax [32]. As CTmax can play a role in the community composition of amphibians [40] (i.e., determining their preferred habitat), our results suggest that species are living in environments to which they are preadapted, rather than adapting their thermal tolerance to a new environment [17]. Thus, species might have limited potential for local adaptation or may not be able to use physiological plasticity to keep pace with temperature increases predicted under climate change [41,42], particularly in the tropics [43]. However, other factors such as humidity and microhabitat abundance could be influencing species distribution. For example, species living in three different habitat types, such as P. zophus and P. orpacobates, can live across a broader range of temperatures and forest characteristics, considering that young secondary forests have higher mean maximum temperatures and lower microhabitat complexity than primary forests [19].



The lack of correlation between CTmax and environmental variables at this regional level could be partially explained by the tendency of phylogenetically related amphibian species to live in similar combinations of climatic variables [44]. This is achieved due to the strong spatial autocorrelation existing in environmental variables and species’ low dispersal ability that creates spatial proximity of these closely related species [8]. Moreover, other factors could play a large role in driving species’ CTmax. For example, Kellerman et al. [17] found that in Drosophila CTmax increased as precipitation decreased. Thus, water-related environmental factors might be more important in driving CTmax than high temperatures alone, especially in very wet environments [17], such as the Tropical Andes. Nevertheless, an increase in temperature will not be the only effect of climate warming: lower humidity and reduced cloud cover could also stress ectotherms, especially water-dependent tropical amphibians [45].




4.2. Phylogeny Is Strongly Related to CTmax


Confirming our second phylogeny hypothesis, we observed a strong correlation between phylogeny and local CTmax, previously reported for other ectotherms [46,47], and suspect that with a larger number of species analysed we would have uncovered an even stronger phylogenetic signal [17]. For example, von May et al. [32] found no phylogenetic signal for CTmax in amphibians when examining 22 species, but the signal was strong when including 56 species [47]. Our results concur with several studies showing that CTmax is a stable evolutionary trait in ectothermic vertebrates rather than being determined by ecological filtering, dispersal, or local adaptation [10,16,39,46,47]. This suggests that the evolution of CTmax, even at a local spatial scale, is not free from phylogenetic associations. Moreover, evolutionary responses are slow, hence species might not be able to evolve higher CTmax rapidly enough to meet the pace of environmental warming [39,46].



Although there was some variation in CTmax among species, the strong phylogenetic signal of CTmax suggests that this physiological trait is evolutionarily conserved, and these species are unlikely to adapt their CTmax locally at the same rate as the change in environmental conditions. Therefore, evolution is likely to complement, rather than replace, projected ecological changes [48] and local evolutionary responses are unlikely to mitigate the negative impacts of future global warming, as has been suggested for marine environments [49]. This will be aggravated by the fact that many montane species living in these areas of high phylogenetic and species diversity may be particularly susceptible to rapid anthropogenic climate change [50].




4.3. Body Length Is Positively Related to CTmax


Supporting our third morphology hypothesis, we found that body size was positively correlated with CTmax, as has been recorded in other ectotherms [25]. Individual body length had a stronger effect than environmental factors and a strong phylogenetic signal. This means that body size had a stronger influence on species’ CTmax than any of the four environmental variables considered, and that there is an autocorrelation between body length and phylogeny, which has been previously shown in [8]. Moreover, the similar pattern that species’ CTmax and body size showed (Figure 1) suggests that lability in CTmax could be mediated by body size.



In ectotherms, many ecological and physiological processes (e.g., fecundity) are directly related to body temperature, and thus body size [51,52]. Achieving optimal body temperature through behavioural thermoregulation can play a key role in avoiding heat stress [17] and limit adaptation for elevated upper physiological limits [42,53]. Indeed, thermoregulation could explain the similar CTmax we found across environmental variables.





5. Conservation Implication


Here, we present a study that simultaneously compares physiology and local environmental conditions in an evolutionary framework. Our study captured high variation in CTmax because we focused on sampling across different habitats, elevational ranges and temperature gradients. The fact that we found a strong phylogenetic signal, despite our local scale approach, suggests that phylogenetic factors are indeed involved in shaping species’ thermal tolerances. We conclude that species are unlikely to increase their upper thermal limits via plastic responses and evolutionary responses may not be fast enough to keep pace with global warming. As such, strategies such as the translocation of microhabitats (e.g., bromeliads) into cattle pasture and secondary forests would provide thermally protected shelters and aid species to cope with temperatures that surpass their CTmax. Working with the most speciose genus of frogs globally could allow us to infer that species from this genus will show similar vulnerability to global warming, as the species from this study inhabit a wide range of habitat types that are increasingly found across the world. Indeed, frogs from the same family have been shown to be at higher risk of thermal stress compared to frogs from other families [47]. Global warming will be especially harmful to tropical species, since tropical organisms are highly sensitive to temperature change, and they can approach near-lethal temperatures much faster than species from temperate climates [54]. If species cannot adapt their CTmax to rising ambient temperatures, increasing their body size would result in a CTmax increase, which could aid them to survive under future global warming. We suggest that, wherever possible, species’ current and future vulnerability as well as microhabitat abundance and landscape connectivity are considered to inform conservation decision-making and to establish management objectives.
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Figure 1. Pristimantis frog phylogeny. (A) Mean CTmax ± SE per species. Dash line represents mean CTmax across all seven species. (B) Mean SVL ± SE per species. 
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Figure 2. Pristimantis frog phylogeny and (A) their habitat (PF: primary forests; OSF: old secondary forests; YSF: young secondary forests; CP: cattle pasture), (B) mean (point), minimum and maximum (black line) elevation where they were collected, (C) mean ± SE daily maximum temperature they experience, and (D) mean ± SE climatic niche (calculated as maximum ambient temperature minus minimum ambient temperature). 
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Figure 3. Relationship between Pristimantis frogs’ CTmax and (A) habitat (CP: cattle pasture; YSF: Young secondary forests; OSF: Old secondary forests; PF: Primary forests), (B) elevation, (C) maximum temperature, (D) climatic niche breadth, and (E) body size (snout-vent length). Solid lines represent significant relationships (p < 0.05). 
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Table 1. Summary of linear mixed effect model of environmental and phylogenetic factors on CTmax variation of 204 frog individuals.
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	Value (se)
	z
	p





	Fixed
	Cattle pasture (Intercept)
	18.83 (6.31)
	2.98
	<0.001



	
	Young secondary forest
	0.02 (0.77)
	0.03
	0.97



	
	Old secondary forest
	0.32 (1.05)
	0.31
	0.76



	
	Primary forest
	0.47 (1.14)
	0.42
	0.68



	
	Elevation
	−0.0004 (0.001)
	−0.30
	0.77



	
	Max temperature
	0.09 (0.34)
	−0.14
	0.89



	
	Climatic niche breadth
	−0.04 (0.34)
	−0.14
	0.89



	
	SVL (body size)
	1.49 (0.28)
	5.32
	<0.001



	Random
	
	
	Std Dev
	Variance



	
	Phylogenetic signal (V)
	
	0.63
	0.40



	
	Variation in species means (S)
	
	0.04
	0.002



	
	Error variance (I)
	
	0.04
	0.002
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