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Environmental and intrinsic factors interact to determine energy requirements in vertebrates. Glucocorticoid hormones (GCs) are key mediators of this interaction, as they fluctuate with energetic demands and regulate physiological and behavioral responses to environmental challenges. While a great body of research has focused on GC variation among individuals, the mechanisms driving GC variation across species and at broad spatial scales remain largely unexplored. Here, we adopted a macrophysiological approach to investigate the environmental factors and life-history traits driving variation in baseline GCs across lizard species. We tested three hypotheses: (1) If GCs increase with body temperature to meet higher metabolic demand, we expect an association between average baseline GCs and the mean species’ body temperature in the field (GC-temperature dependence hypothesis); (2) If GCs mediate behavioral responses to avoid thermal extremes, we expect that individuals frequently exposed to extreme conditions exhibit higher baseline GC levels (Behavioral thermoregulation hypothesis); (3) If GCs increase to support higher energy demands in active foragers during their period of activity, we expect that active foraging species have higher baseline GCs than sit-and-wait foragers, and that GC levels increase in relation to the duration of daily activity windows (Activity hypothesis). We used biophysical models to calculate operative temperatures and the activity patterns of lizards in sun-exposed and shaded microenvironments. Then, we tested the association between baseline GCs, body temperature, operative temperatures, foraging mode, and activity windows across 37 lizard species, using data from HormoneBase. Our comparative analyses showed that variation in baseline GCs was primarily related to the mean field body temperature and foraging mode, with higher baseline GCs in active foragers with higher body temperatures. Our results suggest that body temperature and foraging mode drive GC variation through their effects on energy requirements across lizard species.
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Introduction

Understanding the responses of organisms to environmental variation is crucial in the current context of global change. In order to make predictions on how organisms will respond and adapt to everchanging environments, we need to gain insights into the mechanisms driving organism-environment interactions. In vertebrates, environmentally-driven responses are primarily mediated by glucocorticoids (GCs, i.e., corticosterone and cortisol). GCs are metabolic hormones that orchestrate physiological and behavioral responses to internal and external factors, helping organisms to overcome challenges and maintain homeostasis. Therefore, they have a pivotal role linking environmental changes and vertebrate coping mechanisms (Sapolsky et al., 2000; Koolhaas et al., 2001; Landys et al., 2006; Romero et al., 2009). GC levels fluctuate in daily and seasonal patterns, and show acute increases in response to unpredicted perturbations or environmental changes. Through the synthesis and release of GCs, organisms mobilize body reserves (i.e., glucose, fatty acids, and proteins; Sapolsky et al., 2000; Remage-Healey and Romero, 2001; Romero and Beattie, 2022) to provide the resources needed to cope with a current or anticipated increase in energy expenditure (McEwen and Wingfield, 2003; Landys et al., 2006; Romero et al., 2009; Herman et al., 2016). Thus, GCs are implicated in the physiological regulation of organismal tolerances to variation in environmental conditions challenging homeostasis, including, for instance, unpredictable and anticipated weather fluctuations (Wingfield et al., 1988; Wingfield, 2005, 2013; de Bruijn and Romero, 2013; Romero and Wingfield, 2015; Dupoué et al., 2018; Crino et al., 2020). Although different studies have described associations between GC levels and environmental variables, especially temperature, these relationships are not ubiquitous as they often differ among taxa or between sexes (Lendvai et al., 2009; Telemeco and Addis, 2014; Jessop et al., 2016; Jimeno et al., 2017; Dupoué et al., 2018; Hudson et al., 2020), and their mechanistic underpinnings remain poorly understood. Additionally, existing literature testing for the associations between ambient temperature and GC concentrations shows a strong bias toward studies in captivity and endothermic species, indicating a need for field studies, especially in ectotherms such as reptiles and amphibians, which remain underrepresented (reviewed in de Bruijn and Romero, 2018).

Ectotherms depend on external heat sources to control their body temperature, and thus show a tight association among physiology, behavior, and ambient temperature. However, the link between ambient temperature and GC levels is complex as it involves both direct and indirect effects of temperature on energy requirements, behavior, and activity patterns (e.g., Romero, 2002; Telemeco and Addis, 2014; Jessop et al., 2016 Dupoué et al., 2018; Megía-Palma et al., 2022). Body temperature affects multiple physiological processes such as metabolic rates, digestion, locomotion, or reproduction (Hamilton, 1973; Angilletta, 2001; Gillooly et al., 2001), and thus weather conditions might affect energy requirements and GC levels directly (Racic et al., 2020). Furthermore, temporal variation and spatial variation in ambient temperature affect both the patterns of activity and the use of different microenvironments for behavioral thermoregulation, which may indirectly determine behavioral patterns, energy requirements, and GC levels (Dupoué et al., 2018; Megía-Palma et al., 2022). For instance, frequent exposure to temperature extremes requires the activation of physiological and behavioral responses to maintain homeostasis or avoid thermal stress (Telemeco and Addis, 2014; Jessop et al., 2016). GCs may be implicated in this activation, as they release required nutrients to activate behavioral responses such as selection of microhabitat to avoid overheating or cooling risk (Jessop et al., 2016). In addition to short-term responses to environmental changes, energy requirements and GC levels might differ among species with different life-history traits, reproductive modes, or foraging strategies (e.g., active predators vs. sit-and-wait foragers; Huey and Pianka, 1981; Vitt et al., 2003). These among-species differences in energy expenditure must be sustained by either increased energy uptake rates or a differential allocation into activity or self-maintenance likely determining life-history evolution (Shine, 2005). To understand the extent to which GCs vary in response to either short-term variation in environmental conditions or interspecific strategies, GC levels need to be investigated across species on a broad spatial scale through macrophysiology (Chown et al., 2004).

The broad-scale analyses of physiological traits in relation to environmental variables entail different challenges, such as the need to take into consideration the heterogeneity of microenvironments at the individual scale, e.g., sun-exposed and shaded conditions used for behavioral thermoregulation (e.g., Kearney et al., 2009). To incorporate the microclimatic heterogeneity into broad-scale analysis of physiological traits, microclimate and biophysical models arise as a powerful tool since they predict how key physiological traits such as body temperature or metabolic rate respond to environmental conditions at the scale of individuals (Kearney et al., 2020; Anderson et al., 2022; Rubalcaba and Jimeno, 2022). Considering the effects of microclimates on heat exchange of individuals greatly improves the model’s capacity to unravel the effects of temperature on physiological parameters such as body temperature and GC levels (Rubalcaba and Jimeno, 2022).

Here we adopt a macrophysiological approach to investigate the role of ambient temperature and life-history traits driving variation in baseline GC concentrations across lizard species. We tested the following, non-mutually exclusive hypotheses:

1. GC-temperature dependence hypothesis. Body temperature determines metabolic rates and GC levels play a fundamental role in mobilizing reserves required to fuel metabolism (Jessop et al. 2016; Francis et al., 2018). Therefore, we expect that species experiencing higher body temperatures in the field exhibit higher mean baseline GC concentrations.

2. Behavioral thermoregulation hypothesis. GCs regulate physiology and behavior to maintain homeostasis and avoid thermal extremes (Telemeco and Addis, 2014; Jessop et al., 2016; Dupoué et al., 2018). Therefore, when individuals experience extreme thermal conditions in their available microhabitats, they might require to behaviorally control body temperature, which will increase energy requirements. Here, we expect that individuals experiencing extreme conditions will exhibit higher baseline GC levels.

3. Activity hypothesis. Maintaining activities such as foraging or predator avoidance requires increasing metabolic rate with a commensurate elevation in baseline GCs (Hamann et al., 2007; Jessop et al., 2015). Therefore, species that forage actively and invest a greater proportion of their activity period seeking for food might require higher baseline GC concentrations to support their greater energy requirements. Foraging modes of lizards have traditionally been characterized as either active or sit-and-wait foraging and, although simplistic, this bimodal approach allows analyzing relationships between foraging strategies with environmental or physiological variables (Cooper, 2005). Here, we expect that GC concentrations will be higher in active than in sit-and-wait foragers and that they increase in relation to the duration of activity window since active foraging in reptiles is restricted to the period in which individuals can maintain body temperature within their operational temperature range (Nelson and Gregory, 2000; Kerr et al., 2008).

By testing the role of body temperature and life-history traits related to energy expenditure in GC levels across lizard species, we aim at improving our mechanistic understanding of GC variation in ectotherms across broad spatial scales.



Materials and methods


Data collection

We collected baseline GC concentrations from HormoneBase (Vitousek et al., 2018), a published database of circulating steroid hormone levels from free-living vertebrate populations. HormoneBase contains mean baseline GC concentrations of male and female adults including information on the time and location of hormone collection, as well as the method and latency of sampling. We then combined these GC data with species-level information from the lizard species database by Meiri (2018). First, to test the GC-temperature dependence hypothesis (species experiencing higher field body temperatures display higher baseline GC levels due to their higher energy requirements), we used mean field body temperature data at the species level. Second, to test the Activity hypothesis (species with higher energy requirements for foraging display higher GC levels), we used foraging mode categorized as either active or sit-and-wait foragers. Finally, we used mean species body mass estimated using family-specific allometric relationships in relation to body length following Meiri (2018). Our final database included 223 GC records from 37 lizard species to investigate the effect of body temperature on GC levels, and 143 records across 23 species for the effect of activity level and foraging mode.



Microclimate and biophysical modeling

To investigate the Behavioral thermoregulation hypothesis (GC levels increase to trigger thermoregulatory responses when individuals experience extreme temperatures), we modeled operative temperatures (i.e., the equilibrium temperature that individuals experience in their microenvironments; Bakken, 1992). Operative temperatures (Te) provide a measure of the thermal conditions available in the environment considering both properties of microenvironments (such as temperature, solar radiation, and wind speed) and the organism (size, shape, or skin absorbance to solar radiation, e.g., Clusella-Trullas et al., 2021). Here, we used Te to characterize the thermal extremes (i.e., sun-exposed vs shaded conditions) and thereby the thermal constraints that individuals experienced in the environment at the time and location at which GC samples were collected. We modeled Te combining models of heat exchange via absorption of short-wave solar radiation, thermal radiation, convection, and conduction with the ground (Porter et al., 1973; Rubalcaba and Olalla-Tárraga, 2020). These heat transfer mechanisms depend on total incoming solar radiation, S (Wm−2), air temperature, Ta (°C), soil temperature, Tg, and sky radiant temperature, Tsky (°C), as well as the dorsal, Ad (m2), and ventral, Ag, skin surface areas, and the skin absorbance to short-wave radiation, a:
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Here, Ra and Rg are radiative transfer coefficients representing the exchange of heat via thermal radiation with the air and the ground, respectively, and were estimated as [image: image] and [image: image] where ε and σ are, respectively, the lizard’s emissivity of infrared radiation (set here at 0.95; Campbell and Norman, 1998) and the Stefan–Boltzmann constant (5.67 × 10−8 Wm−2 K−4). The convection, hc, and conduction, hg, transfer coefficients (Wm−2°C−1), were used to model heat exchange via convection and conduction to the ground surface. We calculated the convection coefficient using the Reynolds-Nusselt numbers (Re-Nu) expression [image: image], which is a function of wind velocity (v, ms−1), kinematic viscosity of the air (υ, m2s−1), and the characteristic length (L, m) over which the fluid flows in contact with the animal’s surface, estimated here as L = 3.3 × (M × 10−6)1/3 (Mitchell, 1976). Finally, hg was estimated following Stevenson (1985) as the ratio between the thermal conductivity (set here to 0.027 Wm−1°C−1) and skin thickness [image: image].

We modeled microclimatic conditions (i.e., solar radiation, wind velocity, air, soil, and sky temperature) using the function micro_ncep in NicheMapR (Kearney et al., 2020). This function uses a microclimate model that integrates the RNCEP 6-hourly weather and the downscaling functions from the microclima package (Maclean et al., 2019) to compute hourly estimations of historical weather data in either sun-exposed or shaded conditions. Here, we computed hourly estimations of the microclimatic variables in the sun and in the shade (90% excluded solar radiation) for a period of 1 month preceding the time at which GC samples were collected and specifying the location of each population in HormoneBase. We then computed operative temperatures using the equation 1 and estimated: (1) the maximum and minimum operative temperatures, respective as the 95% (Te upp) and 5% (Te low) percentiles; and (2) the activity window (i.e., the number of hours that the animal is predicted to be active) by counting the number of hours in which the species’ mean field body temperature was within the operative temperatures in the shade and in the sun (Te, shade ≤ Tb ≤ Te, sun).

Based upon the Behavioral thermoregulation hypothesis, we expect that individuals increase their baseline GC concentrations when operative temperatures are either high or low when compared with the thermal preference of the species. To characterize this species’ thermal preference, we used the mean species’ field body temperature (see Data collection). Thus, we expect that baseline GCs are negatively related to the difference (Tb − Te upper) and positively to the difference (Tb − Te lower), indicating that GC levels increase when individuals are frequently exposed to operative temperatures that are either higher or lower than the average field body temperature of each species.



Hypothesis testing and data analyses

We used phylogenetically controlled mixed-effect models to investigate the relationship between GC concentration and field body temperature (GC-temperature dependence hypothesis), the extremes of the operative temperature range (Behavioral thermoregulation hypothesis), and the activity window and foraging mode (Activity hypothesis). The models included the species identity and the laboratory that performed GC analyses as random intercepts to control for the non-independence of intraspecific hormone concentrations and the non-independence of samples from the same laboratory (Francis et al., 2018). Models including random intercepts were better supported than those including both random intercepts and slopes based on their lower DIC values.

To test the GC-temperature dependence hypothesis, we included log-transformed GC concentrations as a response variable, and the species’ mean field body temperature, sex, and log-body mass as fixed factors. In a different model, we tested the Activity-foraging mode hypothesis including activity window, foraging mode, and the interaction between them (in addition to body mass and sex) as fixed factors. Finally, to test the Behavioral thermoregulation hypothesis, we analyzed the relationship between log-GCs and the differences (Tb − Te upper) and (Tb − Te lower) including log-body mass and sex as additional fixed factors. Phylogenetic models were fitted using the R package MCMCglmm (Hadfield, 2010) in R v4.2.0 (R Core Team, 2022) and using the phylogeny by Johnson et al. (2018) available for HormoneBase.




Results

Baseline GC concentrations were positively and significantly related to the species’ mean field body temperature (Figure 1A). The model also included a significant effect of sex (Table 1A), with males displaying significantly higher GC levels than females (22.19 ± 0.13 ng mL−1 (mean ± SE) in males and 18.57 ± 0.17 ng mL−1 in females). We did not find a significant interaction between activity window and foraging mode, or a significant effect of activity window on GCs (Table 1B). However, active foragers displayed higher GC levels than sit-and-wait foragers (56.27 ± 4.94 ng mL−1 in active foragers and 19.48 ± 0.20 ng mL−1 in sit-and-wait foragers; Figure 1B). Finally, the model testing the effect of deviations between field body temperature and operative temperatures on baseline GCs showed no significant effects of either exposure to high operative temperature (Tb − Te upper; Figure 2A), or exposure to cold temperature (Tb − Te lower; Figure 2B; Table 1C).
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FIGURE 1
 Baseline glucocorticoid (GC) concentrations in relation to field body temperature (A) and foraging mode (B) across lizard species. Boxes and whiskers in (A) represent GC levels for each species where horizontal lines within boxes are median GC concentration, boxes capture the interquartile range, and whiskers represent scores outside the lower an upper quartile. The smooth line was generated using loess curve with span parameter of 2.




TABLE 1 Results of the three phylogenetic linear mixed-effect models testing the effect of body temperature (A), foraging mode and activity (B), and experienced temperature extremes (C) of glucocorticoid concentrations across lizard species.
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FIGURE 2
 Baseline glucocorticoid (GC) concentrations in relation to the difference between field body temperature (Tb) and upper range of operative temperatures (Te upper; 95% percentile, A), and difference between field body temperature and lower range of operative temperatures (Te lower; 5%, B). Boxes represent variation in GCs and operative temperatures for each species, where horizontal lines within boxes are median GC concentrations, box width captures the interquartile range in operative temperature, box height represents the interquartile range in GC concentrations, and whiskers show the range outside the lower an upper quartile. Smooth lines (dashed denotes nonsignificant relationships) are loess curves with span parameter of 2.




Discussion

Body temperature and foraging mode were the two most important factors determining variation in baseline GC concentrations across lizard species. The phylogenetic analyses showed that GC levels were higher in species displaying elevated mean body temperatures (Figure 1A). Body temperature fundamentally affects the kinetic energy of cellular components, increasing reaction rates of biochemical processes comprising metabolism (Hamilton, 1973; Gillooly et al., 2001). Because GCs play a fundamental role in mobilizing reserves required to fuel metabolic processes (Sapolsky et al., 2000; Remage-Healey and Romero, 2001; Landys et al., 2006; Jimeno et al., 2018; Romero and Beattie, 2022), GC levels are predicted to increase in relation to body temperature (Francis et al., 2018). Supporting this notion, a previous interspecific analysis found that baseline GCs are related to ambient temperature across reptile species (Jessop et al., 2016); however, the mechanistic underpinnings of this relationship remain elusive. Ambient temperature is related to a variety of ecological factors and life-history traits that may affect GC levels (Eikenaar et al., 2012; Meiri et al., 2013). For example, ambient temperature is a good predictor of variation in life-history traits such as clutch frequency, longevity, or age at first reproduction (Meiri et al., 2013). In contrast, body temperatures are unrelated to environmental temperatures across lizard species (Meiri et al., 2013). Therefore, interspecific relationships between baseline GCs and ambient temperature in lizards might be primarily driven by variation in life-history traits rather than changes in body temperature and metabolism. However, the positive effect of mean species’ body temperature on baseline GCs described here across lizard species supports the hypothesis that interspecific GC variation is influenced by the temperature dependence of metabolism (GC-temperature dependence hypothesis), providing insights into the mechanisms underpinnings of broad-scale variation in GCs.

Previous studies have found positive relationships between GCs and field body temperature or ambient temperature at the intraspecific level (e.g., Dunlap and Wingfield, 1995; Tyrrell and Cree, 1998; Jessop et al., 2000; Telemeco and Addis, 2014; Jessop et al., 2016; Megía-Palma et al., 2020, but see Racic et al., 2020). This temperature dependence of GCs might be driven by multiple factors including direct influence of temperature on metabolism, indirect effects via GC increases in response to suboptimal temperatures that trigger behavioral avoidance (Preest and Cree, 2008), or temporal correlations between daily patterns of GC and ambient temperature fluctuations (Romero, 2002; Eikenaar et al., 2012). Here, we found that species experiencing higher mean field body temperatures displayed higher baseline GC levels. However, baseline GCs did not increase when operative temperatures (at the time of hormone sampling) exceeded the average body temperature of the species (i.e., when the difference Tb − Te upper was more negative). Therefore, our results suggest that species that frequently experience higher body temperature have higher energy requirements and hence higher baseline GCs, and we did not find support for the hypothesis that higher thermal constraints trigger thermoregulatory behavior to avoid overheating in exposed conditions. Although baseline GCs were not related to thermal constraints, GC levels could have showed acute increases in response to sudden fluctuations in body temperature (Jessop et al., 2016), but gone back to baseline concentrations soon after the exposure to these suboptimal temperatures. If this is so, baseline GC levels would not be appropriate to detect short-term exposure to extreme operative temperatures, as they reflect GC secretion at one time-point. In addition, GC responses to thermal extremes are complex in lizards as they involve other environmental factors that we did not consider here such as food (Cote et al., 2010) or water availability (Dupoué et al., 2018). Therefore, we cannot discard that GC levels fluctuated more, nor that the accumulated exposure to GCs was higher, in populations experiencing thermal extremes (Behavioral thermoregulation hypothesis). More integrative GC measurements in feces or keratinized tissues, which capture GC secretion during longer time periods (i.e., hours to weeks), may be useful to detect these effects.

Lizard species displaying active foraging had higher average baseline GC levels than sit-and-wait foragers. Active foragers invest a significant amount of energy in locomotion resulting in a two- to ten-fold increase in energy requirements when compared to sit-and-wait foragers (Taylor, 1973; Anderson and Karasov, 1981). Therefore, higher baseline GCs in active than in sit-and-wait foragers suggest that active species require higher GC concentrations to sustain higher daily energy demands. Although foraging activity influences energy requirements and GC levels, we did not find a relationship between GCs and the activity window in either active or sit-and-wait foragers. The relationship between energy requirements, GC concentrations, and activity patterns in ectotherms is complex and might lead to context-specific covariation between GC levels and activity windows. Thus, GC levels might be higher among species experiencing longer activity windows as individuals need to maintain elevated metabolic rates during longer periods. However, the opposite pattern (i.e., shorter activity windows increase GC levels) might also be expected if reducing the activity window leads to an increase in intraspecific competition for breeding resources and mates (Eikenaar et al., 2012). As a result, the activity window does not seem to be a strong predictor of energy requirements and GC variation across lizard species, unless perhaps combined with other factors influencing conspecific competition such as population density or resource availability. Our analysis combining activity window and foraging mode was nonetheless restricted to a relatively small number of active species in relation to those exhibiting the sit-and-wait foraging strategy that might impede detecting a significant interaction between foraging mode and activity window. In addition, the use of discrete foraging modes has been criticized since the variables that ultimately reflect energy requirements (e.g., movements per minute, or percent time moving) vary continuously (Cooper, 2005). Our approach thus uses a surrogate of activity and hence further empirical support is required to confirm the Activity-foraging mode hypothesis.



Conclusion

Lizard species experiencing higher body temperatures and active foraging exhibited higher baseline GC levels, whereas the effect of ambient temperature on baseline GCs was not significant when analyzed across species. These results suggest that among-species differences in mean body temperature determine interspecific variation in baseline GC levels, probably as a result of the temperature dependence of metabolism. This points at species that consistently display higher energy demands (either due to their higher experienced body temperatures or active foraging mode) having to sustain these requirements either via increasing their energy uptake rates, or else prioritizing energy allocation into activity or self-maintenance, potentially at the expense of reducing investment in other life-history traits.

Our work adds up to the increasing body of research emphasizing the need to account for variation in energy demands and metabolic processes toward an accurate ecological interpretation of GCs, in light of their metabolic function. More specifically, we demonstrate the role of energy metabolism and life-history traits related to energy expenditure in determining GC variation across ectotherm species, which illustrates the capacity of biophysical models to reveal patterns that are difficult to assess in the field. These models thus emerge as powerful tools to gain insights and elaborate predictions on physiological processes taking place at broad spatial scales, and on their expected variation in response to changes in environmental conditions.
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