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Oxygen consumption allows measuring the metabolic activity of organisms. Here, we adopted the multi-well plate-based respirometry of the extracellular flux analyzer (Seahorse XF96) to investigate the effect of temperature on the bioenergetics of zebrafish embryos (Danio rerio) in situ. We show that the removal of the embryonic chorion is beneficial for oxygen consumption rates (OCR) and penetration of various mitochondrial inhibitors, and confirm that sedation reduces the variability of OCR. At 48h post-fertilization, embryos (maintained at a routine temperature of 28°C) were exposed to different medium temperatures ranging from 18°C to 37°C for 20h prior OCR measurement. Measurement temperatures from 18°C to 45°C in the XF96 were achieved by lowering the room temperature and active in-built heating. At 18°C assay temperature, basal OCR was low due to decreased ATP-linked respiration, which was not limited by mitochondrial power, as seen in substantial spare respiratory capacity. Basal OCR of the embryos increased with assay temperature and were stable up to 37°C assay temperature, with pre-exposure of 37°C resulting in more thermo-resistant basal OCR measured at 41°C. Adverse effects of the mitochondrial inhibitor oligomycin were seen at 37°C and chemical uncouplers disrupted substrate oxidation gradually with increasing assay temperature. Proton leak respiration increased at assay temperatures above 28°C and compromised the efficiency of ATP production, calculated as coupling efficiency. Thus, temperature impacts mitochondrial respiration by reduced cellular ATP turnover at lower temperatures and by increased proton leak at higher temperatures. This conclusion is coherent with the assessment of heart rate, an independent indicator of systemic metabolic rate, which increased with exposure temperature, peaking at 28°C, and decreased at higher temperatures. Collectively, plate-based respirometry allows assessing distinct parts of mitochondrial energy transduction in zebrafish embryos and investigating the effect of temperature and temperature acclimation on mitochondrial bioenergetics in situ.
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INTRODUCTION

All species require temperature adaptation of their bioenergetics for maintenance of metabolism and life. Low temperatures decrease cellular metabolism of ectothermic species as they mainly lack thermogenic capabilities for maintaining constant body temperatures. Hence, ectotherms must balance temperature-sensitive cellular energy production and consumption to ensure physiological functions, such as growth, activity, and reproduction. While water temperatures fluctuate naturally due to weather and seasons, temperature sensitivity becomes increasingly important in the long-term scope of global warming, where aquatic ecosystems and thus ectotherms are challenged. The global mean ocean surface temperature is expected to increase by 1.8–4°C by the end of this century (Rhein et al., 2013), which will presumably elevate ocean warming, acidification, and hypoxia (Hoegh-Guldberg and Bruno, 2010). The effect of warming will depend on the thermal niche of the respective species. Species living below their thermal optimum will benefit from warm conditions, while others close to their thermal limit will suffer (Shephard et al., 2010; Eymann et al., 2020).

Many factors, such as physiological limitations, macromolecules, and genetic traits, need to be considered when looking at the plasticity of ectothermic (and endothermic) species in their response to changing environmental temperatures. An important physiological factor is aerobic scope; it represents the absolute difference between the maximum and standard rates of organismal aerobic metabolism (Gleeson, 1981; Halsey et al., 2018). In aquatic ectotherms, a decrease in aerobic scope is considered as the beginning of physiological thermal limitation on both ends of the thermal window, caused by a reduced capacity of the cardiovascular and pulmonary system to meet the increasing oxygen demand (Portner and Knust, 2007). The slowing of ventilation and circulation in the cold and the insufficient increase in the warm cause a mismatch between oxygen delivery and demand, which results in a limitation of thermal tolerance (Pörtner, 2001). Additional molecular constraints impact optimal function of organisms across a wide range of temperatures. Ectotherms in cold environments may increase the production of enzymes to compensate for decreased catalytic activity (Guderley, 2004). These modifications, also referred to as extrinsic factors, can occur relatively fast in response to environmental changes. Changes in temperature may also affect the structure and stability of proteins and enzymes, such as the loss of substrate binding affinity in teleost fish with increasing assay temperatures (Fields and Somero, 1998). Processes that aim to stabilize proteins, for example, by altering amino acid composition and secondary structures of proteins (Tattersall et al., 2012), occur at a slower pace during development or over generations, also referred to as intrinsic modifications (Travis et al., 1999; Fangue et al., 2009). Some genetic traits may shift expression to genes that provide better protection against the prevailing environmental conditions to alter the optimal thermal window of ectotherms. Further, behavioral changes and selection of microhabitats need to be considered when looking at ectothermic model organisms (Angilletta et al., 2009). Taken together, the response to thermal fluctuations is complex due to many factors. A general molecular mechanism or genetical program that enables aquatic ectotherms to maintain basic physiological function in a relative wide thermal spectrum remains elusive.

To measure thermal viability in aquatic ectotherms, several methodological approaches and model organisms with various thermal tolerance have been used, such as annelids (Arenicola marina) sipunculids (Sipunculus nudus), bivalves (Ostrea edulis), cephalopods (Lolliguncula brevis), mollusks (Laternula elliptica), crustaceans (Maja squinado), and teleost fish (Fundulus heteroclitus; Zielinski and Po, 1996; Pörtner and Zielinski, 1998; Urban and Silva, 1998; Sommer and Pörtner, 1999; Frederich et al., 2000; Schulte, 2015; Eymann et al., 2020). The range of parameters to judge thermal plasticity includes gene expression, enzyme activities, motility (e.g., swimming speed), and heart and metabolic rates (e.g., indirectly via oxygen consumption; Lahnsteiner and Mansour, 2012; Little et al., 2013; Ferreira et al., 2014; Veilleux et al., 2015; Pichaud et al., 2019).

From the experimental point of view, a good model organism has a sequenced genome and can be genetically manipulated, thereby offering the possibility to establish causality of molecular mechanisms.

The zebrafish (Danio rerio) is a vertebrate model used broadly in many disciplines ranging from developmental biology to drug discovery, offering an array of established tools ranging from genetic modification to standardized behavioral analysis. Thermal adjustments of its metabolism can be investigated over a large thermal window, as the zebrafish naturally inhabits freshwater with a wide temperature range of 16.5 to 34°C (Engeszer et al., 2007) in the tropics of South Asia. Previous studies measured metabolic rates as oxygen consumption of living zebrafish in response to different temperatures, using metabolic chambers/tanks (Little et al., 2013). To further understand the underlying mitochondrial mechanisms, it would be advantageous to isolate mitochondria and determine mitochondrial activities with Clark-type oxygen electrodes, as has been done in mollusks, for example, Kurochkin et al.(2009). The quantity and purity of isolated mitochondria, however, are limited for a small organism, such as the zebrafish. With new technologies, such as plate-based respirometry of the Seahorse extracellular flux analyzer, however, it may be possible to get insights into mitochondrial mechanisms and adaptations in response to thermal challenges by subjecting living organisms to the assay and measure oxygen consumption in situ (Divakaruni et al., 2014). A few studies demonstrated how to adapt the Seahorse system to the zebrafish and how to measure respiration of embryos. Stackley et al. investigated the change of embryonic bioenergetics over the course of early development at a standard temperature of 28.5°C, showing the increase of oxygen consumption rates (OCR) from 3 to 48h post-fertilization (hpf) in all respiratory parameters except proton leak (Stackley et al., 2011). The high individual variability of OCR (Souders et al., 2018) could be mitigated by sedation using tricaine (MS-222) pre-exposure (Raftery et al., 2017). Spheroid capture plates of the 24-well Seahorse system were used to determine the impact of the chorion on the respiratory responses to chemical uncoupler FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone) during development (Souders et al., 2018). Lee et al. (2019) curated Seahorse studies using whole zebrafish embryos, providing a list until 2019, where experimental conditions have been summarized to optimize the assay for testing toxins and pollutants (Lee et al., 2019). Plate-based respirometry is found in a few studies for testing the impact of toxins during early embryo development. For example, Shim and colleagues used 96-well Seahorse technology, enabling higher n-values to test the bioenergetic effects of triclosan, a synthetic antimicrobial agent commonly used in consumer goods (Shim et al., 2016).

In this paper, we applied the XF96 Seahorse extracellular flux analyzer platform to investigate the bioenergetic effects of various assay temperatures (from 18°C to 45°C) and the effect of pre-exposing the zebrafish embryos to temperatures ranging from 18°C to 37°C.



MATERIALS AND METHODS


Animals


Maintenance

Fertilized eggs of wild-type (AB-strain) zebrafish (Danio rerio) were obtained from the Zebrafish core facility at Karolinska Institute after crossing under controlled conditions using breeding traps. Dividers were pulled at 6AM and eggs were collected for transport to Stockholm University. The eggs were kept in E3 medium (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.4mM MgCl2, and 10−5% Methylene Blue, pH 7.2). The freshly laid eggs were kept at 28.5°C and picked up within 3h. During transport, the embryos were briefly exposed to approximately 22°C before returning to 28.5°C. Up to 200 embryos were maintained in one large petri dish (150mm×20mm, P5606, Sarstedt, Germany). Checking for dead embryos and medium replacement was done twice during the first experimental day and once in the morning of the second day (see Supplementary Figure for comprehensive description of the study design). The studies were approved by the Stockholm North Ethical Committee with the permit number 14049–2019.



Dechorionation

At 24h post-fertilization (24 hpf), the chorion was removed by a combination of enzymatic digestion and mechanical force using thin forceps. Embryos were transferred with a plastic Pasteur pipette from their large petri dishes to a beaker containing E3 medium. Pronase from Streptomyces griseus (SKU: 10165921001, Sigma-Aldrich, United States) was added at a concentration of 2mg/ml. The medium was swirled in a continuous movement of the beaker and the digestion states were checked microscopically for approximately 5min, or until the first embryos separated from their chorion. Additionally, the chorion integrity was checked by gently nudging the chorionated embryos with a pipet tip. The Pronase treatment was considered complete when the choria appeared soft. Embryo survival rates of nearly 100% after enzymatic digestion were achievable with careful treatment and immediate deactivation of Pronase activity, by shortly washing the embryos five times in Pronase-free E3 medium. Notably, solely the washing steps separated a fair amount of choria and embryos, while the residual individuals had to be separated with forceps. For this, the chorion of remaining embryos was removed by tearing the chorion with two forceps (Dumont no. 5) after transfer to a smaller petri dish (100mm x 20mm, P5606, Sarstedt, Germany). We improved the duration of chorion removal of ~350 embryos from 60 to 30min during the course of our studies. Chorion removal is also possible without Pronase treatment, but results in a significant number of crushed embryos (~15% in our hands), due to the mechanical force imposed on the embryos while tearing the rigid chorion with forceps. Furthermore, the time of chorion removal will increase about 3–5 times.




Temperature Exposure

The embryos were checked for viability before exposing them to either 18°C, 23°C, 28°C, 33°C, or 37°C in sealed 50ml falcon tubes (62.547.254, Sarstedt, Germany) in a temperature-controlled water bath. Up to 70 embryos were transferred into the falcon tubes containing 50ml of E3 medium. The embryos were exposed to the respective temperature for 20h (see Supplementary Figure). We did not term temperature exposure “acclimation”, as we did not evaluate acclimation steady states. At 48 hpf, the zebrafish embryos were transferred to respirometric analysis.



Microscopical Phenotyping

Embryos were transferred from the temperature incubation tubes into a petri dish (100mm multi 20mm, P5606, Sarstedt, Germany) for microscopy. The embryos were categorized into the phenotypes of normal, curved, and “other” (collection of very minor diverse phenotypes, e.g., showing edema) by visual inspection. Images were taken with the EVOS XL core microscope (Invitrogen, United States) at 4x magnification. Scale bars were added during post-processing with the aid of a Bürker counting chamber and the software AxioVision (release 4.8, Carl Zeiss, Germany).



Protein and DNA Quantification

Embryo lysis, protein, and DNA quantification were performed to evaluate differences in biomass of the embryos in response to temperature pre-exposure.


Lysis of Zebrafish Embryos

A petri dish (100mm x 20mm, P5606, Sarstedt, Germany) was filled with RIPA buffer (SDS 0.1%, NaCl 150mM, IGEPAL CA-630 1%, deoxycholic acid 0.5%, and TRIS 50mM), and one embryo at a time was transferred with as little E3 medium as possible. Individual embryos were transferred into a 2ml safe lock reaction tube using a pipet set to 10μl and a pipet tip which was cut to avoid shearing. The embryos (a pool of five) were either stored at 20°C or processed directly. For lysis, a 3mm carbide bead and 50μl of RIPA buffer were added to the tubes and the five embryos were lysed with the TissueLyser LT (QIAGEN, Netherlands) for 5min at a frequency of 40Hz. Afterward, the samples were placed on ice for 30min and the lysate was diluted 1:3 by adding distilled water. The dilution was centrifuged at 4°C for 30min at full speed with a table top centrifuge (Centrifuge 5,427 R, Eppendorf, Germany), and the supernatant (about 130μl) was removed and transferred to a fresh reaction tube for storage at 20°C.



Protein Quantification

Protein concentration was determined using Bradford reagent. The protein samples were diluted 1:3 to reduce measurement interference with the RIPA buffer. Dilutions of 2mg/ml non-free fatty acid-free BSA (A7906, Sigma-Aldrich, United States) stock were used as standard. In a black 96-well microplate (655,096, Greiner Bio-One), 5μl of sample were added to 250μl Bradford reagent (B6916, Sigma), mixed and incubated for 5min at room temperature, and shielded from light. The absorbance was detected using an EnSpire Multimode Plate Reader (PerkinElmer, United States) at 595nm. All samples were measured in triplicates.



DNA Quantification

DNA concentration was determined using the Quant-iT™ PicoGreen® dsDNA Kits (P7589, Invitrogen, United States), following the manufacturer’s protocol (high range standard curve, 1μg – 0.01 μg). For the DNA standard curve, 2μg/ml of stock dsDNA solution was diluted in 1:3 RIPA buffer. The fluorescent signal was detected with a CLARIOstar plate reader (BMG Labtech, Germany) adjusted to the PicoGreen pre-set (top optic, excitation: 483–15, dichroic: auto 502.8, and emission: 530–30). All samples were measured in triplicates.




Seahorse (XF96) Temperature

To adjust the XF96 Seahorse extracellular flux analyzer (Agilent, United States) to various temperatures, the desired environmental and tray temperature were set in the menu instrument/administration/temperature control. To achieve 18°C measurement temperature, the analyzer was placed in a temperature-controlled 5°C room for passive cooling. Notably, the analyzer was moved back to room temperature after the measurement to avoid condensation in the machine. For 23°C and 28°C assay temperatures, cooling of the Seahorse was supported by desk fans circulating cool room air into the vents. The analyzer maintained assay temperatures between 33°C and 45°C without any external support, while a thermal fuse prevented the use of the machine beyond 45°C by disabling the in-built heaters.



Seahorse Measurements


Cartridge Preparation

The Seahorse cartridges (102,416, Agilent, United States) were hydrated by adding 200μl of XF calibrant solution (100,840, Agilent, United States) to the utility plate and incubated overnight at 37°C.



Sedation and Transfer to the Seahorse Well Plate

Tricaine (E10521, Merck, United States) was used to reduce embryo movement in the Seahorse well and to stabilize OCR, as previously shown by Raftery et al. (2017). The embryos were incubated in a petri dish containing 125mg/ml tricaine in E3 medium and then transferred into the Seahorse XF96 cell culture plates (101,085, Agilent, United States) with a 100μl cut pipet tip before adding 170μl of XF base medium with minimal DMEM (103,334, Agilent, United States) to each well. The central position of the embryos was checked with a microscope and corrected with a shortened Microloader™ pipet tip (EP5242956003, Eppendorf, Germany), if necessary. For analyzing the effect of sedation on the variability of OCR, tricaine was injected via port A of the XF96 cartridge.



Measurement Protocol

The baseline of embryonic respiration was measured in 15cycles, with one cycle consisting of 1min mixing, 1min waiting, and 2min measuring. The last three cycle values before oligomycin addition were averaged to determine embryonic embryonal respiration. Oligomycin (O4876, Sigma-Aldrich, United States), injected via port A at a final concentration of 25μm to inhibit ATP synthase, served to determine respiration linked to ATP synthesis and to proton leak. Thirty cycles were required to establish steady-state rates at low temperatures, and the average of three lowest consecutive points was taken as value for proton leak. Subsequently, 8μm carbonyl cyanide-p-trifluoromethoxyphenylhy drazone (FCCP; C2920, Sigma-Aldrich, United States) was added (port B) to uncouple respiration and maximize substrate oxidation for eight cycles. The average of the three highest points determined maximal respiration. Finally, 1.5μm rotenone (R8875, Sigma-Aldrich, United States) and 1.5μm antimycin A (A8674, Sigma-Aldrich, United States) served to block mitochondrial respiration and determine non-mitochondrial respiration as the average of the three lowest consecutive points. This value was subtracted to receive mitochondrial respiration rates. ATP-linked respiration was calculated by subtracting proton leak respiration from basal respiration. Spare respiratory capacity was calculated by subtracting basal mitochondrial from maximal respiration. Coupling efficiency (CE) reports the fraction of mitochondrial respiration dedicated to ATP synthesis and is the quotient of ATP-linked/basal mitochondrial respiration. In cases, where proton leak respiration is negligibly low, or slightly negative values were received by subtraction of non-mitochondrial respiration, CE was set to 1. Figure 1 depicts a schematic measurement example of embryos exposed and measured at 28°C. Mitochondrial inhibitors and FCCP were dissolved in dimethyl sulfoxide and diluted with XF base medium (103,334, Agilent, United States) with minimal DMEM. The mitochondrial stress assay is a fatal experiment for the embryo. The embryos are considered alive during the measurement of basal respiration and may die during oligomycin treatment (~70min after start), since ATP synthase inhibition via oligomycin is irreversible (Wyatt and Buckler, 2004). Furthermore, FCCP and finally rotenone/antimycin A treatment are deleterious for the organism.

[image: Figure 1]

FIGURE 1. Partitioning embryonic respiration into bioenergetic modules. (A) General scheme depicting the analysis of the mitochondrial stress assay, showing the different respiratory modules. FCCP: carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; R/A: rotenone and antimycin A. (B) Exemplary averaged trace measuring embryos at 28°C. The solid trace represents the mean, while the dotted lines depict the standard error of the mean.





Analysis of Embryo Heart Rate

Heartbeats per second of the transparent embryos were counted visually using the microscope. All embryos were removed from the water bath incubation simultaneously and placed in fresh 100mmx20mm petri dishes (P5606, Sarstedt, Germany) filled with E3 medium at RT. The embryos were anesthetized with five drops of 4gl−1 tricaine solution to reduce movement, since Raftery et al. (2017) demonstrated no impact of 75mg/l – 175mg/l tricaine treatment on heart rate within 2hours. Then, the embryos were aligned vertically and the heart rate was recorded for 15s with a four-digit hand-held tally counter (ENM, United States). The final heart rate was determined by counting temperature pre-exposed embryos on two different experimental days.



Statistics

All data are presented either individually or as means ± SEM. Students t-test was applied to test for the difference of OCR of chorionated vs. dechorionated embryos. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test was applied to investigate the impact of sedation on OCR and the impact of temperature on protein/DNA content. Two-way ANOVA followed by Tukey’s multiple comparisons test was performed to test for differences in OCR in response to temperature pre-exposure and different assay temperatures. For differences in heart rate, ordinary one-way ANOVA was applied and followed by Dunnett’s multiple comparisons test, with the standard temperature of 28°C as control value. Values of p<0.05 were considered statistically significant. All statistical tests were performed using GraphPad Prism version 8.0.0 for Windows, GraphPad Software, United States.




RESULTS


Analysis of Cellular and Mitochondrial Respiration

The well-established mitochondrial stress assay for extracellular flux analyzers was applied to measure the bioenergetics of the zebrafish embryos. Figure 1A depicts the scheme of the assay and how to calculate the values for the different modules of mitochondrial energy transduction upon the injections of compounds. ATP synthase inhibitor oligomycin served to partition basal mitochondrial respiration into ATP-linked and proton leak respiration, chemical uncoupler (FCCP) stimulates respiration to determine maximal respiration/substrate oxidation and spare respiratory capacity of the embryo. Finally, the respiratory chain inhibitors rotenone and antimycin A (R/A) enabled correction for non-mitochondrial respiration. A typical averaged respiratory trace of embryos maintained and measured at 28°C is shown in Figure 1B, and the criteria to average values for embryonic, proton leak, FCCP, and non-mitochondrial respiration are described in Material and Methods.



Impact of the Chorion on Respiration

Next, we assessed the impact of the chorion on respiration oneday after chorion removal. The microscopic images (Figure 2A) depict the embryos with and without choria, which were positioned centrally in the well to reduce variability between the respiratory traces. Furthermore, embryos with chorion appeared to be crushed after the experimental run, e.g., leaking of the yolk sack, while straightened embryos without the chorion appeared to be more intact (see supplemental images). In our hands, the chorion removal 24h prior measurement resulted in increased basal respiration and improved the response to FCCP (Figure 2B). Thus, chorion removal was used for all following experiments.

[image: Figure 2]

FIGURE 2. Experimental conditions to measure zebrafish embryos in the XF96 Seahorse. (A) Microscopic image of the zebrafish embryos in the Seahorse well, without (left) and with (right) chorion removal. (B) Effect of the chorion on OCR, showing reduced OCR with an intact chorion. Mean traces represent 36 wells for each group. (C) Effect of sedation on the respiratory traces. Respiratory variability was evaluated on individual traces using six individual embryos. S: sedation. *p<0.05; **p<0.005; ***p<0.0005.




Impact of Sedation on Respiration

Tricaine has been used previously (Raftery et al., 2017) to reduce the noise of the respiratory traces. We confirmed the positive effect of tricaine in our experiments, showing that the variability of the respiratory readouts was reduced (Figure 2C) and importantly, did not significantly change the average OCR value.



Temperature Exposure and Morphological Consequences

Next, we exposed the embryos, previously maintained at 28°C, to medium temperatures of 18°C, 23°C, 28°C, 33°C, and 37°C for 20h, before moving them to the measurement well plate (Figure 3A and Supplementary Figure). The embryos showed pronounced changes in morphology toward a curved phenotype with exposure to 37°C (Figure 3B), prompting us to investigate changes in biomass in response to temperature exposure. We found that neither protein nor DNA content was significantly different between experimental groups (Figure 3C). Thus, we did not correct the OCR for biomass.

[image: Figure 3]

FIGURE 3. Study design and temperature-dependent changes in embryo morphology. (A) Short outline of the study design. A comprehensive outline can be found in the Supplementary Figure. RT: room temperature of 22±1°C. (B) Light microscopy to evaluate shape changes, categorized in normal, curved, and other. (C) Quantification of protein and DNA content per embryo.




Measurements of Embryonic Respiration at Different Temperatures

First, we set up the XF96 in stable thermal environments to achieve stable measurement temperatures as described in Material and Methods. Temperatures registered in the tray, which reflect closest the measurement temperature, and the interior temperature of the instrument can be retrieved. Exemplified for one plate (Figure 4A), the temperature appeared to be quite stable over the measurement time. Overall, the OCR traces of differentially pre-exposed embryos at different assay temperatures reveal the increase of respiration rates with increasing temperatures and respiratory failure at higher assay temperatures (Figure 4B).

[image: Figure 4]

FIGURE 4. Continuous temperature registration of the XF96 Seahorse and respiration traces of differentially exposed embryos at different assay temperatures. (A) Instrument temperatures of the interior (environmental temperature) and of the tray, where the plate wells are located. (B) Pre-exposure temperatures are depicted in different trace colors. The mean trace is represented by n individual measurements (n=16 for 18°C, 41°C, and 45°C; n=32 for 23°C, 28°C, 33°C, and 37°C, measured on two experimental days).




Analysis of Respiratory Traces at Different Temperatures

Next, we analyzed the respiration traces of the assay temperatures from 18°C to 37°C, partitioning respiration into functional modules as described above (Figure 1). Basal mitochondrial respiration increased with temperature up to 28°C and remained stable up to 37°C (Figure 5A). Non-mitochondrial respiration was low throughout the different measurement conditions. Proton leak rates were negligible up to 23°C but then increased with increasing assay temperature (Figure 5B), while ATP-linked respiration remained stable between 28°C and 37°C. Maximal respiration between 18°C and 28°C was stable, while spare respiratory capacity decreased simultaneously (Figure 5C). Given the decreasing effects of FCCP with increasing temperatures, the maximal respiration rates at 33°C and 37°C remained below basal respiration, presumably due to damage over time and thus, were highly confounded and not used for further analysis. Increasing proton leak and stable ATP-linked respiration should decrease the efficiency to convert nutrient energy to ATP, and this is seen as decreasing coupling efficiency (CE) with higher temperatures (Figure 5D). Notably, CEs were calculated for each fish individually and are therefore a powerful internally standardized parameter for individual mitochondrial efficiency.
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FIGURE 5. Analysis of different respiratory parameters of embryos pre-exposed to different temperatures and measured at different assay temperatures. (A) Mitochondrial (brown) and non-mitochondrial (gray) respiration determined with rotenone and antimycin A. (B) ATP-linked (green) and proton leak (black) respiration determined using oligomycin. (C) Maximal respiration (red) induced with FCCP and spare respiratory capacity (blue), determined by subtracting basal respiration. At 33°C and 37°C, FCCP did not induce respiration above basal respiration and thus, could not be further analyzed. (D) Coupling efficiency (CE) calculated as fraction of respiration dedicated to ATP synthesis (ATP-linked respiration) of basal mitochondrial respiration. Averaged values represent 16–32 individuals.




Mitochondrial Factors Potentially Limiting Metabolic Performance

To get insights into the mitochondrial limitation for systemic metabolism, we plotted selected mitochondrial respiration parameters against assay temperatures. Mitochondrial activity is low at 18°C assay temperature, but this is not caused by the limitation of substrate oxidation, as maximal respiration is not reduced and substantial spare respiratory capacity is available (Figure 5C). Therefore, low mitochondrial activity must be controlled by low ATP synthase activity, or more likely, by low cellular ATP turnover. Respiration linked to ATP turnover increases steadily with assay temperature, depicted in the temperature performance curve of ATP-linked respiration (Figure 6A). Coupling efficiency is stable up to 28°C assay temperature and then drops by about 0.15=15%, meaning that 15% more energy is lost as heat due to increased proton leak at temperatures above 28°C (Figure 6B). The lack of trustable FCCP rates at 33–37°C prevented us from analyzing limitations of substrate oxidation. Collectively, we would expect a decrease of metabolic performance at lower and higher temperatures. Using heart rate as an independent indicator of systemic metabolic rate (Figure 6C), we found peak rates for embryos pre-exposed to 28°C, while the heart rate was significantly decreased in embryos pre-exposed to 18°C and 37°C.
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FIGURE 6. Temperature sensitivity of respiration. (A) Colored traces depict the averages of ATP-linked respiration of different temperature pre-exposures, the black solid trace represents the average of all measurements. (B) Colored traces indicate coupling efficiency of different pre-exposures, the black solid trace represents the average of all measurements. (C) Bar chart depicting the average of the heart rate (n=12–14) in response to temperature pre-exposure, measured at room temperature. (D) Basal mitochondrial respiration of 18°C, 28°C, and 37°C pre-exposed embryos is plotted vs. assay temperature, revealing lower respiratory activity of 18°C pre-exposed embryos, and the resilient respiration rates of 37°C vs. 28°C pre-exposed embryos at higher assay temperature. *p<0.05; **p<0.005.




Resilience of Embryonic Respiration to High Temperatures by Pre-exposure to Warm Conditions

Finally, we analyzed whether temperature pre-exposure improves temperature resilience of embryonic respiration at higher temperatures. Therefore, we plotted basal mitochondrial respiration measured between 18°C and 45°C of the cold (18°), normal (28°), and warm (37°C) pre-exposed embryos (Figure 6D). In 18°C pre-exposed embryos, oxygen consumption was generally lower. Respiration of embryos at 18°C and 28°C, the latter resembling the routine maintenance temperature, withstands assay temperatures up to 37°C. Embryos which were pre-exposed to 37°C, however, maintained higher basal respiration rates up to 41°C. At 45°C assay temperatures, respiration of all embryos collapsed immediately.




DISCUSSION

The life cycle bottlenecks, which represent the most temperature-sensitive life stages, are often not clearly defined (Dahlke et al., 2020). We decided to investigate the developing embryo as vulnerable bioindicator for temperature sensitivity and climate change, as we can apply Seahorse technology on whole embryos. The assessment of respiration rates in zebrafish embryos with the XF96 extracellular flux analyzer allows measuring systemic oxidative metabolism in a multi-well format, determining with various mitochondrial effector injections, which modules of mitochondrial energy transduction are changed in response to different treatments. These changes in oxygen consumption enable us to address distinct bioenergetic mechanisms. We investigated the effects of temperature pre-exposure and assay temperature on the mitochondrial performance of zebrafish embryos to receive mechanistic insights underlying systemic metabolism and its limits. We show that slow respiration in the cold is caused by low ATP turnover and is not limited by mitochondrial oxidative power, suggesting slow cellular metabolism. In the warm, basal mitochondrial respiration is stable before dropping above 37°C, paralleled by an increasing proton leak which becomes more impactful for the consumption of proton motive force and therefore, limits mitochondrial efficiency. Our experiments also show that the thermal window of stable embryonic respiration rates can be extended toward higher temperatures by pre-exposing the embryos to the warmth.

The plate-based respirometry of the XF96 analyzer can measure up to 92 individuals in parallel and imposes less shearing stress on the embryos as compared to chamber-based respirometry, which requires constant stirring. XF analyzers have been used for zebrafish bioenergetics in previous studies (Stackley et al., 2011; Shim et al., 2016; Raftery et al., 2017; Souders et al., 2018; Lee et al., 2019). In contrast to previous observations showing reduced respiration after chorion removal in islet capture plates of the XF24 system (Souders et al., 2018), we found that dechorionation of embryos enhanced respiration and responses to mitochondrial inhibitors and uncouplers in the XF96 system. Notably, our embryos were dechorionated at a later developmental stage of post-fertilization, which could explain discrepant results. However, physical damage on the embryo in the small respiratory chamber of about 2–3μm clearance also appeared to be visually absent when the chorion had been removed prior measurement. We confirmed that sedation with tricaine reduces variability of oxygen traces that may be caused by spontaneous activity of the embryos. The mitochondrial inhibitor concentrations were deduced from previous publications, where effective inhibition of the ATP synthase in 50 hpf embryos was shown with 25μm oligomycin (Gibert et al., 2013), maximal stimulation of substrate oxidation in 48 hpf zebrafish with 8μm FCCP, and full inhibition of complex I and III with 1.5μm rotenone/antimycin A (Lee et al., 2019). Some compound concentrations, however, may have to be systematically re-assessed in future studies, as, for example, temperature may alter the sensitivity to uncoupler reagents. FCCP treatment at high assay temperatures (33°C and 37°C) did not induce higher respiration rates above basal levels, indicating vulnerability of the embryos. Furthermore, some cellular functions of the embryos may decay during the experiments, e.g., due to ATP depletion after oligomycin injection, which may also confound uncoupler-induced respiration rates. These caveats can be overcome by either changing the uncoupling compounds and/or concentrations depending on temperature, by changing measurement times, or by directly injecting various compounds in the first port to split the mitochondrial stress assay into separate experiments. Similarly, further experimentation could be applied to exclude any deleterious effects of the sedative tricaine at different assay temperatures or in differently temperature-exposed embryos. We applied concentrations in our experimental set up that were either used in many publications by others, briefly checked for sensitivity, or which did not show obvious adverse effects (e.g., tricaine over time) during the conventional mitochondrial stress assay.

We chose to start exposure to different temperatures not before 24 hpf despite reducing the exposure time to 20h, as direct exposure of fertilized eggs to 33°C and 37°C would result in low survival rates, which are likely due to the impairment of gastrulation, a critical developmental step that is marked by blastoderm epiboly occurring at approximately 5.25 hpf (Kimmel et al., 1995). Maintaining the embryos on the standard temperature of 28.5°C ensured undisturbed onset of development and increased survival in the later temperature exposure experiments.

In the oxygen traces at 37°C assay temperature, we found reproducible increases of proton leak respiration 30min after oligomycin injection. The molecular nature of this increase remains unknown but could reside in apoptotic processes, which increase mitochondrial membrane permeability, such as permeability transition.

From all the OCR parameters, it transpires that embryonic metabolism is reduced at 18°C, reflected by decreased ATP-linked respiration. Notably, ATP-linked respiration did not further increase at higher temperatures, thus increasing the impact of the mitochondrial proton leak. We quantified the energetic efficiency to produce ATP by calculating coupling efficiency CE (Kabra et al., 2021). CE is the fraction of mitochondrial respiration linked to ATP synthesis (CE=ATP-linked respiration/basal mitochondrial respiration) and decreases from >0.85 to about 0.7 above 33°C assay temperature. Thus, the efficiency to convert nutrient energy to ATP decreases by about 15% and could negatively impact energy metabolism. These observations are in accordance with data of isolated mitochondria in ectotherms. For example, substrate oxidation in isolated fish muscle mitochondria increases with assay temperature (Guderley and Johnston, 1996), and proton permeability of isolated liver mitochondria increases with acclimation temperatures, as shown for the common carp (Jastroch et al., 2007) or the cane toad (Trzcionka et al., 2008).

Which mitochondrial parameters appear most important for metabolic performance in response to temperature? Using embryo heart rates as indicator of systemic metabolism, we found a bell-shape distribution over exposure temperatures, peaking around 28°C. Slower metabolism below 28°C is best reflected in the reduced ATP-linked respiration. At higher temperature above 28°C, CE is impacted by the proton leak, possibly limiting metabolic performance. Thus, these two parameters could be used to explain temperature phenomena on metabolic performance. Importantly, CE as internally standardized parameter can also be used in cross-study comparisons, as experimental differences of absolute values are eliminated.

We found that 37°C pre-exposed individuals expand their thermal window for stable mitochondrial respiration rates up to 41°C, demonstrating some capacity to expand tolerance of higher temperatures. This observation could be instrumental for judging the impact of shifting environmental temperatures, e.g., during global warming. At least during early development, pre-exposure to higher temperatures is beneficial.

This project explored the impact of temperature on mitochondrial bioenergetics. With these assays, we aim to investigate effects of genetically modified zebrafish to identify mechanisms that are causally linked to thermo-tolerance. Furthermore, the experimental protocol can be used to understand how environmental pollutants (e.g., heavy metal ions) interfere with the temperature-bioenergetics axis of an aquatic organism, also using other species.

Collectively, we show that the Seahorse extracellular flux analyzer platform can robustly assess mitochondrial function in situ and that the analysis of respiratory parameters could be integrated in modeling of temperature sensitivity of metabolic performance in small organisms.
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Many ectothermic animals can respond to changes in their environment by altering the sensitivities of physiological rates, given sufficient time to do so. In other words, thermal acclimation and developmental plasticity can shift thermal performance curves so that performance may be completely or partially buffered against the effects of environmental temperature changes. Plastic responses can thereby increase the resilience to temperature change. However, there may be pronounced differences between individuals in their capacity for plasticity, and these differences are not necessarily reflected in population means. In a bet-hedging strategy, only a subsection of the population may persist under environmental conditions that favour either plasticity or fixed phenotypes. Thus, experimental approaches that measure means across individuals can not necessarily predict population responses to temperature change. Here, we collated published data of 608 mosquitofish (Gambusia holbrooki) each acclimated twice, to a cool and a warm temperature in random order, to model how diversity in individual capacity for plasticity can affect populations under different temperature regimes. The persistence of both plastic and fixed phenotypes indicates that on average, neither phenotype is selectively more advantageous. Fish with low acclimation capacity had greater maximal swimming performance in warm conditions, but their performance decreased to a greater extent with decreasing temperature in variable environments. In contrast, the performance of fish with high acclimation capacity decreased to a lesser extent with a decrease in temperature. Hence, even though fish with low acclimation capacity had greater maximal performance, high acclimation capacity may be advantageous when ecologically relevant behaviour requires submaximal locomotor performance. Trade-offs, developmental effects and the advantages of plastic phenotypes together are likely to explain the observed population variation.

Keywords: bet-hedging, plasticity, swimming performance, acclimation, environmental variation


INTRODUCTION

Temperature is one of the most relevant physical state variables in biology because physiological rates and hence fitness are influenced by the thermal environment (Tattersall et al., 2012). High temperatures, in particular, cause damage to proteins and membranes and can thereby disrupt fundamental processes such as movement, growth and reproduction (Tattersall et al., 2012). Variation in the thermal environment can be a strong predictor of individual fitness and population persistence (Kingsolver and Buckley, 2017). In the current era of global warming, understanding thermal effects on organisms has assumed a new urgency because of their potential role in determining the success and biogeography of populations and species (Sinclair et al., 2016; Woods et al., 2018).

At a reductionist level, living organisms are comprised of networks of interacting biochemical pathways (Costanzo et al., 2021). Thermodynamics dictates that the rate of biochemical reactions depends on the temperature of the system. The thermal sensitivity of higher organismal traits such as locomotor performance or metabolic rate is then determined by the thermodynamics of flux through underlying biochemical pathways. Hence, each physiological rate has a characteristic temperature response, which is captured by ‘thermal performance curves’ (TPC; Huey and Kingsolver, 1989).

A TPC describes the change in a physiological rate across a range of acutely changing temperatures. The shape of TPCs is characteristically in the form of an inverted ‘U’, where rates increase with an increase in temperature until a maximum is reached beyond which rates decline with further temperature increases (Huey and Kingsolver, 1989; McKenzie et al., 2021; Figure 1). The decrease in rates at lower temperatures is caused by thermodynamic constraints in Gibb’s free energy, while the decline in rates at high temperatures results from a loss of the quaternary or tertiary structures of enzymes and damage to membranes (DeLong et al., 2017).

[image: Figure 1]

FIGURE 1. Plasticity of thermal performance curves. Ideally, plasticity can shift performance curves so that physiological rate functions are perfectly buffered from changes in the thermal environment. The case of perfect compensation is shown (A, right panel) schematically as a right shift of the thermal performance curve (blue line=performance in cool environment, E1; red line=performance in warm environment, E2). Lack of compensation (left panel) would result in a substantial decrement in performance as temperatures decrease. Examples (B) of shifts in performance curves demonstrating different degrees of compensation: heart rate in killifish [Fundulus heteroclitus; redrawn from Safi et al. (2019), left panel] and growth rates in moth (Maduca sexta) larvae [central panel, redrawn from Kingsolver et al. (2020)] compensate partially for different acclimation or developmental temperatures, respectively. Thermal performance curves of swimming in crocodiles (Crocodylus porosus, right panel) thermoregulating in simulated winter (cool) and summer (warm) environments shifted horizontally so that swimming performance remained nearly constant at the different regulated body temperatures [Tb1 and Tb2 in cool and warm environments, respectively; redrawn from Glanville and Seebacher (2006)]. Means ± s.e. are shown in (B), and images are from PhyloPic (http://phylopic.org/).


However, TPCs are not fixed within individuals over time (Sinclair et al., 2016) or consistent among individuals within populations or species (Careau et al., 2014; Seebacher et al., 2015). Long-term exposure to different temperature regimes within or across generations can shift the TPC of individuals. Hence, transgenerational, developmental or reversible plasticity can result in changes in the maximum, mode and breadth of TPCs (Schulte et al., 2011; LeRoy et al., 2017). These epigenetic effects are at least partly regulated by DNA methylation and histone acetylation (Simmonds and Seebacher, 2017; Loughland et al., 2021). Plasticity can be beneficial if performance is optimised at the acute thermal environment experienced by individuals. However, there is a potential cost to plasticity if the temperature range at which performance maxima occur mismatches the prevailing thermal conditions in the environment (Bateson et al., 2014).

Importantly, TPCs and their plasticity also vary between individuals within populations (Seebacher et al., 2015). A potential ramification of this individual variation is that means of thermal performance across samples of individuals do not necessarily represent the population as a whole. Instead, population responses may be determined by a bet-hedging strategy (Haaland et al., 2020). In a bet-hedging scenario, populations comprise individuals with high capacity for acclimation that can fully compensate for an environmental change given sufficient time to acclimate and individuals with low acclimation capacity that cannot compensate physiological rates at all. We found this to be the case in mosquitofish (Gambusia holbrooki; Seebacher et al., 2015; Loughland and Seebacher, 2020). It is possible that variation in the plasticity of TPCs may disadvantage some individuals under particular conditions, but promote population resilience as a result of the increased diversity of phenotypes (Schindler et al., 2015). Our aim was to explore these relationships to document variation in the plasticity of TPCs between individuals and to test how this variation may affect population responses. In mosquitofish, we also observed a trade-off between the capacity for acclimation and performance under warm conditions (Seebacher et al., 2015). Hence, here, we model how differences in the plasticity of TPCs together with this trade-off affect population performance in different thermal environments.

We collated a large data set from previously published studies on swimming performance of mosquitofish (608 individuals), in which each individual was acclimated twice to determine the capacity for reversible plasticity (Seebacher et al., 2015; Loughland and Seebacher, 2020). We subsampled this data set to characterise the effects of variation in individual phenotypes on population responses. This data set is unique because data from double-acclimated animals that permit calculation of individual plasticity are rare and because the large number of samples available makes our modelling approach possible; to the best of our knowledge, similar data sets do not exist for other species. However, we acknowledge that data from a single species may lack generality, and our results represent a proof of concept but do not necessarily apply to all ectotherms. Our aims were (a) to characterise the variation in plasticity of TPCs between individuals within populations and (b) to determine the extent to which sample means drawn from population mask individual variation. Finally, (c) we modelled the extent to which variation in capacity for plasticity between individuals influences population responses to environmental temperature variation.



MATERIALS AND METHODS


Data

We re-analysed three different data sets on thermal acclimation of swimming performance (critical sustained swimming speed, Ucrit) in mosquitofish (Gambusia holbrooki; Seebacher et al., 2015; Loughland and Seebacher, 2020). In each data set, individual fish were acclimated twice, to a cool (18 or 20°C) and to a warm (28°C) temperature in random order; acclimation temperatures corresponded to spring and summer temperatures at the capture site (Seebacher et al., 2014). All fish were sourced from the same wild population (Manly Dam, Australia 33°78′S; 151°26′E) and were acclimated for 3–4weeks to the different temperatures. After acclimation, Ucrit of each fish was measured at different acute test temperatures. Experimental fish were of mixed sex (184 females, 424 males) and were sexually immature at the start of acclimation treatments. Fish were separated from each other during acclimation treatments to ensure that females were not pregnant at the time of Ucrit measurements.

In the first data set (data set 1), n=48 wild-caught fish were each acclimated to 20 and 28°C in random order, and after each acclimation treatment, Ucrit was measured at 20, 28 and 32°C acute test temperatures in each fish (Seebacher et al., 2015). In the second data set (data set 2), Ucrit of 416 double-acclimated (to 18 and 28°C), wild-caught fish was measured only at the acute test temperature that coincided with acclimation temperatures (Loughland and Seebacher, 2020). The third data set (data set 3) from the same publication (Loughland and Seebacher, 2020) was collected from third- or fourth-generation offspring (total n=144 fish) bred in outdoor mesocosms from parents collected at the study site. Each of these fish was acclimated to 20 and 28°C, and Ucrit of each fish was measured at 20 and 28°C acute test temperatures after each acclimation treatment.

Double acclimation permitted calculation of an index of acclimation capacity for each fish (Seebacher et al., 2015):

[image: image]

where P28 is the Ucrit of a fish that is acclimated to 28°C and measured at 28°C acute test temperature, while P20 is the equivalent measure at 20°C (or 18°C in data set 2). The acclimation capacity index indicates relative thermal compensation (i.e. the ability to maintain relatively constant performance across thermal conditions) by contrasting the difference between P20 and P28. Acclimation capacity approaches 1 as P20 approaches P28 and decreases as P20 decreases. If a fish overcompensated for low temperatures and P20>P28, the index will be >1. The index is based on the difference between P20 and P28 and is a dimensionless number that is independent from the absolute values of P20 and P28. More details of experimental procedures are given in the original publications (Seebacher et al., 2015; Loughland and Seebacher, 2020).



Consequences of Variation on Interpretation of Samples

Our purpose here was to mimic typical approaches in the literature to assess acclimation of populations to test whether subsampling of populations can reflect true variation and responses of the population. Hence, we randomly subsampled the combined data sets 1 and 3 (n=192 fish, see Supplementary Material for R code) to draw 10 samples of eight replicates each for warm- and cold-acclimated fish. Each of these 10 data sets mimics a fairly typical experiment in the literature, for example as in our study on mosquitofish where we compared acclimation in spring- and summer-caught fish (Seebacher et al., 2014).

We analysed each data set with a permutational analysis [in the R package lmPerm (Wheeler and Torchiano, 2016)] with acclimation temperature and acute test temperature as independent factors. Permutational analyses do not make assumptions about underlying data distributions but use the data per se to infer significant differences (Drummond and Vowler, 2012). Hence, values of p in permutational analyses are not associated with any particular distribution, and there are no test statistics (such as F or t; Ludbrook and Dudley, 1998). The value of p in permutational tests has the practical meaning of denoting the number of randomised permuted data sets for which the treatment effects were as or more extreme than the observed experimental data divided by the total number of permutations.



Consequences of Individual Variation for Population Responses

Our aim here was to model how populations comprised of individuals with different acclimation capacities respond to different environmental conditions. We modelled different phenotypic compositions of populations by selecting subpopulations from the complete data set (data sets 1, 2 and 3 combined; n=608 fish), which were the top 10% of fish with the highest acclimation capacity (high), the bottom 10% with the lowest acclimation capacity (low) and the central 10% (centre); each of these subpopulations was comprised of 61 fish.

From the P20 and P28 values of each fish, we determined the slope of change in Ucrit between these temperatures to estimate Ucrit at intermediate temperatures assuming that acclimation has taken place. We simulated environmental conditions within the measured range (20–28°C) by either assuming constant conditions of 20 or 28°C or letting temperatures vary between 20 and 28°C. To model variable temperatures, we assumed sinusoidal temperature variation with a mean of 24°C and an amplitude of 4°C. We randomised the phase of the sinusoidal temperature fluctuation 100 times for each fish and recalculated Ucrit (from the slope between P20 and P28) each time. We thereby ‘exposed’ each fish to the complete temperature variation. From the simulated data set, we calculated mean Ucrit and 95% confidence intervals for each subpopulation (using n=61 for CI calculations to represent the number of fish in the simulation rather than the number of simulated values).

Mean values for each subpopulation may mask the underlying distributions of Ucrit, which may be important for ecological responses. For each subpopulation (low, centre, high acclimation capacity), we therefore modelled Ucrit distributions in the variable environment (as determined above) as the per cent of Ucrit values that fell above a given fraction of maximum speed. The low acclimation capacity subpopulation had the highest maximum Ucrit, which we used as maximum Ucrit in all simulations. However, rather than using the single highest Ucrit value, which is not representative of most fish, we defined the 90th percentile of the low acclimation capacity subpopulation as the maximum Ucrit. We then determined the percentage of Ucrit values that fell above a given fraction of this maximum Ucrit for each subpopulation, which we defined as ‘achievable’ Ucrit. See Supplementary Material for R code.




RESULTS AND DISCUSSION


Variation in Plasticity of Thermal Performance Curves Between Individuals

Thermal performance curves varied considerably between individuals (Figure 2). In both cold- and warm-acclimated fish from data set 1 (Figure 2A), Ucrit tended to increase from 20 to 28°C and decrease at 32°C. However, this pattern was not consistent among individuals, and frequently Ucrit increased between 28 and 32°C. In fish from data sets 1 and 3 (n=192; Figure 2B), Ucrit mostly increased between 20 and 28°C at both acclimation temperatures, but there was considerable variation in thermal sensitivity (i.e. Q10 values). Similarly, responses to acclimation differed considerably between individuals (Figure 2C). At both 20 and 28°C test temperatures, acclimation to 28°C led to either increased or decreased performance in different individuals (data from data sets 1 and 3).
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FIGURE 2. Variation in individual responses to different acclimation and test temperatures. (A) Nonlinear performance (quadratic fit) curves for a subset (N=48; data set 1) of fish for which we recorded swimming performance at three test temperatures; blue symbols indicate acclimation to 20°C, and red symbols indicate acclimation to 28°C. (B) Violin plot of thermal sensitivity (Q10 values between 20 and 28°C acute test temperatures) of individuals (from data sets 1 and 3; n=192 fish) shows considerable variation among individuals acclimated to 20 and 28°C. Thick broken line in violin plots shows mean, and thin broken lines show 95% confidence intervals; the solid line in the plot indicated Q10=1, below which Ucrit decreased with increasing test temperature. (C) Change in performance across acute test temperatures following acclimation to different temperatures. Thin black lines connect datapoints taken from the same individual. Note the pronounced differences in the directions of change in response to different acute test and acclimation temperatures. (B,C) are plots of the same data.


Similar to the patterns of thermal sensitivity described above, there was pronounced variation in acclimation capacity within the total population (data sets 1–3, n=608 fish; Figure 3). Fish phenotypes ranged from having the capacity to fully compensate (and even overcompensate) for the 8–10°C temperature difference following acclimation, to having no capacity for acclimation at all so that Ucrit changed passively (thermodynamically) with an acute change in temperature. Interestingly, there was a trade-off in capacity for acclimation with performance at warm conditions (P28): P28 decreased significantly (regression: Y=12.15−3.39x; R2=0.22, p<0.0001) as P20 increased (Y=3.97+4.67x; R2=0.54, p<0.0001) with increasing acclimation capacity. Across both acclimation treatments, mean performance of fish increased slightly but significantly with increasing acclimation capacity (Y=8.06+0.68x, R2=0.014, p=0.0032; Figure 3). However, the persistence of both plastic and fixed phenotypes in the population indicates that on average, plasticity is not necessarily advantageous over fixed phenotypes, but also that plasticity does not carry a cost that would select against it.

[image: Figure 3]

FIGURE 3. Trade-off between capacity for acclimation and swimming performance (Ucrit) under warm conditions. Acclimation capacity is shown as a dimensionless index (see main text) that indicates the capacity for reversible acclimation (1=perfect compensation; >1=cold-acclimated fish perform better; <1=warm-acclimated fish perform better). Performance at 28°C test temperature of fish acclimated to 28°C (P28, red circles) decreased as acclimation capacity increased, while P20 (Ucrit of 20°C acclimated fish measured at 20°C test temperature) increased. Across both acclimation treatments, mean performance increased slightly with increasing acclimation capacity (broken black line). N=608 fish (both P20 and P28 are plotted for each fish), and significant regression lines are shown (P20: Y=3.97+4.67x; R2=0.54, p<0.0001; P28: Y=12.15−3.39x; R2=0.22, p<0.0001; mean performance: Y=8.06+0.68x, R2=0.014, p=0.0032).


Increased variation of phenotypes can render the populations as a whole more resilient to change if different phenotypes are advantageous under different environmental conditions (Schindler et al., 2015; Blondel et al., 2021). Plasticity is advantageous by buffering performance under cooler conditions, such as in winter, while fixed phenotypes perform better at high temperatures during summer. This evolutionary bet-hedging can increase population persistence (Schindler et al., 2015). Mechanistically, it is an interesting question of what mediates the observed variation between individuals. Reactive oxygen species (ROS) and heat shock proteins can be induced by acute heat or cold exposure (Liu et al., 2018). Cold acclimation also increased ROS production in mosquitofish (Loughland and Seebacher, 2020) and grass snakes (Bury et al., 2018), and salmon acclimated to 20°C had greater rates of oxidative phosphorylation but reduced ROS production compared to 12°C acclimated fish (Gerber et al., 2020). Mosquitofish with high acclimation capacity also have greater antioxidant capacities (Loughland and Seebacher, 2020). Increased ROS as a result of reduced antioxidant capacity can decrease swimming performance (Ghanizadeh-Kazerouni et al., 2016) and may at least partly explain the observed patterns in our study. Alternatively, the dynamics of signalling pathways, from endocrine (e.g. thyroid hormone) to epigenetic (e.g. histone acetylation and DNA methylation), may differ between individuals and thereby cause individual variation (Simmonds and Seebacher, 2017; Little, 2021; Loughland et al., 2021).



Consequences of Individual Variation on Interpretation of Samples

Acclimation did not have a significant main effect in any of the ten random samples (all p>0.3), but test temperature was significant in all samples, and on average, Ucrit increased with increasing test temperature (all p<0.003; Figure 4A). There was a significant interaction between test and acclimation temperatures in samples 1 and 7 (p<0.05) and at a one-tailed significance level in sample 3 (p=0.083); the interaction was not significant in any of the other samples (all p>0.24). Knowing the true acclimation capacity of individual fish showed that means mask the variation in acclimation capacity between individuals, and in many samples, individual acclimation capacity ranged from close to no capacity for acclimation (values→0) to perfect compensation for the acclimation temperature difference between treatments (values→1; Figure 4B).
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FIGURE 4. Data from ten random samples of eight fish from the pool of 192 fish (data sets 1 and 3). (A) mean (± s.e.) data from the ten samples showing swimming performance (Ucrit) of 20°C (blue bars) and 28°C (red bars) acclimated fish measured at 20 and 28°C acute test temperatures. Two-factor permutational analyses showed that acclimation did not have a significant main effect in any sample, but test temperature was significant in all samples. There was a significant interaction between test and acclimation temperatures in samples 1 and 7 (p=0.013 and p=0.044, respectively, indicated by *; sample 3: p=0.083 indicated by $). (B) Means (± s.e.) mask the variation in acclimation capacity between individuals, and in most samples, individual acclimation capacity ranged from close to no capacity for acclimation (values→0) to perfect compensation for the acclimation temperature difference between treatments (values→1).


The relatively small sample size simulated here can lead to fundamentally different conclusions about the population as a whole: in most cases, the data showed that there was no acclimation response, but three samples indicated that there was. These results serve as a cautionary note to avoid undersampling of populations and presenting means in the absence of individual values. However, even if larger samples were collected, sample means would mask the underlying variation and obscure the bet-hedging dynamics discussed above. Experimental approaches that compare individuals from different acclimation treatments may not be sufficient to test for costs or trade-offs associated with plasticity, which would require knowledge of within-individual acclimation capacities. Understanding individual variation in acclimation capacity would be necessary to predict how populations can respond to climate variability, where diversity of phenotypes may be important to increase resilience. Sample means can show population trends across time or contexts.



Consequences of Variation for Population Responses

Our simulations showed that in the fluctuating environment, the average Ucrit was similar in all three subpopulations, indicating that capacity for acclimation did not affect mean performance under these circumstances (Figure 5). However, performance in the stable cool environment decreased in the centre and low acclimation subpopulations, but it increased in the stable warm environment in those subpopulations. In contrast, Ucrit of fish with high acclimation capacity did not vary significantly (95% CI) between either the stable or the fluctuating environments.
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FIGURE 5. Simulated responses to environmental change. (A) Ucrit of fish with high acclimation capacity (top 10% of the total population of 608 fish), with low acclimation capacity (bottom 10%) and of the central 10% of the total population in different environments: stable at 20 and 28°C and fluctuating between 20 and 28°C (B). Means ± 95% confidence intervals are shown, and the dotted horizontal line in (A) indicates the mean of the total population of 608 fish in the fluctuating environment.


The achievable Ucrit in a variable environment was defined as the per cent of Ucrit (= achievable Ucrit) that was greater than a given fraction of the maximal (90th percentile) Ucrit. In other words, the achievable Ucrit is synonymous with the per cent of time fish could swim faster than a given fraction of maximum in an environment that varied over time (Figure 6). Fish with low acclimation capacity had the highest maximum Ucrit (90th percentile=11.7 body lengths s−1), but in a variable environment, their achievable Ucrit declined rapidly. This result is not surprising because in fish with low acclimation capacity, Ucrit changes thermodynamically in proportion with the acute temperature change. In contrast, fish with central or high acclimation capacity compensated at least partially (centre) for the decline in environmental temperatures. Hence, even though these groups had lower maximum Ucrit (90th percentile: 10.3 and 10.4 BL s−1, respectively), their achievable Ucrit was higher than in the low acclimation subpopulation below approximately 0.8 of maximal Ucrit. The high acclimation capacity subpopulation had the highest achievable Ucrit (Figure 6).
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FIGURE 6. Achievable Ucrit in a variable environment. Per cent of Ucrit (= achievable Ucrit) in each subpopulation that was greater than a given fraction of the maximal (90th percentile) Ucrit of the low acclimation capacity subpopulation. Fish with low acclimation capacity (low, fine broken line) had the highest maximum Ucrit (90th percentile=11.7 BL s−1), but in a variable environment (20–28°C fluctuations), the achievable Ucrit declined rapidly. In contrast, fish with central or high acclimation capacity [centre (solid line) and high (broken line), respectively] had lower maximum Ucrit (90th percentile: 10.3 and 10.4 BL s−1, respectively), but their achievable Ucrit was higher below approximately 0.8 of maximal Ucrit. The thin grey lines indicate a hypothetical scenario, where escape from a predator requires performance that is at least 0.7 of maximal Ucrit. Fish with high acclimation capacity would achieve this 71% of the time, while fish with low acclimation capacity would achieve this only relatively rarely (46%) with centre fish in between (53%).


These nonlinear distributions of achievable Ucrit could present a selective advantage for plastic phenotypes if the ecological outcomes of movement are maximised at a lower than maximal speed. Animals rarely move at their maximum speed, and the functional outcomes of responses such as escaping a predator may be optimised at fractions of maximal speed (Wilson et al., 2015). Success in escaping from a predator may be highest at a submaximal speed because at maximal speeds, precision of movement, information processing and endurance decline, while energetic costs increase (Wilson et al., 2015; Wynn et al., 2015). Conversely, speeds below a given threshold may simply be too slow for the prey to escape (Husak and Fox, 2006). Hypothetically, if it is assumed that a fraction of 0.7 maximal Ucrit is necessary for escape from predators (Husak and Fox, 2006), the different distributions of achievable Ucrit in our subpopulations will influence the success of escaping. Only 46% of Ucrit values in the low acclimation capacity subpopulation fall above 0.7 maximal speed, while 71% of Ucrit values were above 0.7 of maximal speed in the high acclimation capacity subpopulation. Hence, fish with high acclimation capacity would be vulnerable around 30% of the time, while those with low acclimation capacity would be vulnerable more than half the time. This hypothetical example demonstrates that the buffering of Ucrit for low temperatures may translate to a selective advantage across acclimation conditions.




CONCLUSION

Predictably variable environments are often thought to produce plastic phenotypes. Conversely, plasticity is thought to be selected against in stable environments, which implies that there is a cost of plasticity (DeWitt and Scheiner, 2004; Angilletta, 2009; Auld et al., 2010). Hence, the expectation is that depending on environmental context, populations – or even species – are comprised of either plastic or fixed phenotypes. We show that this is not the case, at least for mosquitofish. The trade-off between plasticity and maximal performance could be interpreted as a cost of plasticity because highly plastic individuals have lower maximal performance. However, animals rarely perform at maximal capacities under natural circumstances, and we show that plastic individuals have an advantage if the outcomes of fitness-related activities such as predator escape are optimised at submaximal performance levels.

Nonetheless, fixed phenotypes persist in the population, so that the advantages of plasticity are not sufficient to replace fixed phenotypes. It is possible that the greater performance of fixed individuals at warm temperatures may be advantageous during summer, when mean lake temperatures increase substantially and there are frequent heat waves. The capacity for plasticity may be outstripped by the degree of temperature rise during these times so that there is higher mortality of plastic phenotypes. Additionally, developmental temperatures can influence phenotypes, and cold conditions during early development produce more plastic individuals, and warm conditions produce individuals that perform better at warm temperatures (Seebacher et al., 2014; Loughland et al., 2021). In a short-lived species like mosquitofish, births at different times of year – and therefore at different temperatures – may suffice to balance population phenotypes. Trade-offs, developmental effects and the advantages of plastic phenotypes together are likely to explain the observed population variation. Note also that different traits within organisms can differ in the plasticity of their performance curves, which adds an additional layer of complexity and trade-offs (Wilson et al., 2002; Bozinovic et al., 2020). The contention that variable environments produce plasticity is likely to be too simplistic, because it does not capture the dynamics of natural populations.
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Amphibians may be more vulnerable to climate-driven habitat modification because of their complex life cycle dependence on land and water. Considering the current rate of global warming, it is critical to identify the vulnerability of a species by assessing its potential to acclimate to warming temperatures. In many species, thermal acclimation provides a reversible physiological adjustment in response to temperature changes, conferring resilience in a changing climate. Here, we investigate the effects of temperature acclimation on the physiological performance of tadpoles of a stream-breeding savanna tree frog (Bokermannohyla ibitiguara) in relation to the thermal conditions naturally experienced in their microhabitat (range: 18.8–24.6°C). We quantified performance measures such as routine and maximum metabolic rate at different test (15, 20, 25, 30, and 34°C) and acclimation temperatures (18 and 25°C). We also measured heart rate before and after autonomic blockade with atropine and sotalol at the respective acclimation temperatures. Further, we determined the critical thermal maximum and warming tolerance (critical thermal maximum minus maximum microhabitat temperature), which were not affected by acclimation. Mass-specific routine and mass-specific maximum metabolic rate, as well as heart rate, increased with increasing test temperatures; however, acclimation elevated mass-specific routine metabolic rate while not affecting mass-specific maximum metabolic rate. Heart rate before and after the pharmacological blockade was also unaffected by acclimation. Aerobic scope in animals acclimated to 25°C was substantially reduced, suggesting that physiological performance at the highest temperatures experienced in their natural habitat is compromised. In conclusion, the data suggest that the tadpoles of B. ibitiguara, living in a thermally stable environment, have a limited capacity to physiologically adjust to the highest temperatures found in their micro-habitat, making the species more vulnerable to future climate change.

Keywords: aerobic scope, critical thermal maximum, heart rate, autonomic blockade, climate change, aclimatation, amphibian, oxygen consumption


INTRODUCTION

Global warming affects the behavior, distribution, and physiology of many animal species (Parmesan and Yohe, 2003; Parmesan, 2006; Charmantier et al., 2008; Chen et al., 2009; Clusella-Trullas and Chown, 2013; Foden et al., 2013; Settele et al., 2014; Seebacher et al., 2015; Sandblom et al., 2016a; Pacifici et al., 2017). Since the pre-industrial times, the global average temperature has increased by 1.0°C, and during the past decade, record-breaking storms, forest fires, droughts, heat waves, and floods around the world have been documented (IPCC, 2021). It is predicted that extreme weather events and elevated temperature peaks will become more regular in the future (Schär et al., 2004; Diffenbaugh and Ashfaq, 2010) and are likely to influence the performance and survival of a wide range of species globally.

Ectotherms, for instance, are likely to be affected by global warming since many physiological rates such as heart rate and metabolism are strongly influenced by environmental temperature (Ta). The respiratory and cardiovascular systems are tightly coupled to maintain suitable oxygen delivery to metabolically active tissues, and cardiorespiratory adjustments are generally required whenever metabolic demands change (Overgaard et al., 2012; Hillman and Hedrick, 2015). The effect of Ta on metabolic rate typically follows an exponential curve in many ectotherms, roughly doubling for every 10°C increase in Ta (i.e., Q10 = ∼2, Rocha and Branco, 1998; Overgaard et al., 2012), which is generally accompanied by similar increases in heart rate (fH) (Bícego-Nahas and Branco, 1999; Hedrick et al., 1999; Seebacher and Franklin, 2011; Overgaard et al., 2012; Zena et al., 2015, 2016). However, many ectotherms remodel their physiology to reduce the extent to which physiological reaction rates change in response to changes in temperature, i.e., thermal acclimation, which is essential for the maintenance of individual performance over a wide range of temperatures (Pough et al., 1992; Rome et al., 1992; Angilletta, 2009; Seebacher et al., 2015). Acclimation may manifest as a reversible change of an organism’s thermal sensitivity when exposed to a new thermal condition, where a physiological rate remains relatively constant despite variations in ambient temperature (Seebacher et al., 2015). For instance, cardiorespiratory functions such as heart rate reset, so that the initially elevated values progressively decrease upon prolonged exposure to moderately high temperatures (Overgaard et al., 2012; Sandblom et al., 2014; Seebacher et al., 2015; Ekström et al., 2016). Such a phenomenon can occur via two mechanisms: (1) reduction of the intrinsic fH; (2) increase in cholinergic tone and thus reduction of fH, or even a combination of both. This plasticity of cardiovascular control after prolonged exposure to high Ta has already been observed in fish (Ekström et al., 2016; Sandblom et al., 2016b).

Thermal acclimation of metabolic rate and cardiorespiratory functions seem to be crucial for many ectotherms, favoring plastic phenotypes by conferring resilience against predictable (e.g., seasons) and unpredictable changes in Ta (Seebacher et al., 2015; Sandblom et al., 2016a). Nevertheless, tropical ectotherms usually experience smaller annual/seasonal changes in environmental temperature, and therefore may be more vulnerable to the impacts of global warming, which bring them closer to their thermal tolerance limits (i.e., difference between minimum [CTmin] and maximum [CTmax] critical temperatures) (Somero and DeVries, 1967; Ghalambor et al., 2006; Deutsch et al., 2008; Nilsson et al., 2009; Huey et al., 2012). A lack of comprehensive analyses of the capacity for physiological plasticity across taxonomic groups and geographic regions precludes generalizations regarding thermal plasticity and hence predictions of the impacts of climate change on ectotherms (Simon et al., 2015). According to the International Union for Conservation of Nature (IUCN), more than 50% of amphibian species are susceptible to climate change, and such vulnerability is exacerbated for this particular group of vertebrates since it exhibits several life stages in which normal development requires a contrasting habitat or microhabitat (e.g., water-dependent larval-development with limited dispersal capability) (Foden et al., 2008; Lawler et al., 2010).

Tadpoles are an ideal organism to study thermal physiological adaptations. For instance, their relatively small size and the high heat capacity and thermal conductivity of water make tadpoles virtually isothermal with the environment (Lutterschmidt and Hutchison, 1997). Thus, in consideration of taxonomic as well as geographic diversity, we chose to investigate the thermal acclimation in tadpoles of Bokermannohyla ibitiguara (Cardoso, 1983), an endemic anuran amphibian from the Cerrado, a threatened savanna-like morphoclimatic domain in central Brazil (Nali and Prado, 2012). Adults of B. ibitiguara are associated with gallery forests, while the tadpoles develop in permanent streams (Haddad et al., 1988; Nali and Prado, 2012; Nali et al., 2020). The significance of the species under consideration is highlighted as “data deficient” by the IUCN (Caramaschi and Eterovick, 2004), and its vulnerability to environmental changes, such as temperature, remains unknown.

We investigated the interacting effects of thermal acclimation (18 vs 25°C) (as a form of phenotypic plasticity) on thermal tolerance and physiological mechanisms of tadpoles of B. ibitiguara in relation to recorded Ta experienced in the natural habitat. For this purpose, we determined the CTmax during acute gradual temperature increases and calculated the warming tolerance (WT, the difference between CTmax and maximum temperature found in the micro-habitat). We also evaluated the aerobic scope by measuring routine and maximum metabolic rate at different test temperatures. Additionally, the body characteristics of tadpoles of both acclimation groups were evaluated, and routine fH was measured before and after pharmacological autonomic blockade in both groups. Given that some anuran species display mechanisms of thermal compensation (e.g., reset of resting fH, changes in oxygen consumption or increases of CTmax), we predicted B. ibitiguara tadpoles to display a shift in their thermal tolerance after at least 3 weeks of warm acclimation. Further, warm acclimation and its consequential increase in temperature-induced oxygen demand will result in a chronically altered rate of oxygen consumption and increased capacity for oxygen delivery through modifications in the cardiorespiratory activity, represented by changes in fH.



MATERIALS AND METHODS


Animal Collection and Maintenance

The anuran species B. ibitiguara (Hylidae) is endemic to the Serra da Canastra mountain range in the state of Minas Gerais, southeastern Brazil. Premetamorphic tadpoles (between stages 26 and 30, according to Gosner, 1960; see Table 1 for biometrics) were collected in one semi-permanent stream (Figure 1) located in a rural area, in the municipality of Sacramento (20°16′21.9″S, 47°04′24.5″W; 677 m elevation; Supplementary Figure 1), Minas Gerais state. Using an aquarium fishing net, we collected approximately 25 tadpoles during both day and nighttime on each of the three fieldtrips in February, April and December of 2019. The tadpoles used in the present study originate from different clutches since several adults reproduce in the same stream (Nali and Prado, 2012). Animals were transported in plastic bags to our laboratory at the Department of Animal Morphology and Physiology, UNESP, Jaboticabal, Brazil (approximately 21°14′S and 48°17′W), where they were maintained in two glass aquariums (90 L) under natural photoperiod and temperature set for each acclimation group – 18 and 25°C). Tadpoles did not undergo metamorphoses during any of the experimental protocols. Although the larval period length of B. ibitiguara is unknown, stream-breeding species in the genus Bokermannohyla are known to exhibit a prolonged larval development phase that may last around 4–5 months (Leite and Eterovick, 2010; Eterovick et al., 2020).


TABLE 1. Comparisons of body characteristics of tadpoles in different laboratory acclimation groups (Tacc18 and Tacc25°C).

[image: Table 1]

[image: image]

FIGURE 1. Summary of environmental data for the location that B. ibitiguara inhabits, compared to the weather station. (A) Minas Gerais state highlighted on the map of Brazil, showing the capture site of tadpoles of B. ibitiguara (B) and the nearest weather station (C), at Sacramento city (at a distant of 87.2 km). (B) Mean monthly temperatures (black line) and rainfall (blue line) for the year 2019 obtained from the Sacramento weather station. (C) Minimum (blue line), maximum (red line) and mean (black line) monthly records of water temperatures in the permanent stream where tadpoles were captured. The data logger collected temperature data every hour from April 24th of 2019 to July 25th of 2020. The time interval estimated for the dried season is from May to September [see graph in panel (B)], when, at some point (the total duration is impossible to be determined) the stream displayed decreased water levels and thus and thus, the temperature sensor recorded air temperature.


After two days of habituation to the laboratory environment, tadpoles obtained during the first fieldtrip were divided into two acclimation groups, 18 and 28°C. We choose to acclimate tadpoles initially to 28°C in order to test their capacity to tolerate temperatures above the warmest temperature found in their habitat (i.e., 24.6°C); however, all tadpoles exhibited signs of reduced food intake and showed poor body condition. Tadpoles obtained during the second and third fieldtrip were divided into two acclimation groups: 18 and 25°C (hereafter Tacc18 and Tacc25, respectively). Therefore, 18°C was chosen because it is coldest temperature that tadpoles may develop in, while 25°C closely represents the warmest condition for B. ibitiguara since the maximum temperature found in their habitat was 24.6°C (see section “Microhabitat Temperature”).

For acclimating tadpoles to 18 ± 0.01°C, a stainless-steel coil was positioned inside the aquarium and connected to an external circulation bath via plastic tubes (PolyScience 9112A11B Programmable, Model 9112 Refrigerated Circulator). For acclimating tadpoles to 25 ± 0.02°C, we used a heater controlled by a thermostat (Roxin Ht-1300, 100w) maintained inside the aquarium. Each acclimation temperature was achieved by increasing or decreasing water temperatures by 2°C per day until it reached the desired temperature. All individuals were acclimated at their final treatment temperatures for at least 3 weeks, which is considered a typical acclimation time for small aquatic organisms (Barrionuevo and Fernandes, 1998). Animals were fed daily with herbivore fish food (Maramar, maxi green, 75% vegetable origin). To ensure good water quality, an external filtration system (mechanical, chemical and biological filtration - model HF-0400, Atman, Santo André, São Paulo, Brazil) was used in each aquarium along with an external air pump to maintain water oxygen saturation. Furthermore, twice a week, 20–30% of the aquarium water was removed with animal waste (via a siphon) and replaced with clean water from an artesian well. Thermal gradients inside the aquaria were avoided by creating water motion by the filtration system and the air pumps, and the thermal environment was tested regularly. Animal collection was approved by the Brazilian environmental agency (SISBIO-ICMBio, #621361), and all experimental protocols were approved by the local Animal Care and Use Committee (CEUA-FCAV-UNESP; #02205/18).



Microhabitat Temperature and Environmental Data

The stream temperature and dissolved oxygen from which tadpoles were collected was recorded for every field trip (four in total: February, April and December of 2019, and July of 2020) at three different sites along the stream. For this, we used a portable dissolved oxygen and temperature polarographic meter (YSI, Model 550A). Additionally, one temperature logger (iButton; Maxim Integrated, San Jose, CA, United States), previously coated in a biologically inert wax mixture (20% Elvax; DuPont, NC, United States; 80% histological paraffin wax), was positioned in the water close to the bottom of the stream, where the tadpoles were found, to record water temperature fluctuations every hour for a year (between April 24th of 2019 and July 25th of 2020). We obtained the mean daily minimum (Tmin), maximum (Tmax) and average (Tmean) temperatures of the stream water. However, for our final analyses, we considered temperatures recorded only between October and May of 2019, which corresponds to the months of greatest rainfall, consequently with water in the stream, and during the reproductive phase of the species (October–June, Nali and Prado, 2012).

Environmental data were acquired from a weather station located at the Sacramento city, MG, (19°52′48″S, 47°25′48″ W; altitude: 913.12 m) at 87.2 km distance from the stream. The data included daily values for precipitation (mm) and mean ambient temperature (Tmean; °C) recorded for 2019.



Body Characteristics

After the acclimation phase, the tadpoles of each group (Tacc18: N = 9; Tacc25: N = 10) were individually weighed on a digital scale (0.01g, Model LW 303i, Bel Engineering, Italy) and measured using calipers (0.01 mm) to obtain the average body mass (BM), total body length (TL, from snout to the end of the tail), partial length (PL, from snout to the insertion of the tail) and body width (BW).



Upper Thermal Limits

Critical thermal maximum (CTmax), defined as the thermal point at which activity becomes disoriented, and an animal loses its ability to escape from conditions that lead to death (Cowles and Bogert, 1944), was determined using the dynamic method previously performed in tadpoles (Lutterschmidt and Hutchison, 1997; Duarte et al., 2012; Kern et al., 2015; Agudelo-Cantero and Navas, 2019). The experiment started at the acclimation temperature of each group, then animals were exposed to a constant heating rate of 0.1°C min–1 (Supplementary Figure 2) inside a water bath, until we observed immobility after five consecutive taps on the tail using a glass stick (Simon et al., 2015; Badr et al., 2016; Moyano et al., 2017; Agudelo-Cantero and Navas, 2019). The ramp increases in temperature experienced by the tadpoles were continuously measured (sample rate: 1 kHz) using a temperature sensor (MLT415/M Thermistor temperature sensor, ADInstruments®, Sydney, Australia). Once an individual reached its CTmax, we quickly transferred it into a plastic container with water at ∼25°C to allow recovery. Only animals that survived after 24 hours were included in the analysis (Tacc18: N = 7; Tacc25: N = 8 – of the 16 animals tested, only one died within 24 h; the tadpoles for each acclimation groups originated from different collection events).

We also estimated the warming tolerance (WT), which provides a measure of the relative severity of warming that each species can withstand before reaching critical performance levels (Deutsch et al., 2008). This metric was calculated as the difference between the organism’s CTmax and the maximum microhabitat temperature (Tmax), i.e., WT = CTmax – Tmax) (Duarte et al., 2012). We considered Tmax to be the mean daily maximum temperature recorded at the stream between October and May of 2019.



Measuring Oxygen Consumption in Tadpoles

A different sub-sample of tadpoles was used to study the metabolic rates in each acclimation group. The rate of oxygen consumption (≅ metabolic rate = [image: image]) was measured in resting tadpoles (Tacc18: N = 8; Tacc25: N = 8) and after forced activity at five test temperatures (15, 20, 25, 30, and 34°C) using fluorescence-based intermittent-flow respirometry (Steffensen, 1989; Clark et al., 2013; Rosewarne et al., 2016; Svendsen et al., 2016). Since it was not possible to keep the tadpoles immobile during respirometry trials, [image: image]measurements represent routine metabolic rates (r[image: image]), indicating the rate of oxygen consumed during low levels of voluntary activity (Fry, 1971; Seebacher and Grigaltchik, 2014).

Each animal was placed in a cylindrical, acrylic respirometer (total volume of 43 mL), submerged in an experimental tank filled with aerated water (PO2 = 21 kPa). Through a hole in the upper part of the respirometer, we placed an oxygen sensor (PSt3, PreSens, Regensburg, Germany) and the partial pressure of O2 was recorded as per cent of saturation and with a sampling rate of 0.2 Hz using customized software for the O2 analyzer (FIBOX3, PreSens, Germany). Inside the experimental tank surrounding the respirometer, an additional aerator was placed to ensure adequate oxygenation of the surrounding water. A submerged recirculation aquarium mini-pump (mini pump A, Sarlobetter, Brazil) was placed within the tank in order to flush the water inside the respirometry chamber. A separate pump (ECEEN, 43GPH), also located within the tank, was used to recirculate water inside the sealed respirometer, and therefore ensure proper mixing for measuring [image: image]. Adjustment and maintenance of each test temperature was performed using an external water bath with a coil connected to the experimental tank (PolyScience 9112A11B Programmable, Model 9112 Refrigerated Circulator). The O2 sensor was calibrated daily at the test temperatures using 100% aerated distilled water and 0% oxygen by dipping the O2 sensor in 100 mL distilled water with 1 g dissolved Na2SO3 (1% sodium sulphite solution, which acted as an O2 scavenger).

Tadpoles were placed into the respirometer for habituation at the first test temperature (15°C) for at least one hour, which is sufficiently long for recovery from handling stress (Kern et al., 2014; Seebacher and Grigaltchik, 2014; Longhini et al., 2017). After one hour, the respirometer was sealed and [image: image] was determined in duplicates at each test temperature (15, 20, 25, 30, and 34°C), always ensuring that O2 saturation was kept above 80% (Jensen et al., 2013) during each cycle. At the end of the experimental protocol for measurements of [image: image], tadpoles were removed from the respirometer, and their wet body mass was recorded using digital scales (±0.01 g). Then, animals were transferred to plastic containers with water at ∼25°C. All tadpoles survived the experiments performed for measuring routine metabolic rate.

For measuring maximum metabolic rate (m[image: image]), we used the manual chasing method immediately before tadpoles were introduced into the respirometer (Clark et al., 2013). This method was chosen because B. ibitiguara tadpoles are bottom dwellers, found mostly resting on rocky or silty substrates (Leite and Eterovick, 2010), under or above submerged leaves in the stream. This method makes it possible to achieve m[image: image]levels due to excess post-exercise oxygen consumption (Reidy et al., 1995; Briceño et al., 2020). For the chasing protocols, a different group of animals (Tacc18: N = 8; Tacc25: N = 8) were placed in a 500 mL beaker inside the same experimental box used for measurements of r[image: image]. Using a glass stick, we chased the individual for 5 min continuously or until exhaustion occurred (no response after 5 consecutive taps on the tail). After the chasing protocol, tadpoles were immediately placed inside the respirometer that was sealed for measurement of [image: image]. Tadpoles were exposed to the same test temperature (15, 20, 25, 30, and 34°C) and randomly for both acclimation groups). All tadpoles survived the experiments performed for measuring [image: image], except animals initially tested at 34°C from Tacc25 (N = 2), which represents 11% of total individuals. The respirometry system (acrylic chamber, tubes and pumps) was cleaned daily at the end of each experimental protocol using chlorine to avoid any microbial/algal growth. The background [image: image] was measured in the respirometer without tadpoles as controls, and we subtracted O2 consumption of the controls from the experimental values.

The [image: image](μmol g–1 h–1) during each measurement phase was derived from the slope of the linear regression of O2 content (μmol L–1) over time (h) according to the equation:

[image: image]

where VRE wer, calculated as the total respirometer volume minus the organism volume, Wo is the organism mass (we assumed a density of 1 kg L–1) and dCO2/dτ is the slope of the linear decrease in O2 content during the time the chamber was sealed (Svendsen et al., 2016). For final [image: image] calculations, we only considered slopes with r2 ≥ 0.95.



Drugs

To study the autonomic control of heart rate (fH), atropine (cholinergic muscarinic antagonist; 3.0 mg kg−1) and sotalol (β-adrenergic antagonist; 3.0 mg kg−1) were purchased from Sigma-Aldrich (St Louis, MO, United States) and dissolved in amphibian Ringer solution (composition in mmol l–1: 46.9 NaCl; 21.0 KCl; 2.40 CaCl; 1.29 MgCl; 3.14 NaHCO3; according to Zena et al., 2016; Longhini et al., 2017). Drugs and doses were chosen based on previous studies performed on both tadpole and adult anuran amphibians (Zena et al., 2016; Longhini et al., 2017).



Heart Rate Measurement and Pharmacological Autonomic Blockade of Heart Rate (fH)

A different sub-sample of tadpoles was used to study the autonomic control for each acclimation group (Tacc18: N = 8; Tacc25: N = 8). Heart rate was measured using a non-invasive methodology as previously described (Longhini et al., 2017). Briefly, we coupled two parallel electrodes, made from hypodermic needles (40 mm × 1.20 mm, 18G), to a 20 mL plastic syringe positioned inside the experimental tank and connected to a recirculation pump to ensure adequate water exchange between the outside and the inside of the syringe. The electrodes were wired and connected to a signal amplifier (A-M Systems, model 1700, Sequim, WA, United States), allowing the collection of electrical signals from the tadpole’s heart by a direct contact between the electrodes and the animal’s ventral surface. Biological signals were recorded at a sampling rate of 1 kHz by an acquisition system (PowerLab System, ADInstruments®, Sydney, Australia) and further analyzed offline (Chart Software, version 7.3, ADinstruments®, Sydney, Australia) using the software’s built-in filters (low-pass: 50 Hz) over the raw signals. The online signals were amplified (10.000× gain) and filtered (bandpass: 0.1–5 KHz). The fH averages were obtained from 5 minutes of a visibly stable recording that did not contain any obvious artefact resulting from tadpole movements by using the LabChart software’s signal detection tools (version 7.3, Sydney, Australia). In addition, the water system was grounded to attenuate the noise by using a ground wire connected to the amplifier.

The experimental protocol for the blockade of sympathetic and parasympathetic modulation on the heart was initiated after one hour of the tadpoles’ habituation to the experimental apparatus, which was followed by recordings of baseline fH measurements for an additional hour. After baseline recordings, tadpoles were gently removed from the experimental apparatus and handled to receive an intraperitoneal injection of atropine. Recording of fH occurred for one hour after the muscarinic blockade. Subsequently, sotalol hydrochloride injection was performed to achieve a full autonomic blockade, and fH was recorded for an additional hour. Intraperitoneal injections were performed using a dental needle (Mizzy, 200 μm outside diameter) connected by a polyethylene tube (PE-10, Clay Adams, Parsippany, NJ, United States) to a Hamilton syringe (5 μL). Injections were standardized so that the volume injected into the peritoneal cavity was 0.46 μL g–1. The autonomic blockade protocol was performed twice in each individual, following an interval of 7 days between the first and the second experiment. At first, the blockage was induced in each individual in their respective acclimation group (Tacc18 and Tacc25), that is, at their respective acclimation temperatures, 18 and 25°C. After 7 days, each tadpole was again subjected to the autonomic blockade, but in this case in the form of an acute exposure to the opposite temperature of acclimation, i.e., Tacc18 was exposed to 25°C for 1 h and Tacc25 was exposed to 18°C for 1 h before the pharmacological blockade. At the end of the experiments, tadpoles were euthanized by placing them in a solution of benzocaine hydrochloride (250 mg L–1) buffered to pH 7.7 with sodium bicarbonate (Longhini et al., 2017). All tadpoles survived to experiments performed for the autonomic blockade, excepted one animal (5%) from Tacc25, which died during the habituation to the experimental apparatus when acutely exposed to 18°C.



Statistical Analyses

For comparing the thermal tolerance parameters (CTmax and WT) and body characteristics of tadpoles between the two acclimation groups, we used an unpaired t-test. To verify the effect of acclimation (Tacc18 vs. Tacc25), test temperatures (18 vs. 25°C), selective autonomic blockade, and their interaction on fH (response variable), we fitted linear mixed models by using the R package nlme (Pinheiro et al., 2021). We also fitted linear mixed models for comparing the effects of acclimation (Tacc18 vs. Tacc25), test temperatures (15, 20, 25, 30, and 34°C) and their interaction on mass-specific r[image: image] and m[image: image]. In all cases, individuals were included as random effects (intercept) to account for the repeatability of the data throughout the study. Absolute aerobic scope (AAS) was calculated as the difference between mean values of m[image: image] and r[image: image], while the factorial aerobic scope (FAS) was obtained as the ratio of the mean values for m[image: image] to r[image: image]. Factorial and absolute scope were fitted using a Gaussian curve using the Graphpad software, version 8.0.1 We also constructed stream temperature frequency histograms of daily values recorded every hour by the data logger, which were bin centered at 0.5 degree interval.

All statistical analyses were performed using R software v. 3.6.3 (R Core Team, 2020). For all analyses, statistical significance was accepted when P ≤ 0.05. When significant effects were found in linear models, these were further explored by Tukey’s test for pairwise comparisons within each acclimation treatment. Normality of the residuals were visually inspected by using histograms. Homogeneity of variance for each model was visually inspected and tested using a Levene’s test. When necessary, appropriate data transformations were performed (log transformation).




RESULTS


Microhabitat Temperature

Data logger recordings for seasonal temperature changes in the stream where tadpoles of B. ibitiguara were collected (sampled between April 24th of 2019 and July 25th of 2020) is shown in Figure 1. During the dry season, we observed that the stream’s flow ceased completely, leaving only non-adjacent pools of stagnant water, which explains the high daily temperature variations between August and November of 2019 (see Figure 1). During our last field trip (July 25th of 2020), we found that the temperature logger was completely emerged from the dried stream bed. By only considering the months in which the stream bed was filled (October–May) according to field observations, Tmax was 24.6 ± 0.6; Tmin was 18.8 ± 0.7, while Tmean was 21.9 ± 0.8.

For each field trip, we also measured stream water temperature manually at the points where we collected tadpoles, either during daylight or nighttime: February 2019: 24.2°C (15h50); 23°C (16h00) and 22.6°C (8h30); April 2019: 22.5°C (19h30); 22.3°C (20h07) and 22.2°C (10h10); December 2019: 23°C (16h33); 22.7°C (19h48); and July 2020: 21.1°C (12h05); resulting in a Tmean of 22.1 ± 0.6. We also measured the dissolved O2 in the same location points of collection: 5.6 ± 1.7 mg L–1 (range: 4.1–7.3 mg L–1; February 2019); 7.7 ± 0.1 mg L–1 (range: 7.3–7.8 mg L–1; April 2019); 5.7 ± 0.6 mg L–1 (range: 4.6–6.7 mg L–1; December 2019) and 4.6 ± 0.3 mg L–1 (range: 4.1–5.1 mg L–1; July 2020).



Body Characteristics of Acclimation Groups

After the acclimation treatment, all morphological traits were significantly different between Tacc18 and Tacc25 (see Table 1). However, none of the acclimation regimes affected the allometric relationships obtained from the residuals of the regressions between total length vs. body mass (Tacc18: 0.0004 ± 0.3 vs. Tacc25: −0.02 ± 0.3; t(17) = 0.05; P = 0.96), total length vs. partial length (Tacc18: 0.009 ± 0.3 vs. Tacc25: 0.008 ± 0.3; t(17) = 0.001; P = 0.99), and total length vs. body width (Tacc18: 0.02 ± 0.3 vs. Tacc25: 0.05 ± 0.3; t(17) = 0.04; P = 0.96).



Thermal Tolerance

Tadpoles of B. ibitiguara of both acclimation groups exhibited similar CTmax (Tacc18: 36.8 ± 0.2°C vs. Tacc25: 36.7 ± 0.09°C; t(13) = 0.19; P = 0.84; Figure 2). The heating rate did not differ between the two groups (slope for Tacc18: 0.089°C min–1 vs. slope for Tacc25: 0.091°C min–1; F(1,107) = 0.61, P = 0.43; see Supplementary Figure 2). WT was also the same for both acclimated groups (Tacc18: 12.1 ± 0.6°C vs. Tacc25: 12.1 ± 0.2°C; t(13) = 0.21; P = 0.84).


[image: image]

FIGURE 2. Critical thermal maxima (CTmax) for tadpoles of Bokermannohyla ibitiguara. Acclimation treatment (18 and 25°C) did not affect CTmax of premetamorphic tadpoles (P = 0.84). Data are presented as mean ± s.e.m. (18°C, N = 7; 25°C, N = 8).




Effects of Temperature on Aerobic Metabolism

The body mass was significantly different for r[image: image] (F(1,13) = 14.43, P < 0.001) and m[image: image] (F(1,13) = 37.68, P = 0.003). In the subsequent analysis, body mass was considered as a possible factor of influence in a covariance analysis. The results for total [image: image] are described in detail in the supplementary material (Supplementary Figure 3). Mass-specific values for r[image: image] and m[image: image] are shown in Figures 3A,B, respectively. Routine metabolic rate increased with increasing temperature in both acclimation groups (Tacc18 and Tacc25) (Test temperature effect: F(1,62) = 302.5, P < 0.0001; Figure 3A). Acclimation significantly affected r[image: image] (F(1,14) = 68.2, P < 0.0001) in tadpoles acclimated to 25°C showing a higher r[image: image], with values increasing up to 30°C and showing no further increase when tadpoles were exposed to 34°C (30.06 ± 0.1°C: 15.95 ± 1.2 μmol O2 g–1 h–1 vs. 34 ± 0.07°C: 16.01 ± 1.9 μmol O2 g–1 h–1; t(56) = 0.221, P = 1.0). In contrast, mass-specific r[image: image] continues to increase up to 34°C for Tacc18 (30.4 ± 0.12°C: 5.37 ± 0.5 μmol O2 g–1 h–1 vs. 34.4 ± 0.06°C: 7.44 ± 0.7 μmol O2 g–1 h–1; interaction effect: F(1,62) = 4.58, P = 0.03). Maximum metabolic rate also increased with increasing test temperature for both Tacc18 and Tacc25. The m[image: image] of Tacc18 increased up to 24.9 ± 0.04°C after which no further increase was detected until the temperature reaches 33.7 ± 0.01°C (24.9 ± 0.04°C: 20.2 ± 1.2 μmol O2 g–1 h–1 vs. 33.7 ± 0.01°C: 23.6 ± 1.6 μmol O2 g–1 h–1; t(49) = −2.267, P = 0.43). In contrast, despite a continuous increase in m[image: image] for Tacc25 up to 30 ± 0.05°C, it never reached values similar to Tacc18 with increasing temperature (interaction effect: F(1,54) = 9.3, P < 0.0001; Figure 3B).
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FIGURE 3. Temperature effects on aerobic metabolism in tadpoles of Bokermannohyla ibitiguara. Mass-specific routine [(A) r[image: image] and maximum [(B) m[image: image]] metabolic rates for tadpoles acclimated to 18°C (N = 8) and 25°C (N = 8) and exposed to different test temperatures (15, 20, 25, 30, and 34°C). Data are presented as mean ± s.e.m.


Aerobic scope over a range of water temperatures is presented as the absolute difference between mean values of r[image: image] and m[image: image] (Figure 4B), and as a factorial term calculated as the ratio of the mean values for m[image: image] to r[image: image] (Figure 4A) with water temperature histograms from the micro-habitat of B. ibitiguara measured every hour from the October to May period (with water flow in the stream). For both ways of obtaining the scope, Tacc25 visually exhibited a smaller amplitude in relation to Tacc18. In addition to an apparent reduction in aerobic scope for Tacc25 relative to Tacc18, the former exhibits maximum values around 20°C, while the latter around 30°C. Furthermore, in Tacc18 the maximum performance is above the average stream temperature, while the performance is shifted to the left at lower temperatures in Tacc25.
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FIGURE 4. Frequency of water temperature and aerobic scopes of tadpoles of Bokermannohyla ibitiguara over a range of test temperatures. Factorial aerobic scope [(A) FAS] is calculated from the ratio between mean values obtained for mass-specific maximum metabolic rate (m[image: image]) and routine metabolic rate (r[image: image] The absolute aerobic scope [(B) AAS] is calculated from the difference between mean values for m[image: image] and mean values for r[image: image] over a range of different temperatures (15 ± 0.06°C to 30 ± 0.05°C). Histograms of the frequency of stream temperature are repeated in panels (A,B), representing the records collected by the data logger every hour between October and May. The right axis indicates the count of records of each water temperature, and the left axis corresponds to the calculated aerobic scope.




Temperature Effects on Heart Rate

Acclimation temperatures did not affect fH responses to acute changes in temperature (Acclimation effect: F(1,12) = 0.014; P = 0.90; Figure 5), while test temperature significantly affected fH (Test temperature effect: F(1,62) = 635.997, P < 0.0001). Regardless of the acclimation group, routine heart rate (fH) increased significantly when acutely exposed from 18 to 25°C (18°C: 52.07 ± 1.6 beats min–1 vs. 25°C: 80.3 ± 1.6 beats min–1; t(62) = 12.609, P < 0.0001; Figure 5) with a Q10 of 1.9.
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FIGURE 5. Effect of pharmacological blockade on heart rate in tadpoles of Bokermannohyla ibitiguara. The effects of pharmacological blockade (atropine alone and double blockade = atropine + sotalol) on heart rate (fH) in tadpoles acclimated at 18°C (N = 8) and tadpoles acclimated at 25°C (N = 7) at different experimental test temperatures (18 and 25°C). Regardless of the treatment treatment used, the fH was significantly altered by temperature of 25°C (P < 0.001). Data are shown as means ± s.e.m.


Pharmacological treatment with atropine and sotalol significantly affected fH (treatment effect: F(2,62) = 33.372; P < 0.0001). Atropine increased the fH of tadpoles at the test temperature of 18°C relative to routine values (atropine: 59.5 ± 0.8 beats min–1 vs. routine: 52.07 ± 1.6 beats min–1; t(62) = 3.318, P = 0.0182, respectively). Sotalol evoked a slight reduction in fH, although not significantly different from atropine values (double blockade: 54.4 ± 1.1 beats min–1 vs. atropine: 59.5 ± 0.8 beats min–1; t(62) = 2.261, P = 0.2257; respectively). When tadpoles were acutely exposed to 25°C, atropine also increased fH relative to routine values (atropine: 98.1 ± 1.9 beats min–1 vs. routine: 80.3 ± 1.6 beats min–1; t(62) = 7.933, P < 0.0001, respectively), although with a larger amplitude effect (interaction effect: F(2,62) = 5.707; P = 0.005). Conversely, sotalol evoked a significant reduction in fH relative to atropine values (double blockade: 85.5 ± 2.2 beats min–1 vs. atropine: 98.1 ± 1.9 beats min–1; t(62) = 5.639, P < 0.0001; respectively).




DISCUSSION

Tadpoles of the anuran B. ibitiguara have limited phenotypic plasticity when acclimated to the warmest temperature (∼25°C for at least 3 weeks) found in their micro-habitat. We found that thermal tolerance (i.e., CTmax) did not differ between acclimation groups (18 and 25°C) and that cardiorespiratory parameters such as routine fH and r[image: image] increased significantly with high acclimation temperature (i.e., 25°C). Conversely, m[image: image] showed a mild increase with acute changes in temperature in tadpoles acclimated to 25°C, thereby remaining low relative to m[image: image] values from tadpoles acclimated to 18°C. Therefore, tadpoles exhibited a reduced aerobic metabolic scope when acclimated to 25°C. Our results indicate that B. ibitiguara tadpoles are highly susceptible to future events of global warming, in which an average increase of 3°C in the stream temperature that tadpoles inhabit can impact species survival success mainly owing to limited phenotypic plasticity of cardiorespiratory functions.


Thermal Tolerance of Tadpoles

It is generally expected that species with restricted geographical distributions are exposed to low seasonal temperature variations and therefore show a narrower range of thermal tolerance limits, which may include low capacity for physiological plasticity, such as thermal acclimation (Brattstrom, 1968; Huey and Kingsolver, 1993; Bernardo and Spotila, 2006; Gifford and Kozak, 2012). Chronic acclimation to a high Ta of 25°C, did not result in changes to the upper thermal tolerance levels in tadpoles of B. ibitiguara from the Cerrado (18°C: 36.8 ± 0.2°C vs. 25°C: 36.7 ± 0.09°C). Thus, thermal acclimation appears to be absent. Although a general pattern of increased CTmax at relatively high acclimation temperatures has previously been suggested in anurans (Brattstrom, 1968; Navas et al., 2008), some anuran amphibians show a limited scope for or absence of acclimation capacity (Rome et al., 1992; Bovo et al., 2020). Brazilian anuran tadpoles found in contrasting morphoclimatic domains, such as Rhinella ornata in the Atlantic forest and Rhinella granulosa in drier habitats in the Caatinga exhibit CTmax of 42.5 and 44.4°C, respectively (Simon et al., 2015). Tadpoles that develop in ephemeral tropical ponds experience large daily temperature fluctuations and can exhibit CTmax above 40°C (Abe and Neto, 1991). In contrast, tadpoles from B. ibitiguara exhibit low CTmax values, which may result from an adaptation to their micro-habitat that seems to keep low Ta oscillations for most part of the year (Figure 1C). B. ibitiguara is known to inhabit streams surrounded by gallery forests in a topographically complex landscape at altitudes up to 1.500 m (Nali et al., 2020). In the present study, we sampled tadpoles from a stream at 670 m altitude, a micro-habitat in which there are no large daily or seasonal temperature fluctuations, likely to be related to the presence of gallery forests alongside the streams that the tadpoles inhabit (Supplementary Figure 1).

In order to evaluate the heat-shock risk that tadpoles of B. ibitiguara may experience, that is, how fast the tadpole’s performance would decline when approaching the upper thermal limit, we estimated their warming tolerance (Duarte et al., 2012). Since CTmax was virtually the same between both acclimation groups, values estimated for warming tolerance were similar and relatively high (Tacc18: 12.44 ± 0.5°C and Tacc25:12.42 ± 0.2°C) compared to other tadpole species (Duarte et al., 2012; Simon et al., 2015). This suggests that tadpoles of B. ibitiguara tolerate warming before temperatures become deleterious and ultimately lethal, meaning that these tadpoles are in some way resistant to rapid episodes of thermal stress (Duarte et al., 2012; Gutiérrez-Pesquera et al., 2016). Such elevated WT values are in between those recorded for tadpoles living in cool ponds and streams of the subtropical Atlantic Forest in northern Argentina (i.e., WT = 13.2°C; Duarte et al., 2012), and in the Atlantic Forest in southeastern Brazil (i.e., WT = 9.0°C; Simon et al., 2015). In the case of B. ibitiguara, adults only reproduce in cool streams that are thermally insulated by gallery forests (Nali and Prado, 2012). Thus the likelihood of long-term thermal heat stress resulting from anthropogenic land-use changes such as deforestation would expose streams to higher daily and seasonal variation in temperature, which may impact the survival of tadpoles. As such, Pintanel et al. (2019) found strong variation in the maximum temperatures in habitats between forests and open environments inhabited by tropical Andean frogs. Their results suggest that environmental thermal variability differences could lead, through local adaptations, to different thermal tolerances. Thus, species tended to be thermal specialists in the less variable thermal environments, similar to what we describe for B. ibitiguara.



Effect of Temperature on Aerobic Metabolism

Previous studies have shown that small aquatic ectotherms may be able to acclimate within a relatively short timeframe (Brown et al., 2004; Rohr et al., 2018). In fact, it is clear that the increase in the stream temperature by 3.1°C relative to the average value (Tmean: 21.9°C) would considerably impact B. ibitiguara tadpoles’ survival success, as tadpoles acclimated at 25°C (Tacc25) exhibited a relatively high r[image: image] compared to tadpoles acclimated at 18°C (Tacc18). This suggests that B. ibitiguara is unable to show thermal compensation of cardiorespiratory functions at 3°C above their habitat’s average temperature (i.e., 21.9°C). In fact, although r[image: image] measurements were possible at 34°C in acclimated tadpoles to 25°C, m[image: image] measurements at the same test temperature were unsuccessful, as tadpoles did not withstand the chase protocol and some (N = 2) died during the initial phase of the subsequent respirometry measurements. Although CTmax in Tacc25 tadpoles was relatively higher (36.7 ± 0.09°C) than the temperature at which tadpoles died (∼34°C), we must consider that tadpoles were warmed relatively fast (i.e., 0.1°C min–1). Therefore, we must recognize that the chosen warming protocol to obtain the CTmax may have overestimated CTmax values, since a slower heating rate could have returned lower CTmax values as previously suggested (Chown et al., 2009; Rezende et al., 2011; Ribeiro et al., 2012; Simon et al., 2015).

Noteworthily, in addition to the acclimation temperature at 25°C, we also tested a higher temperature (28°C – tested in tadpoles collected on our first fieldtrip) in which tadpoles were maintained for up to 3 weeks. However, animals exhibited signs of reduced food intake and showed poor body condition, which was also observed in Tacc25 (visual observation, see Supplementary Figure 4). Other studies have also observed such deleterious effects of high acclimation temperatures in different taxa, such as arthropods, urchins, zooplankton and salmon (Rall et al., 2010; Lemoine and Burkepile, 2012; Alcaraz et al., 2014; Hvas et al., 2017). For instance, Healy and Schulte (2012), studying the fish Fundulus heteroclitus, found that at temperatures where both r[image: image] and m[image: image] were still increasing exponentially with temperature and aerobic scope was maximal, the fish had difficulty maintaining body mass during long-term acclimation. This suggests that there are limitations to the ability to take up, process or assimilate enough nutrients to support the high metabolic rates at high acclimation temperatures (Edwards, 1971; Schulte, 2015).



Effects of Temperature on Body Size and Developmental Implications

We found significant differences in body measurements between acclimation groups, with Tacc25 overall, exhibiting smaller body size characteristics compared to Tacc18 after 3 weeks of acclimation (Table 1). Our data corroborate the decrease in growth observed at the highest acclimation temperature (27°C) in weatherfish larvae of Misgurnus fossilis (Schreiber et al., 2017). We recognize our limitations in drawing conclusions about the effect of acclimation temperature on body characteristics due to the lack of data preceding the experiments. However, after the completion of the experimental protocols on aerobic metabolism, tadpoles were returned to their acclimation temperatures, and their further development was observed. Interestingly, the tadpoles from Tacc25 did not metamorphose, in contrast to individuals of Tacc18, of which many developed as expected. Normally, environmental stressors such as temperature, prolonged droughts and hypoxic environments would accelerate metamorphosis by increasing the hypothalamus-pituitary-interrenal axis activity (Kikuyama et al., 1993; Owerkowicz et al., 2009; Heinrich et al., 2011; Rollins-Smith, 2017). The putatively reduced growth and the prevention of metamorphosis in tadpoles of Tacc25 may indicate changes in energy allocation, with most of it being diverted to maintain a high r[image: image] (Ruthsatz et al., 2018; Weerathunga and Rajapaksa, 2020). Both thyroid and glucocorticoid hormones are known to trigger metamorphosis in amphibians, and elevated temperatures may activate the hypothalamus-pituitary-interrenal axis and accelerate metamorphosis (Duellman and Trueb, 1994; Crespi and Denver, 2004; Ruthsatz et al., 2018). However, the release of hormones for metamorphosis may demand a high metabolic cost, which could have been disrupted in B. ibitiguara tadpoles at 25°C due to the high temperature-driven routine metabolic demand, leading to a trade-off between maintaining body condition or metamorphosis. Interestingly, during a field trip in the middle of the dry season (July 2020), B. ibitiguara tadpoles could still be found in what seemed to be permanent water ponds, despite the flow of the stream having ceased. We confirmed that these ponds exhibited a temperature of 21.1°C (time of the day 12h05, similar to the manual measurements obtained in other months) and O2 concentration (4.7 mg/L) did not differ from values when the stream had a running flow (see microhabitat values in the results section). Therefore, it seems that B. ibitiguara tadpoles can survive through the dry season in suitable thermal conditions by potentially delaying metamorphosis until the following rainy season.

The major weakness in our study stems from the fact that the effects of acclimation on r[image: image] and subsequently AAS/FAS cannot be confidently discerned from body size and developmental effects. In particular, the observed increase in r[image: image] in Tacc25 after acclimation could be a result of accelerated development at a higher Ta, as [image: image] generally increases throughout development (Szdzuy et al., 2008; Sartori et al., 2017). Although we cannot exclude the possibility that the tadpoles did not develop faster (although smaller) than tadpoles in the Tacc18 group, the results are more supportive of stunted, rather than accelerated growth. Given the lack of information on developmental characteristics in this species and the fact that metamorphosis did not occur in this group, we are confident that the increase in r[image: image] is a genuine effect of acclimation, resetting metabolism to an intrinsically higher level and negatively impacting physiological performance and possibly survival. Furthermore, considering global warming will affect most species for many generations, it is important to investigate whether transgenerational and developmental plasticity may allow this species to compensate for climate change, since parental history and egg development may be relevant to the offspring’s thermosensitivity (Seebacher and Grigaltchik, 2014; Donelson et al., 2018).



Effect of Temperature on Maximum Metabolic Rate

Tadpoles of B. ibitiguara are mostly sedentary, unless feeding or escaping from predators, where high levels of [image: image] are required. In regards to the temperature dependency of active oxygen consumption, the m[image: image] did not increase much beyond 30°C in Tacc18 (Figure 3B). Conversely, r[image: image] continued its exponential increase in Tacc18, until the temperature approached a lethal level (34°C), while r[image: image] in Tacc25 reached a plateau at 30°C. This same response was observed in weatherfish larvae (Schreiber et al., 2017) and by Fry (Fry, 1947; Fry and Hart, 1948) when exercising goldfish (Carassius auratus), predicting that the optimal temperature for aerobic scope is created by the failure of m[image: image] to continue increasing with temperature (Farrell, 2009). Tadpoles of Limnodynastes peroni also show an exponential increase in r[image: image] (Seebacher and Grigaltchik, 2014). Animals acclimated to the cold (15°C), showed significantly higher O2 consumption rates at higher experimental temperatures (20 and 25°C) compared to the group acclimated at higher temperature (i.e., 25°C). In addition, tadpoles of L. peroni acclimated to 15°C were more active than animals acclimated to 25°C, which suggests that more oxygen was used by tadpoles acclimated to 15°C for a given level of activity. An alternative explanation is that low temperature activity requires more ATP per unit of muscle power than at high temperature. In our case, both r[image: image] and m[image: image] increased exponentially in parallel, up to temperatures close to 25°C before the critical maximum temperature that could be tolerated by the tadpoles was reached. Our data corroborates the notion that in more stable environments, such as the stream that the tadpoles of B. ibitiguara inhabit, optimal physiological processes may be constrained by a limited range of environmental temperatures (Gabriel, 2005; Gabriel et al., 2005). In addition, as global water temperatures rise, O2 solubility in the water is reduced (Dejours, 1981) and therefore animals will face additional challenges to meet the higher oxygen demand of increased metabolic rates (Pörtner et al., 2006).



Effect of Temperature and Autonomic Blockade on Routine Heart Rate

In this study, the effect of prolonged exposure to elevated temperature, i.e., thermal acclimation, did not cause any compensatory response in the autonomic control of fH. Thermal acclimation may reset resting fH so that the initially elevated fH progressively reduces over time upon exposure to the elevated temperature. Such a response is primarily achieved by reducing intrinsic fH and/or increasing the inhibitory cholinergic tone on the heart (Haverinen and Vornanen, 2007; Ekström et al., 2016; Sandblom et al., 2016b). The treatment with atropine increased the tadpole’s heart rate at both test temperatures, although the magnitude of the response was temperature dependent, with a more pronounced tachycardia at the higher experimental temperature. In addition, sotalol treatment following atropine reduced fH to near baseline values, suggesting routine fH and intrinsic fH are very similar. This suggests that both cholinergic and adrenergic tone exhibit virtually equal influences on routine fH. In fact, the lack of acclimation response in the autonomic control of fH and intrinsic fH in B. ibitiguara may be explained by the fact that tadpoles inhabit temperature stable environments. This contrasts with eurythermal species that exhibit thermal acclimation of autonomic control of fH with consequent improvements in cardiac function (Seibert, 1979; Sureau et al., 1989; Ekström et al., 2016; Sandblom et al., 2016b).

It is interesting to note that changes in fH with acute warming (from 18 to 25°C in Tacc18) and acute cooling (from 25 to 18°C in the Tacc25) are equal. However, as previously discussed, routine values for metabolic rate for acclimation group Tacc25 are considerably elevated relative to acclimation group Tacc18 (for approximately the same temperature interval, that is, from 20 to 25°C (see Supplementary Figure 5). Since routine fH did not differ between acclimation groups, the maintenance of a high routine metabolic rate for Tacc25 tadpoles can only be explained by increases in cardiac output due to adjustments in stroke volume, and/or increases in arteriovenous extraction. Indeed, increases in stroke volume was previously observed in tadpoles of Xenopus leavis, in which significant adjustments in cardiac output after exposure to acute hypoxia occurred by increasing both fH and stroke volume (Francis Pan and Burggren, 2013). Yet, this hypothesis remains untested in tadpoles and requires further studies.




CONCLUSION AND PERSPECTIVES

Our study demonstrates that tadpoles of B. ibitiguara have a limited phenotypic plasticity in response to acclimation to high temperatures, since the thermal tolerance was not different between acclimation groups (18 and 25°C), and cardiorespiratory functions (i.e., routine fH and r[image: image]) increased substantially with high temperature acclimation. On the other hand, m[image: image] remained low in relation to the lower temperature of acclimation. Consequently, the tadpoles presented a reduced aerobic metabolic scope when acclimated to a higher temperature (25°C) and therefore an increased vulnerability to climate-driven increases in temperature. In addition, our hypothesis that there would be fH compensation due to elevation in cholinergic tone or reductions of intrinsic fH was not confirmed, since cholinergic and adrenergic tone exhibit virtually equal influences on resting fH independent of acclimation group. These findings may be related to the fact that B. ibitiguara tadpoles develop in a stable micro-habitat in which daily and seasonal changes in water temperature are narrow. Such traits may reflect the characteristics of the gallery forests alongside streams that the tadpoles inhabit. Further, tadpoles may find favorable conditions throughout their habitat to allow a prolonged larval phase and possibly adjust the time of metamorphosis to the beginning of the next rainy season.

This lack of plasticity during the larval phase of B. ibitiguara has important conservation implications, because adults of this anuran amphibian are habitat specialists, always associated to a topographically complex landscape that has endured anthropogenic modification (Nali et al., 2020). Moreover, in recent years the region where the study was conducted has experienced prolonged droughts and streams have been used to capture water, contributing to more frequent drying periods. Also, the Brazilian Cerrado is one of the most threatened tropical savannas in the world, with nearly a 100 endemic amphibians’ species, including B. ibitiguara (Nali and Prado, 2012; Valdujo et al., 2012; CEPF: Critical Ecosystem Partnership Fund, 2017). Therefore, in a scenario with prolonged droughts, gradual increases in ambient temperatures and degradation of remaining gallery forests in non-protected areas of the Brazilian Cerrado, the survival of this species will likely be affected. Thus, even if CTmax values found here are above the temperatures the species usually experience, the probability of experiencing high temperatures above their optimal temperatures would increase in the future. In addition, there are very few studies on this topic, despite the enormous diversity of anuran species in Brazil and in the Neotropical region.
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The capacity to compensate for environmental change determines population persistence and biogeography. In ectothermic organisms, performance at different temperatures can be strongly affected by temperatures experienced during early development. Such developmental plasticity is mediated through epigenetic mechanisms that induce phenotypic changes within the animal’s lifetime. However, epigenetic modifiers themselves are encoded by DNA so that developmental plasticity could itself be contingent on genetic diversity. In this study, we test the hypothesis that the capacity for developmental plasticity depends on a species’ among-individual genetic diversity. To test this, we exploited a unique species complex that contains both the clonal, genetically identical Amazon molly (Poecilia formosa), and the sexual, genetically diverse Atlantic molly (Poecilia mexicana). We predicted that the greater among-individual genetic diversity in the Atlantic molly may increase their capacity for developmental plasticity. We raised both clonal and sexual mollies at either warm (28°C) or cool (22°C) temperatures and then measured locomotor capacity (critical sustained swimming performance) and unforced movement in an open field across a temperature gradient that simulated environmental conditions often experienced by these species in the wild. In the clonal Amazon molly, differences in the developmental environment led to a shift in the thermal performance curve of unforced movement patterns, but much less so in maximal locomotor capacity. In contrast, the sexual Atlantic mollies exhibited the opposite pattern: developmental plasticity was present in maximal locomotor capacity, but not in unforced movement. Thus our data show that developmental plasticity in clones and their sexual, genetically more diverse sister species is trait dependent. This points toward mechanistic differences in how genetic diversity mediates plastic responses exhibited in different traits.
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INTRODUCTION

The early life environment can have pronounced and long-lasting effects on individual phenotypes (Atlasi and Stunnenberg, 2017; Hu and Barrett, 2017). Such developmental plasticity can allow an organism to better tailor their phenotypes for their future expected environments [“predictive adaptive hypothesis” (Bateson et al., 2014)] or better cope with rapid environmental perturbations later in life (Schulte et al., 2011). To understand the evolution of developmental plasticity, we need to understand when and how animals respond to early life environments and to what extent these responses allow animals to cope with later-in-life environmental conditions.

Organisms can respond to early life environments by adjusting their phenotype across numerous traits (Bozinovic et al., 2020). Reaction norms can be used to characterize the response of repeatedly expressed traits like behavioral or physiological traits across a range of environmental conditions (Sarkar and Fuller, 2003). The early developmental environment can lead to coordinated changes in whole suites of traits (Torres-Dowdall et al., 2012; Mateus et al., 2014); what is less clear is whether the plasticity underlying these traits is also matched. That is, will the reaction norm of one trait match the reaction norm of another in response to early environmental experiences? If some animals are more sensitive or better able to perceive environmental cues, then some authors have argued that plasticity should be consistent across different traits (Benus et al., 1987; Koolhaas et al., 1999; Whitman and Agrawal, 2009; Sih and Del Giudice, 2012; Forsman, 2015; Stamps and Biro, 2016). For example, in ectothermic animals, the thermal environment an animal experiences early in life can cause lifelong alterations to muscle contractile function resulting in coordinated effects on traits related to swimming capabilities (Hammill et al., 2004; Orczewska et al., 2010; Scott and Johnston, 2012; Le Roy et al., 2017). However, as different traits have different mechanistic bases it may instead be expected that there are differences in plasticity. Understanding whether and how patterns of plasticity are linked across different traits can therefore offer insight into the potential mechanistic underpinnings of these traits.

Epigenetic mechanisms are likely mediators of phenotypic changes such as developmental plasticity. For example, gene expression patterns can be altered by modifying access of transcriptional regulators to DNA (Whitfield et al., 2003; Aubin-Horth et al., 2005; Scott and Johnston, 2012; Ficz, 2015; Loughland et al., 2021), which can be mediated by changes in DNA-methylation patterns (Klose and Bird, 2006), histone binding (de Ruijter et al., 2003), or small RNA activity (Morris and Mattick, 2014). Even clonal, and hence genetically identical organisms often exhibit considerable phenotypic plasticity in response to variation in their environment (Doeringsfeld et al., 2004; Freund et al., 2013; Lynch and Kemp, 2014; Bierbach et al., 2017; Vogt, 2018). For example, the unisexual and genetically identical fish Chrosomus eos-neogaeus exhibited extensive variation in DNA methylation patterns across their genomes (Massicotte et al., 2011) that was correlated with environmental cues from their lake of origin (Massicotte and Angers, 2012). In the clonal Amazon molly (Poecilia formosa), several life history traits were strongly affected by salinity and temperature gradients experienced during developmental periods (Makowicz and Travis, 2020). Additionally, Amazon mollies raised in different social contexts developed different behavioral phenotypes (Bierbach et al., 2017). Developmental plasticity may therefore be especially relevant in such clonal organisms, as these animals do not have among-individual genetic variation to generate phenotypic variation.

However, even if phenotypic changes are mediated through epigenetic mechanisms, the shape of the reaction norm can also be altered in response to genotypic changes resulting from selection or genetic drift (Seebacher et al., 2012; Murren et al., 2014). Hence, variation in reaction norms can be mediated by variation in genetic and epigenetic mechanisms. For example, a single mutation determines whether Manduca caterpillars exhibit thermally sensitive pigmentation patterns (Suzuki and Nijhout, 2006) and if nematodes develop resource-sensitive variation in mouth morphologies (Bento et al., 2010). Additionally, the large number of proteins involved in the successful methylation (and demethylation) of DNA means that mutations at any number of nucleotides can alter the efficiency and/or specificity of this process (Klose and Bird, 2006; Campos et al., 2013). Natural selection or genetic drift may therefore influence the capacity for developmental plasticity in populations with greater among-individual genetic variation.

Here we test whether the capacity for developmental plasticity is linked across two phenotypic traits and whether plasticity depends on the presence of among-individual genetic variation. We raised closely related clonal and sexually reproducing fish species at two developmental temperatures to determine plasticity in thermal performance curves of swimming capacity and unforced movement. If functionally related traits are also mechanistically related, then we would predict that they would also show correlated patterns of developmental plasticity in response to early life environments. On the other hand, there is evidence for asymmetric thermal effects on thermal performance curves (Bozinovic et al., 2020), which instead predicts that patterns of plasticity are de-coupled. We investigated individual performance in two traits related to locomotion across a thermal gradient to compare the developmental plasticity: maximal swimming capacity measured as critical sustained swimming performance (Ucrit) and unforced movement in an open field. Both traits are relevant ecologically for these fish; Ucrit reflects maximal physiological swimming capacity that could limit more extended movement like dispersal (Svendsen et al., 2017) or escape capabilities (Irschick et al., 2008). However, animals rarely move at maximum speed so that it is also relevant to determine temperature effects on the movement speed actually selected by individuals (Wilson et al., 2015). Both traits rely on muscle-powered locomotion, but differ in that Ucrit is determined by the physiological capacities of the cardiovascular system, mitochondria and muscle, and unforced movement also reflects behavioral decisions that are under cognitive control (Stewart et al., 2013).

To investigate whether and how among-individual genetic diversity may alter patterns of developmental plasticity, we took advantage of a unique species complex that contains both clonal (genetically identical; the Amazon molly, P. formosa) and sexually reproducing (genetically diverse; Atlantic molly, Poecilia mexicana) fish (Laskowski et al., 2019). Amazon mollies are the first discovered clonal vertebrate (Hubbs and Hubbs, 1932; Schultz, 1973); they emerged from a single hybridization event between the Atlantic and sailfin molly (Poecilia latipinna) about 100,000 years ago and now reproduce gynogenetically (Lampert and Schartl, 2008; Stöck et al., 2010; Warren et al., 2018). The species requires sperm from one of their parental species (Atlantic or sailfin mollies) to stimulate embryonic development, but the paternal genetic material is not incorporated into the egg (but see Kallman, 1962; Rasch et al., 1965; Turner et al., 1980, for rare exceptions of male DNA fragment introgression). The offspring are therefore genetically identical to their mother and each other. The two species have essentially the same phylogenetic history, share half of their genome (Lampert and Schartl, 2008; Warren et al., 2018; Lu et al., 2021) and show a strong overlap in their ecological niche due to their sympatric occurrence as a result of the Amazon’s dependence on either sailfin or Atlantic mollies’ sperm for reproduction (Darnell and Abramoff, 1968; Schlupp et al., 2002; Scharnweber et al., 2011). This unique species complex thus allowed us to explore how the presence of among-individual genetic variation influences a species’ capacity for developmental plasticity in species that are otherwise ecologically identical. On one hand, sexual species such as the Atlantic molly harbor significantly more among-individual genetic variation (Warren et al., 2018; Lu et al., 2021) allowing natural selection to be more effective in shaping the capacity for developmental plasticity and so we predicted that we may see larger shifts in their reaction norms in response to early life environments. On the other hand, the lack of among-individual genetic variation in Amazon mollies leaves epigenetically induced phenotypic plasticity as the major avenue to adjust phenotypes to changing environmental conditions, and so an alternative prediction is that this clonal species would exhibit greater sensitivity, and hence plasticity, to early life environments. We are well aware of the limitations of two-species comparisons (Garland and Adolph, 1994), and we treat this comparison as exploratory and do not intend to infer adaptation.



MATERIALS AND METHODS


Fish Breeding

We isolated several individual pregnant females of each species (housed at 25°C through their lifetime), and immediately after they gave birth, we split broods into groups of 4 sibs each; half of these groups were placed into a warm (28°C) treatment and half into a cool (22°C) treatment (Figure 1). Each group was maintained in a 38-liter aquarium with gravel and a plastic plant for shelter. These treatments were chosen as ecologically relevant temperatures the fish would experience seasonally in the wild (Schlupp et al., 2002; Costa and Schlupp, 2010). We generated a total of 16 groups of 4 sibs of the Amazon mollies (P. formosa, 8 groups per treatment) from 4 different broods (mothers that were sisters), and 18 groups (9 groups per treatment) of 4 sibs each for the Atlantic mollies (P. mexicana) from 5 different broods (mothers). Each treatment group was reared at their respective developmental thermal environment treatments until they were 25–27 weeks old. Fish were then acclimated to a common-garden, intermediate temperature (25°C) for 3 weeks. We conducted the common-garden acclimation treatment to reduce the effects of short-term reversible acclimation from that of the long-term effects of the developmental treatment that we were interested in here. Individuals were acclimated in individual clear plastic bottles (10 cm diameter) placed within a communal tank. The bottles had holes in their sides that were small enough to prevent fish from passing through while still allowing visual and chemical cues to pass among individuals. This set-up allowed us to follow individuals without the need to invasively mark them before phenotyping trials, and it limited handling stress because fish did not need to be netted for each trial (see below). After 3 weeks in acclimation, we measured unforced movement in an open field and locomotor capacity (see below) in each individual.
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FIGURE 1. Schematic of experimental design. Immediately after birth, broods of Poecilia formosa and Poecilia mexicana were split into either a “warm” or “cool” treatment where they developed for approximately 25 weeks. After this time, fish were then acclimated to an intermediate temperature for 3 weeks. After acclimation, each fish was tested for their open field movement and swimming performance at five different temperatures (in random order) over the course of 2 weeks.


Experimental fish of both species were lab-reared descendants of wild-caught fish bred in the laboratory for several generations. Founding individuals of both species were originally collected near the Mexican city of Tampico, where both species occur in sympatry. Regular molecular checks confirmed that all P. formosa individuals are clones (M. Schartl, personal communication), and the P. mexicana populations have been regularly supplied with new individuals from the wild to maintain levels of natural standing genetic variation; however, this procedure was stopped at least five generations ago to minimize uncontrollable cross-generational epigenetic effects (Kelley et al., 2021) brought in by differences in individual origin.

Throughout the experiment fish were fed twice daily on flake food (TetraMin, tropical fish flake food) and maintained on 12:12 L:D light cycle. On trial days, fish were not fed until after trials were completed. Measurements were staggered over the course of several weeks to ensure that individuals born at different times were of the same age at the time of measurement. We only included data from females of the Atlantic mollies (50 out of 69 experimental animals) as the Amazon molly is an all-female species. Additionally, males are generally considerably smaller and have a different body shape compared to females which could influence their swimming behaviors. In total we collected phenotypic data from 50 Atlantic mollies and 59 Amazon mollies. All behavioral protocols complied with German law and were approved by the Berlin Landesamt für Gesundheit und Soziales (GO 124/14).



Unforced Movement in an Open Field

Behavioral traits, such as unforced movement, are arguably some of the most plastic phenotypes an animal can exhibit and so might be especially sensitive to early environmental cues. Alternatively, because behavior is the result of many sensory, neural and cognitive inputs it may respond most strongly to the immediate environment and may not exhibit long-lasting shifts in response to early life environments. We measured unforced movement of each individual in an open field (white circular arena 48.5 cm diameter, water level 6 cm) (Bierbach et al., 2017) at 18, 22, 28, 34, and 38°C acute test temperatures. We chose these temperatures as they cover the range of temperatures that both species could encounter in the wild (Schlupp et al., 2002; Costa and Schlupp, 2010) and are well within the physiological tolerated range of each species (Bierbach et al., 2010). Fish were measured once per day for 5 days, each day at a different acute test temperature. The order of the temperatures was randomly assigned. In between trials, fish were returned to their individual bottles at the acclimation temperature. Before experiments, we familiarized each individual with the open field arena by conducting a single assay at 25°C to avoid confounding our measure of movement with an effect of novelty to the unfamiliar environment. We did not include data from these pre-trials in the analysis.

To perform an open field trial, an individual bottle containing a fish was removed from the acclimation tank and gently poured into a dark plastic cylinder at the center of the arena. The fish was allowed to rest for 1 min, after which time we gently lifted the cylinder and recorded the behavior of the fish for the next 5 min using a webcam (C920, Logitech, United States). After 5 min, we removed the fish and placed it back in its bottle in the acclimation tank. The water in the arena was replaced in between each trial to minimize chemical cues and to maintain the appropriate temperature by replacing water from a sump tank at the appropriate temperature for the day. Fish were tested in random order. The videos of the open field movement were analyzed using EthoVision 11TX software (Noldus Information Technologies, Inc., Netherlands) from which we extracted the mean velocity of the animal (in body lengths s–1) over the 5-min trial as our measure of movement. Note that other measures such as total distance swam during the trial yielded essentially identical results; see Supplementary Table 1. After the trials, we took a digital photograph of each fish, from which we measured the standard length of each fish to the nearest mm.



Swimming Performance

Maximum locomotor capacity is a whole-animal performance trait that is determined to a large extent by muscle contractile function and there is evidence from multiple fish species (Hammill et al., 2004; Seebacher et al., 2012), including the closely related guppy, P. reticulata (Le Roy et al., 2017) that it responds plastically to early life environments. In the week following the open field tests, we measured maximal locomotor capacity as the critical sustained swimming speed (Ucrit) (Kolok, 1999) of each individual at the same acute test temperatures (18, 22, 28, 34, and 38°C) in random order. We measured locomotor capacity because it integrates several underlying physiological systems, and it is closely related to fitness by increasing success in predator escape, prey capture, and increasing reproductive success (Irschick et al., 2008). Ucrit was measured according to published protocols (Seebacher et al., 2015) in a Blazka-style swimming flume consisting of a cylindrical clear Perspex flume (150 mm length and 38 mm diameter). The flume was fitted tightly over the intake end of a submersible pump (12V DC, iL500, Rule, Hertfordshire, United Kingdom). A bundle of hollow straws at the inlet end of flume helped maintain laminar flow. The flume and pump were submerged in a plastic tank (38 cm by 62 cm) that contained water with the appropriate temperature for each trial. We controlled water flow speed by changing the voltage input into the pump with a variable DC power source (NP9615; Manson Engineering Industrial, Hong Kong, SAR China). The water flow in each flume was measured in real-time by a flow meter (DigiFlow 6710 M, Savant Electronics, Taichung, Taiwan) connected to the outlet of each pump. Fish swam at an initial flow rate of 0.06 m s–1 for 20 min followed by an increase in flow speed by 0.02 m s–1 every 5 min until the fish could no longer hold their position in the water column. When fish fell back onto the grid, the flow was stopped for 5–10 s before restarting and increasing the speed to the previous setting again. We terminated the trial when fish stopped swimming for the second time. Fish were rested for at least 24 h between swimming trials. We report Ucrit as body length per second (BL s–1).



Statistical Analysis

We tested for shifts in the reaction norms of locomotor capacity and movement due to the developmental thermal environment using linear mixed models. We first ran one model for each trait (locomotor capacity and movement in an open field) to test for an overall three-way interaction between species (Atlantic or Amazon), developmental temperature (22 or 28°C) and acute test temperature (18, 22, 28, 34, and 38°C). To determine whether species differed, we tested for the three-way interaction (“species × developmental temperature × test temperature” and “species × developmental temperature × test temperature2”) of both linear and quadratic effects of test temperature; the quadratic effect captures the curvature in the performance curve of the traits, and the linear term indicates the slope of the reaction norm of the trait. We additionally included the fixed effects of observation order (day 1 – 5) and body length. Individual fish ID and Mother ID were included as random effects to account for the multiple observations per fish and brood.

After testing for the three-way interactions, we investigated differences in developmental plasticity within each species and each trait separately. In each model we included the effects of developmental temperature, linear and quadratic effects of test temperature, interactions between these and developmental temperature, and the effects of observation order and body length. Individual fish ID and Mother ID were included as random effects. In preliminary analyses we tested different random structures including random intercepts for each fish, tank (group of four siblings) and mother, random slopes and intercepts for each fish, and random curves, slopes and intercepts for each fish. However, in all cases the best random structure only contained random intercepts for each individual fish and mother, which we therefore used for all models (see Supplementary Tables 2,3). We additionally estimated both a marginal R2 (proportion of total variance explained by the fixed effects) and conditional R2 (proportion of total variance explained by the fixed and random effects) value for each model according to Nakagawa and Schielzeth (2017). We did not remove non-significant terms from our full models as we were interested a priori in all effects. We centered and scaled to unit variance the continuous variables (mean velocity, Ucrit, and body length) before analysis to enable comparisons of effect estimates (Schielzeth, 2010). Acute test temperature was centered but not scaled to make the intercept more interpretable (Schielzeth, 2010). Inspection of the residuals confirmed that our models met the assumptions of a Gaussian error distribution with homogeneous variance. The significance of fixed and random effects was assessed using the log-likelihood ratio of a model that contained the effect of interest to a model that did not. Where interactions (e.g., between developmental temperature and test temperature) were significant, we did not test for the significance of the main effects (e.g., developmental temperature) as this would require removing the significant two-way interaction from the model. Models were run using the lme4 package in R (Bates et al., 2015).

To get an overall measure of each individual’s swimming performance across all test temperatures, we analyzed thermal performance curves of Ucrit by fitting quadratic equations to the data from each fish (Seebacher et al., 2015), and then setting the first differential to zero to obtain the mode of the curve (i.e., the temperature at which maximal Ucrit occurred). We obtained the performance breadth (i.e., the temperature range over which Ucrit was >80% of maximal) by reducing the maximum of the fitted curve for each fish to 80% and then calculating quadratic roots (Seebacher et al., 2015). We were unable to fit curves for movement in an open field as this behavior did not follow a typical quadratic curve shape (see section “Results”).

Finally, to test whether and how the two traits were related to each other, we estimated among- and within-individual correlations between the two traits for each species separately. We used multivariate mixed models with Ucrit and mean velocity as the response variables and individual included as a random effect. We attempted to include mother as an additional random effect, however, these models failed to converge likely due to the relatively small variance attributable to mother (see section “Results”) and so was removed. Each trait was centered and scaled to unit variance prior to analysis so the resulting covariance estimates are equivalent to correlation coefficients (Dingemanse and Dochtermann, 2013). We used the MCMCglmm package in R (Hadfield, 2010) and ran chains of 400,000 iterations with a burn-in of 1,000 and thinning every 200 samples. We assumed Gaussian error distributions for each trait and used parameter-expanded priors and preliminary analyses indicated our results were not sensitive to prior specification. Inspection of the posterior plots of five independent chains indicated our models achieved good mixing. We interpreted a correlation coefficient as significantly different from zero if the resulting 95% credible interval did not overlap zero. Data and R code used to generate the results are provided as Supplementary material.



RESULTS


Maximal Locomotor Capacity

As predicted, there was an indication that the two species differed in their capacity for developmental plasticity in response to early life thermal environment (Dev.temp × Species × Test.temp2: log-likelihood ratio (LLR) = 3.65, p = 0.055; see full results of the three-way interaction model in Supplementary Table 4). In general, the sexually reproducing Atlantic molly exhibited a greater capacity for developmental plasticity in Ucrit compared to the clonal Amazon molly (Figures 2A,C).
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FIGURE 2. Plasticity in locomotor traits. Sexually reproducing Atlantic mollies exhibited developmental plasticity in swimming performance (A) but not open field movement (B) in response to different developmental thermal environments. Clonal amazon mollies showed no developmental plasticity in swimming performance (C) but did in open field movement (D). Shown are means ± SE; N = 26, 24 for cold, hot Atlantic mollies, respectively; and N = 28, 31 for cold, hot Amazon mollies, respectively. The gray bands in panel (A,C) indicate the 95% CI from the fitted quadratic curve; we were unable to fit similar curves to the movement data as it did not follow a typical quadratic form.


When investigating Ucrit within each species separately, we found that the curvature of the swimming thermal performance curve in sexual Atlantic mollies depended on the developmental temperature (Dev.temp × Test.temp2 interaction, Table 1) indicating that early experience altered the thermal sensitivity of locomotor capacity later in life (Figure 2A). The combined fixed effects in our model explained nearly half of the total variation in Ucrit (marginal R2 = 0.43, Table 1), although there was still considerable variation among individuals and families (mothers) that explained an additional 31% of the total variance (conditional R2 – marginal R2, Table 1). As predicted, Atlantic mollies raised at the higher developmental temperature achieved peak performance at a higher temperature (mode, Figure 3A) and maintained performance across a broader range of temperatures (breadth, Figure 3B) compared to fish raised at the cooler developmental temperature (mode: t = 3.13, p = 0.003; breadth: t = 3.40, p = 0.001). However, maximum performance was overall lower in fish from the high developmental temperatures compared to those from the low treatment (Figure 2A and Table 1).


TABLE 1. Linear mixed effect model predicting mean velocity and critical sustained swimming speed (Ucrit) in the Atlantic mollies.
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FIGURE 3. Mode and breath of the thermal performance curves. In Atlantic mollies, different developmental temperatures shifted the mode (i.e., the temperature at which maximal swimming performance occurred) significantly (A) and increased the performance breadth (i.e., 80% maximal performance) (B). Shown are boxplots where the box indicates the upper and lower quartiles, the dark middle line indicates the median, the whiskers indicate 1.5 times the inter-quartile range and asterixes denote significant differences. There were no significant effects of developmental temperature on performance curve mode or breadth in clonal Amazon mollies. Any values outside that range are shown as points. N = 26, 24 for cold, hot Atlantic mollies, respectively; and N = 28, 31 for cold, hot Amazon mollies respectively.


In comparison, the Ucrit of the clonal Amazon mollies was not significantly affected by their developmental thermal environment. Neither the linear nor the quadratic effects of test temperature interacted with developmental temperature (Table 2 and Figure 2C). There was an overall effect of developmental temperature on Ucrit (Table 2), but this effect was small biologically (Figure 2C). Also, there was no difference in Ucrit mode (t = 0.65, p = 0.52) or breadth (t = 0.98, p = 0.33) between the different developmental temperatures (Figure 3). Our model explained a large portion of the total variance in swimming performance (marginal R2 = 0.76), and the additional portion of variance explained by individual identity was low (4%; conditional R2 – marginal R2, Table 2).


TABLE 2. Linear mixed effect model predicting mean velocity and critical sustained swimming speed (Ucrit) in the Amazon mollies.
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Movement

The effect of different developmental temperatures on unforced movement in an open field differed between the two species (Dev.temp × Species × Test.temp LLR = 4.24, p = 0.039, Supplementary Table 5). Interestingly, however, we found the opposite pattern to Ucrit in the plasticity of movement in an open field: the clonal Amazon molly exhibited greater plasticity in response to the developmental environment compared to the sexual Atlantic molly. Movement of clonal Amazon mollies depended on the developmental temperature: fish raised in warmer environments exhibited greater movement at warmer temperatures compared to fish raised at cooler temperatures (Dev.temp × Test.temp interaction; Table 2 and Figure 2D). The fixed effects in our model explained a lower proportion of the total variance (marginal R2 = 0.30, Table 2) compared to that in the analysis of Ucrit, although individual identity explained a much larger portion of variation in movement (26%, conditional R2 – marginal R2) compared to Ucrit.

In contrast, the sexual Atlantic molly showed low levels of movement in an open field, and movement was only marginally affected by test temperature (Figure 2B and Table 1). There was no effect of developmental temperature. The fixed effects in our model explained only 12% of the total variation in movement (marginal R2, Table 1), although there was considerable variation among individuals (43% of the total variation; conditional R2 – marginal R2, Table 1).

Ucrit and movement were weakly correlated at the among-individual level showing that Atlantic mollies that had higher locomotor capacity on average also were more active in the open field (R = 0.25, 95% CI: [0.09, 0.44]). There was no relationship at the within-individual level (R = 0.02 [−0.06, 0.10]). In the Amazon mollies, there was no evidence that these two traits were correlated at either the among- (R = 0.03 [−0.01, 0.11]) or within-individual level (R = −0.03 [−0.12, 0.07]).



DISCUSSION

Here we show that the capacity for developmental plasticity differs between two related species and across two related traits within a species. We found clear evidence that the sexually reproducing Atlantic molly exhibited shifts in the reaction norm of their physiological swimming performance, but not of their movement levels. In contrast, the clonal Amazon molly exhibited the exact opposite pattern where their unforced movement was more plastic than their swimming performance. Therefore, we show that higher levels of among-individual genetic variation as seen in Atlantic mollies only leads to more pronounced developmental plasticity compared to the genetically identical Amazon mollies in a very trait specific manner even after fish had experienced long periods of very different thermal regimes (22 vs. 28°C for 25 weeks prior to testing). Furthermore, our data indicate that the mechanistic basis underlying these two traits might have different susceptibilities to epigenetic modifications and that there is possibly an interaction between genetic variation and epigenetic mechanisms, be that as a result of genetic diversity among individuals or genetic differences between the species.

Maximal locomotor capacity in the sexually reproducing Atlantic molly exhibited developmental plasticity, shifting location (mode) and shape (breadth) of their performance curves. This developmentally induced shift in swimming thermal performance curves meant that there was no difference in performance when developmental temperatures coincided with acute temperatures, that is, the 22°C developed fish measured at 22°C performed as well as 28°C developed fish measured at 28°C. Hence, developmental plasticity equalized performance so that it stayed constant at the anticipated environmental conditions later in life (Kawecki, 2000). Similar canalization occurred in guppies (P. reticulata), but only after two generations (Le Roy et al., 2017), and it may protect populations from environmental perturbations rather than matching phenotypes to prevalent environmental conditions as predicted by the “predictive adaptive hypothesis” (Bateson et al., 2014; Le Roy et al., 2017). Even though there were shifts in the performance curves in response to the early life thermal environment in the sexually reproducing fish, the maximum of each performance curve did not occur at the acute temperature that matched the developmental temperature as predicted by the “predictive adaptive hypothesis.” Rather, both warm and cold reared fish achieved their greatest performance at temperatures warmer than their developmental temperatures.

In contrast, there was no shift in maximum locomotor performance in clonal Amazon mollies reared at different temperatures. We exposed fish to their respective developmental conditions over a relatively long period that would have included the developmental stages that are most sensitive to external temperature signals (Campos et al., 2012). Hence, lack of developmental plasticity is unlikely to be an artifact of the experimental treatment. The difference in the patterns of developmental plasticity may be due to genetic differences between the species even though the species share a large part of their genomes. Half of the Amazon molly’s genome is from its Atlantic molly ancestor; the other half is from its sailfin molly ancestor (Lampert and Schartl, 2008; Stöck et al., 2010; Warren et al., 2018; Lu et al., 2021). Additionally, Amazon mollies require sperm from one of its parental species (Atlantic and sailfin molly), and Amazon and Atlantic mollies are sympatric for much of their ranges (Schlupp et al., 2002). The co-existence of clonal and sexually reproducing lineages is interesting, and it may be that partitioning of ecological niches facilitates this co-existence. However, there do not appear to be differences in their competitive abilities (da Barbiano et al., 2010, 2013; Scharnweber et al., 2011) or parasite loads (Tobler and Schlupp, 2005; Tobler et al., 2005). Hence, the major difference between these two species is that half of their genomes differ, and that they differ in among-individual genetic diversity. It is likely, therefore, that an interaction between genetic - at the (half)species and/or among-individual levels - and epigenetic mechanisms caused the differences in developmental plasticity in Amazon and Atlantic mollies.

Genetic and epigenetic mechanisms can interact at multiple levels (Ashe et al., 2021). Importantly, epigenetic mechanisms are themselves not independent from genetics, because epigenetic modifiers such as DNA methyltransferases and histone deacetylases are themselves encoded by DNA (Campos et al., 2012). Additionally, higher recombination rates are related to higher GC content (Stapley et al., 2017), which implies that a sexually reproducing species (with higher recombination), such as the Atlantic molly may have increased susceptibility to DNA methylation due to their increased GC content (Gelfman et al., 2013) compared to the clonal, non-recombining Amazon molly. Therefore, one possible explanation for the difference in the patterns of developmental plasticity in locomotor capacity in these two species is that developmental plasticity and canalization can be modulated by genetic diversity. The epigenome is now viewed as having at least as important an influence in shaping phenotypes as the DNA nucleotide sequence (Forsman, 2015; Ashe et al., 2021). Epigenetic modifications in response to different early life environments may not be independent from genetic diversity, and genetically mediated diversity in the molecular machinery that confers epigenetic changes (Taudt et al., 2016) could increase the efficacy of developmental plasticity at least for some traits. Epigenetic processes may also be linked to genetics and selection because epigenetic states can be heritable, and the resulting plasticity and phenotypic variance can affect selection (Stajic and Jansen, 2021). Our data indicate that there are interactions between genetic and epigenetic mechanisms in determining developmental plasticity, but their exact manifestation and consequences must await further experimentation.

In addition to the difference in among-individual genetic diversity between Atlantic and Amazon mollies, there are other genetic factors that could play a role. In particular, while there was no genetic diversity among Amazon molly individuals within the same clonal lineage, there is high genetic diversity at the within-individual level (Lampert and Schartl, 2008; da Barbiano et al., 2013; Warren et al., 2018). The Amazon molly is a “frozen hybrid” that originated from a single hybridization event between a female Atlantic and a male sailfin molly and so exhibits extremely high heterozygosity, which is greater even than in either of its two parental species (Warren et al., 2018). This heterozygosity is one potential explanation for why clonal fish have persisted so long despite their inability to generate new genetic variation through sexual recombination. It is important to note, however, that the genome of the Amazon molly shows similar patterns of gene conversion, mutation accumulation and transposable element activity as genomes of both the Atlantic and sailfin molly (Warren et al., 2018). In addition to the accumulation of mutations, the rare introgression of paternal DNA can also generate diversity among clonal lineages (Schartl et al., 1995; Nanda et al., 2007; Warren et al., 2018). Genetic diversification between lineages generates clonal sorting, whereby the most fit clonal lineages are more likely to persist in a given environment (Vrijenhoek, 1979; Dawley and Bogart, 1989). These patterns of genetic diversification raise the possibility that differences in developmental plasticity between Atlantic and Amazon mollies are not just a by-product of differences in genetic diversity, but may have emerged as a result of selection or genetic drift (see Makowicz and Travis, 2020; Lu et al., 2021). To resolve these questions, it would be informative to also examine patterns of developmental plasticity in the second ancestral species, the sailfin molly (Poecilia latipinna), and in populations of the Amazon molly sampled across their geographic range.

We found no evidence for developmental plasticity in movement levels in the Atlantic molly demonstrating that the greater among-individual genetic diversity in this species is not the only contributor to developmental plasticity. As all fish will automatically swim when placed in running water, maximal locomotor capacity is principally constrained by intrinsic muscle function mediated by muscle fiber type expression and calcium cycling, for example (Josephson, 1993; Gordon et al., 2000; Seebacher and Walter, 2012), which are known to be modified epigenetically (McGee and Hargreaves, 2011; Campos et al., 2013; Simmonds and Seebacher, 2017). In contrast, behaviors such as unforced movement are likely modulated by a broader range of physiological systems including neuroendocrine and sensory inputs, nutritional state, metabolic rates, in addition to muscle function (Akre and Johnsen, 2014). Considering the different mechanisms underlying maximal locomotor capacity and movement in an open field, it is not surprising that these traits are only weakly correlated with one another at the among-individual level and not at all at the within-individual level. The two traits might respond differently to developmental inputs and other environmental cues might play a more important role in influencing this behavior in the Atlantic mollies (Forsman, 2015). For example, it is possible that the Atlantic mollies may have perceived the open field as riskier than the Amazon mollies did, and therefore maintained low movement levels regardless of temperature. We attempted to limit this possibility by giving the fish exposure to the arena the day before testing, and we would expect there to be evidence of some habituation effect as the fish became more familiar with the (initially) novel environment; however, there was no clear effect of repeated testing on movement levels. The complexity of behavioral traits is further underscored by the fact that individuals of both species consistently differed in their movement. This pattern of consistent behavioral differences was similar to previous findings showing differences in behavior among genetically identical Amazon molly individuals reared under identical environmental conditions (Bierbach et al., 2017).

In conclusion, we demonstrated that two seemingly related traits in two closely related species exhibit very different patterns of developmental plasticity. Our results suggest that greater (among-individual) genetic variation may enhance the capacity for developmental plasticity in a physiological trait but may not be necessary for plasticity in behavioral traits. These results have important implications on how animals respond to rapid environmental change, and how populations that face different environments may diverge genetically via genetic assimilation of epigenetically acquired characters.
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There is increasing recognition that rather than being fully homeothermic, most endotherms display some degree of flexibility in body temperature. However, the degree to which this occurs varies widely from the relatively strict homeothermy in species, such as humans to the dramatic seasonal hibernation seen in Holarctic ground squirrels, to many points in between. To date, attempts to analyse this variability within the framework generated by the study of thermal performance curves have been lacking. We tested if frequency distribution histograms of continuous body temperature measurements could provide a useful analogue to a thermal performance curve in endotherms. We provide examples from mammals displaying a range of thermoregulatory phenotypes, break down continuous core body temperature traces into various components (active and rest phase modes, spreads and skew) and compare these components to hypothetical performance curves. We did not find analogous patterns to ectotherm thermal performance curves, in either full datasets or by breaking body temperature values into more biologically relevant components. Most species had either bimodal or right-skewed (or both) distributions for both active and rest phase body temperatures, indicating a greater capacity for mammals to tolerate body temperatures elevated above the optimal temperatures than commonly assumed. We suggest that while core body temperature distributions may prove useful in generating optimal body temperatures for thermal performance studies and in various ecological applications, they may not be a good means of assessing the shape and breath of thermal performance in endotherms. We also urge researchers to move beyond only using mean body temperatures and to embrace the full variability in both active and resting temperatures in endotherms.

Keywords: heterothermy, mammal, torpor, additive quantile regression, skew, acrophase, scotophase


INTRODUCTION

Thermoregulation and thermal sensitivity are vital to how an individual, population or species interacts with the environment. This has never been more true than under current shifts in environmental conditions associated with climate change (Huey et al., 2012). Research on thermoregulation and thermal sensitivity has been ongoing for decades, but a major turning point in our understanding of thermoregulation came with the conception of thermal performance curves (or thermal reaction norms) in the 1970s. Thermal performance curves relate some measure of performance to temperature (Huey and Slatkin, 1976; Angilletta, 2009; Huey and Stevenson, 2015) and allow for determination of the temperature at which the performance is maximised (Topt) and estimation of the range of temperatures over which the species performs well (performance breath). It is a simple concept that has revolutionised the study of thermoregulation, especially in ectotherms.

The best uses of thermal performance curves are those that explicitly relate variation in function across body temperatures to some performance metric with direct fitness consequences (Angilletta et al., 2006; Schulte et al., 2011; Dowd et al., 2015) that might be virulence in bacteria (Ashrafi et al., 2018), growth and development in insects (Shi et al., 2015), or running performance in lizards (Hertz et al., 1983). At a biochemical and even tissue level, the same basic relationships between body temperature and function should hold for endotherms as well as they do for ectotherms (reviewed in Seebacher and Little, 2017). This realisation led to the proposal that thermal performance curves might also be useful in understanding the variation in body temperature among endotherms and consequences of that variation for coping with environmental conditions (Angilletta et al., 2010). Although the general idea should be transferable from ectotherms to endotherms, the specifics will necessarily be different because body temperature is highly modulated by endotherms through enhanced physiological thermoregulation. In practice, physiological thermoregulation has made measuring thermal performance curves in endotherms exceedingly difficult (Levesque and Marshall, 2021). A few researchers have managed to describe a thermal performance curve for a specific tissue group either in vitro (James et al., 2015; Seebacher and Little, 2017) or in vivo (Rummel et al., 2018, 2019). Even fewer have successfully measured whole animal performance across temperatures in endotherms (Seymour et al., 1998; Rojas et al., 2012; reviewed in Levesque and Marshall, 2021).

Because thermal performance is difficult to measure directly in endotherms, several authors (including us) have suggested that distributions of body temperature might serve as a proxy for thermal performance (Angilletta et al., 2010; Boyles and Warne, 2013; Levesque and Marshall, 2021). This suggestion is based on the idea that thermoregulation and thermal sensitivity have coadapted in endotherms, as appears to be the case in ectotherms. The coadaptation of thermoregulation and thermal sensitivity should lead to a generalist-specialist trade-off where individuals, populations and species fall along a continuum between strict thermoregulation with high peak performance at the chosen set point temperature and more flexible thermoregulation with moderate performance across a wide range of body temperatures (Angilletta et al., 2003; Figure 1A). Thus, the shape of a distribution of body temperature measurements could theoretically give some indication of the shape of a thermal performance curve (Figure 1B). The obvious benefit of this method of estimating endotherm thermal performance curves in this manner is the (relative) ease with which one can measure body temperature in free-ranging animals as well as the availability of existing datasets. As biologging technologies advance (Chmura et al., 2018; Hawkes et al., 2021), so does our collective ability to describe body temperature distributions. The use of body temperature distributions as a proxy for thermal performance curves could therefore facilitate large-scale examinations of thermal sensitivity across the mammalian and avian phylogenies, which would represent a huge advance in understanding how mammals and birds will respond to climate change.
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FIGURE 1. (A) Hypothetical thermal performance curves for two ectotherms, a thermal generalist capable of performance over a wide range of temperatures and a specialist with higher performance but a narrower range. (B) Core body temperature frequency distribution curves from a greater hedgehog tenrec [Setifer setosus (Levesque et al., 2014)] and a desert hedgehog [Paraechinus aethiopicus (Boyles et al., 2017)]. Black dots indicate the mode, grey the mean and the lines the limits of the 10th and 90th quantiles of the body temperature distribution. (C) Free-ranging body temperature traces for the same two species, grey bars indicate the dark phase as both species are nocturnal, this also indicates the acrophase of their activity cycle. Red lines indicate the mode of the active phase and blue the resting. (D) Histograms generated by dividing the body temperature data into active (red) for data above the 55th quantile, resting (blue) for data below the 45th quantile or transitional (grey). Quantiles were generated using additive quantile regression smoothing (see text) to account for potential seasonal changes in the level of body temperature. Black dots indicate the mode, and the lines the 10th-90th quantiles of the distribution. Picture credits: Kerileigh Lobban (tenrec) and Claus Rebler (hedgehog, phylopic.org).


It is telling that no such analyses exist. In fact, although researchers have found some utility in using thermal performance curves to address theoretical aspects of thermoregulation in endotherms (Boyles et al., 2011; Boyles and Warne, 2013; Levesque and Marshall, 2021), few researchers have used them in empirical research (but see Seebacher and Little, 2017). An inherent limitation of using body temperature distributions as a proxy for thermal performance is that the entire idea is based on an unverified and very difficult to test assumption proposed by Angilletta et al. (2010) that thermoregulation and thermal sensitivity are coadapted in endotherms. This is a significant hurdle, but there are some obvious pathways to advance this research. Physical or pharmacological manipulations of hypothalamic set point temperatures might offer an opportunity to manipulate body temperature and measure relevant functional traits (e.g. enzyme performance, digestive ability or muscle function) under a variety of body temperature conditions. Likewise, regional heterothermy throughout the body means that different tissue groups will be exposed to different thermal conditions and may therefore exhibit different levels of thermal sensitivity (James et al., 2015; Seebacher and Little, 2017). Finally, heterothermic species that have widely variable body temperatures over daily or annual cycles can serve as useful model taxa for studying thermal sensitivity at different body temperatures (Willis and Brigham, 2003; Rojas et al., 2012; Nowack et al., 2016b).

In this perspectives paper, we address the usefulness of body temperature distributions in assessing thermal performance or thermal sensitivity in endotherms. We first provide a brief overview of the primary drivers of variability in body temperature in endotherms and then attempt to find evidence of the potential utility of body temperature distributions to serve as a proxy for thermal performance curves. We do this by comparing the general shape of body temperature distributions from several small mammal species to see if they qualitatively conform to the classical shape of a thermal performance curve.



WHAT IS BODY TEMPERATURE?

Body temperature in endotherms is an emergent property of behavioural, morphological and physiological mechanisms that either generate heat or control its loss to the environment (Tattersall et al., 2012; Seebacher, 2020). Physiological heat generation occurs via metabolic activity at rest, muscular activity and shivering and non-shivering thermogenesis, among others (Humphries and Careau, 2011; Seebacher, 2018). The maintenance of body temperature within a narrow range of temperatures allows for sustained aerobic activity and independence from environmental conditions and is therefore believed to be the greatest benefit of the evolution of endothermy (Bennett, 1991; Farmer, 2000; Koteja, 2000; Clarke and Pörtner, 2010). Regulated in the hypothalamus, body temperature is defended at a set point by balancing heat production and heat retention with heat dissipation mechanisms (panting, changes in posture, etc.; Romanovsky, 2007; Zhao et al., 2017). Set points can be variable and difficult to assess outside of experiments directly manipulating hypothalamic temperatures (Heller et al., 1977). Furthermore, at any point in time, a particular value for body temperature could be the result of active control, passive cooling, a by-product of heat generated during activity or a transitional value between various states. Regional heterothermy adds an additional axis of variation in body temperature of endotherms and tissue temperature can vary depending on where the measurements are taken (Irving and Krog, 1955; Maloney et al., 2019). For the remainder of the paper, we will be referring predominantly to core body temperature as it is the most commonly measured form of internal body temperature, but we emphasise that core temperatures are not representative of all tissue temperatures.

Although we often speak about the ‘near-constant’ body temperature of endotherms, the range of temperatures shown by any one individual is often wider than realised and can be highly variable across both daily and annual cycles. Most endotherms show a pronounced circadian variation, with a higher body temperature during the active phase (acrophase) and a lower body temperature during the rest phase (scotophase) of their circadian cycle (Aschoff, 1983; Maloney et al., 2019; Refinetti, 2020). The amplitude of circadian rhythms is variable between species and also varies within species or individuals with water and food availability, ambient temperature and reproductive status (Poppitt et al., 1994; Scribner and Wynne-Edwards, 1994; Refinetti, 1999; Hetem et al., 2010; Levesque et al., 2014; Maloney et al., 2017). Differing pressures over evolutionary history have led to myriad thermoregulatory patterns in endotherms of all sizes (Lovegrove, 2012). Thermoregulatory variation is most pronounced in species which reduce body temperature during energy-saving torpor (Grigg et al., 2004; Ruf and Geiser, 2015; Nowack et al., 2020), and the use of daily torpor during the rest phase combined with continued activity during the active phase can lead to pronounced daily amplitudes. Similarly, some endotherms inhabiting warm environments temporarily forgo water-costly cooling mechanisms and allow their body temperature to passively increase with ambient temperature during acute heat to save water (Degen, 2012; Gerson et al., 2019; Reher and Dausmann, 2021).

The vast majority of work on variation in body temperature in endotherms has been either in the context of describing heterothermic and homeothermic patterns or circadian and circannual rhythms. In both of those contexts, body temperature distributions contain useful information, but researchers have largely focused on measures of central tendencies (e.g. the mean of body temperature during normothermy or during the day). Due to the complexities of body temperature regulation in endotherms, assigning a single value (such as a mean) to a species can obscure important information about their underlying physiology. Understanding the distinction between the thermoregulatory physiology of an endotherm during the rest and active phases of their daily cycle (Aschoff, 1981; Wright et al., 2002) is essential to understanding the links between temperature and performance. Selection for high body temperatures during the activity phase (Koteja, 2000; Lovegrove and Mowoe, 2014; Stawski et al., 2017) would not preclude the additional adaptive benefits of energy savings during rest (from normothermic resting to nocturnal hypothermia through to deep hibernation). The distinction between these two very different physiological states (active and resting) as well as the differing determinants of variability in temperature during these states has been lost by focusing predominantly on mean body temperatures. For practical purposes, this thermolability means that mean body temperatures alone are unlikely to contain particularly useful information for understanding the evolution of thermal performance in endotherms. We therefore need methods that help us quantify more than just means.



DO BODY TEMPERATURE DISTRIBUTIONS CONTAIN USEFUL PERFORMANCE SIGNALS?

The very idea that body temperature distributions might tell us something about thermal sensitivity suggests the shape of the distributions is also important. Beginning with Angilletta et al. (2010), endothermic generalist and specialist thermoregulatory patterns have been depicted as left-skewed, unimodal distributions reminiscent of ectothermic thermal performance curves. This model served as a useful starting point in theoretical discussions of the coadaptation of thermoregulation and thermal sensitivity, but left-skewed, unimodal distributions of body temperatures are far from universal in endothermic species. Instead, bimodal distributions are common and right-skewed distributions do occur in some species (e.g. McKechnie et al., 2007; Levesque et al., 2018; Figure 1B). The disjunction between theoretical treatments of body temperature distributions and reality is obviously problematic. To address whether core body temperature distributions provide a useful analogue to thermal performance curves and to encourage a more biologically relevant means of describing endotherm body temperature distributions, we collated core (intraperitoneal) temperatures for single individuals of 13 different species of small eutherian and marsupial mammals (<300g) and one monotreme (<4,000g). This was not intended to be an exhaustive list but was chosen to represent species from different habitats and from across the mammalian phylogeny. We included only small mammals here to limit the influence of body mass, which should normally be taken into consideration, but is not fundamental to the point we hope to make. We also preferentially included data from active seasons (spring, summer or fall) to focus on times of year when increases in active body temperatures may be linked to increases in performance. We used non-stationary waveform analysis (Levesque et al., 2017) to split active and resting body temperatures in each species. This method has the advantage of being agnostic to both time and the level of body temperature and therefore can account for changes in the level and amplitude of body temperature cycles, such as those seen seasonally or during estrous cycles. We considered all measurements between the 45th and 55th quantiles estimated by the waveform analysis as transitory between active and resting. Measurements that fell above the 55th quantile were classified as active temperatures and those below the 45th quantile were classified as resting temperatures. This avoided problems of defining active periods based on external factors, such as day/night cycles (Figure 1C). For each phase, we then calculated modal temperature as a measure of central tendency, the 10th and 90th quantiles, and a measure of skewness (Bickel, 2002) of active and resting body temperature distributions for each species (Figures 1D, 2).
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FIGURE 2. Body temperature distributions for the 14 species of small mammals. The phylogeny shows estimated ancestral states for the mode of the active phase body temperatures. There was no relationship between body temperature and phylogenetic position in this sample. Phylogenetic tree was generated using the contMap function in the R package ‘phytools’ (Revell, 2012) using the mammal supertree from Upham et al. (2019). The spread of the active phase (red) and resting phase (blue) are shown for a single individual from each species. The dots indicate the modes of each phase and the daily cycle, and lines represent the 10th–90th quantiles of the distribution. The datasets for Tachyglossus aculeatus and Elephantulus myurus include torpor use, which leads to a clear left-skewed distribution. Body temperature traces were obtained from the following publications Dipodomys (Morales et al., in press), Elephantulus and Micaelamys (Boyles et al., 2012), Fukomys (Streicher et al., 2011), Galago (Nowack et al., 2013), Meriones (Alagaili et al., 2017), Ochotona (Speakman et al., 2021), Paraechinus (Boyles et al., 2017), Petaurus (Nowack and Geiser, 2016), Rattus (Nowack and Turbill unpublished data), Sciurus (Dausmann et al., 2013), Setifer (Levesque et al., 2014), Tachyglossus (Nowack et al., 2016a) and Tupaia (Levesque et al., 2018).


Despite the limited dataset, our analysis clearly reveals variation in the shape of body temperature distributions between mammalian species (Figure 2). The overall distributions for most (8/14) of the species were right-skewed, the opposite of the normal left skew thermal performance curves observed in ectotherms, tissue assays and protein function (Angilletta, 2009). A right-skewed performance curve indicates mammals have more leeway to allow body temperature to increase above set point than decrease below it. This fits with routine increases in body temperature that have been observed during locomotion in both small mammal (Bieber et al., 2017) and large mammals (Hetem et al., 2019). The shape of the body temperature distribution that combines both resting and active temperatures (e.g. Figure 1B) may, however, be irrelevant because as mentioned before, many mammals have distinctly bimodal body temperature distributions. We originally assumed that if we separate active from resting temperatures, a unimodal, left-skewed distribution may likely fit the active body temperatures of those species with a bimodal distribution. In our sample of small mammals, body temperature distributions display bimodality for most (8/14) of the species included (indicated by a Hartigan’s dip test statistic <0.05). However, the resulting activity and resting distributions, while at least no longer bimodal, still did not follow the shape of a classic ectotherm thermal performance curve (Figure 2). Instead, most (6/8) of the species with a bimodal body temperature distribution also had a right-skewed body temperature distribution of active body temperatures. Clear left-skewed distributions were, however, observed for species with data spanning periods of torpor use (e.g. Elephantulus, Galago and Tachyglossus), which provides an interesting avenue for future research.

Our cursory inter-species comparison also revealed surprisingly comparable between-species variability in modal active and resting body temperatures (activity mode 37.2°C, mean 37.4°C, st. dev. 3.1°C, range 30.1–40.3°C; resting: mode 35.6°C, mean 35.4°C, st. dev. 3.1°C, range 27.1–38.2°C), although active temperatures were consistently higher than resting (Figure 2). This may, however, be influenced by our choice of species, and the time of year at which the recordings were taken, although our values do span the range of reported values for mammalian body temperatures (Clarke and Rothery, 2008). When given the option, we preferentially chose values from the active season to avoid additional complications of differences in torpor use, but in some species (Elephantulus, Setifer and Tachyglossus), torpor is unavoidable. Had we included data for the full annual cycle, we would expect to find additional differences in the level and potentially the shape of the distributions depending on factors, such as reproduction, time of year and environmental conditions. The intra-species difference for the daily amplitude between active and resting modes of our 14 species showed a wide variation (mode: 1.6°C, mean: 2.0°C, st. dev. 0.9°C, range 0.68–4.03°C), with the hedgehog (Paraechinus aethiopicus) showing the least amount of difference between active and resting and the sugar glider (Petaurus breviceps) displaying the largest daily amplitude, yet these might be expected to change had we focused on different times of year. These findings demonstrate the utility of body temperature distributions in generating points of comparison for eco-physiological or comparative studies.



CONCLUSION

Although our limited sample of species is small, mostly stems from small-bodied mammals and is biased towards our own study systems, we found no evidence to suggest that using distributions of core body temperatures is likely to be fruitful as proxies for ectotherm thermal performance curves. This does not mean that endotherms are free from the biophysical constraints that dictate temperature effects on performance, and therefore the classical shape of ectotherm thermal performance curves. Instead, it only suggests that core body temperature distributions are not a good proxy for the shape of thermal performance curves in endotherms. In fact, they might still be useful for estimating the single temperature at which most performances are maximised (the optimal temperature, possibly represented here by the mode of the active phase), just not for describing the thermal sensitivity of a species. We also still expect to find the left-skewed thermal performance curves, so common in ectotherms, in endotherms at cellular, tissue and whole organism levels (Seebacher and Little, 2017). We only conclude here that those performance curves will likely need to be measured directly at those levels instead of estimated indirectly via core body temperature distributions.

We also do not wish to discourage the description and use of body temperature distributions in the study of endotherm thermoregulation. Fully describing body temperature distributions will undoubtedly lead to advances that would not be possible by focusing only on measures of central tendencies. Body temperature distributions may be more valuable in addressing ecological questions about how a mammal or bird interacts with its environment than as direct analogues to ectotherm thermal performance curves. In fact, our cursory analysis hints that there is some benefit in distinguishing between the distinct active and resting phases of the daily body temperature cycle, at least at an interspecific comparative level, which should prove fruitful in evolutionary studies. There is also potential in the ability to analyse both the level and variability of active and resting temperatures separately which should prove beneficial in both within- and between-species studies. We strongly encourage the use of more detailed body temperature data so that we can move beyond the idea of endotherms as strict homeotherms and embrace the true heterothermic diversity of extant endotherms.
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Understanding links between thermal performance and environmental variation is necessary to predict organismal responses to climate change, and remains an ongoing challenge for ectotherms with complex life cycles. Distinct life stages can differ in thermal sensitivity, experience different environmental conditions as development unfolds, and, because stages are by nature interdependent, environmental effects can carry over from one stage to affect performance at others. Thermal performance may therefore respond to carryover effects of prior thermal environments, yet detailed insights into the nature, strength, and direction of those responses are still lacking. Here, in an aquatic ectotherm whose early planktonic stages (gametes, embryos, and larvae) govern adult abundances and dynamics, we explore the effects of prior thermal environments at fertilization and embryogenesis on thermal performance curves at the end of planktonic development. We factorially manipulate temperatures at fertilization and embryogenesis, then, for each combination of prior temperatures, measure thermal performance curves for survival of planktonic development (end of the larval stage) throughout the performance range. By combining generalized linear mixed modeling with parametric bootstrapping, we formally estimate and compare curve descriptors (thermal optima, limits, and breadth) among prior environments, and reveal carryover effects of temperature at embryogenesis, but not fertilization, on thermal optima at completion of development. Specifically, thermal optima shifted to track temperature during embryogenesis, while thermal limits and breadth remained unchanged. Our results argue that key aspects of thermal performance are shaped by prior thermal environment in early life, warranting further investigation of the possible mechanisms underpinning that response, and closer consideration of thermal carryover effects when predicting organismal responses to climate change.
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INTRODUCTION

For ectotherms, accounting for the vast majority of animals, population resilience to climate change rests on the capacity to maintain critical physiological functions that buffer performance, and ultimately fitness (survival and reproduction), against variation in environmental temperature (Deutsch et al., 2008; Sinclair et al., 2016). Changes in temperature need not be detrimental if they shift an organism’s performance closer to its thermal optimum, or shift the optimum itself (Angilletta et al., 2010; Sørensen et al., 2018). Within generations, such shifts can emerge due to phenotypic plasticity, with evidence suggesting that ectotherms can often remodel their physiology to compensate for chronic or recurring changes in temperature (Seebacher et al., 2015; Sgrò et al., 2016), or to directional selection screening differences in survival or reproduction at different temperatures (Donelson et al., 2018). These mechanisms may often be inseparable (indeed, effects of selection may often be attributed to plasticity; Donelson et al., 2018) and both can result in environmental effects carrying over from one life stage to affect fitness outcomes at others (Donelson et al., 2018; Moore and Martin, 2019). Consequently, there is considerable interest in how such carryover effects might impact population resilience to climate change (Dupont et al., 2013; Seebacher et al., 2015; Campbell et al., 2020). Understanding their nature, direction, and strength, however, remains an ongoing challenge due to the complex life cycles of many ectotherms, and may benefit from new insights into thermal performance curves at understudied life stages that limit resilience (Sinclair et al., 2016; Kingsolver and Buckley, 2020; Rebolledo et al., 2020).

Temperature does not affect the same organism equally at all life stages (Angilletta, 2009). For ectotherms with complex life cycles, distinct developmental stages separated by days or even less can differ in thermal sensitivity due to multiple factors (e.g., evolved differences in thermal optima, along with rapid changes in complexity, size, or duration of exposure to thermal challenges), and thermal challenges can vary in intensity from one stage to the next (Kingsolver et al., 2011; Freda et al., 2017; Ezeakacha and Yee, 2019; Rebolledo et al., 2020). Nevertheless, most studies to date measure thermal performance and sensitivity at single life stages (Byrne et al., 2020) and predominantly in adults (Truebano et al., 2018; Pandori and Sorte, 2019). This is problematic in light of emerging evidence that reproductive stages and embryos tend to be more thermally sensitive and may better predict the vulnerability of ectotherms to climate warming (Dahlke et al., 2020; Rebolledo et al., 2020; Collin et al., 2021; Van Heerwaarden and Sgrò, 2021). Moreover, thermal performance at these critical stages is often incompletely characterized due to well-known challenges in gathering sufficient data, so that information about ontogenetic shifts in thermal limits and thermal optima, in particular, currently remains too limited to identify any general patterns (Kingsolver and Buckley, 2020).

Life stages are by nature interdependent, and there is growing evidence that prior thermal environments can have lasting effects on performance later in life (Arambourou et al., 2017; Ezeakacha and Yee, 2019; Carter and Sheldon, 2020). Evidence also suggests that these carryover effects can be more lasting and pervasive the earlier that they are induced in ontogeny, and especially when induced at embryogenesis (Watkins and Vraspir, 2006; Jonsson and Jonsson, 2014; Noble et al., 2018). This outcome possibly relates to the particular thermal sensitivity of embryos (Sanger et al., 2018; Rebolledo et al., 2020; Collin et al., 2021), and ample scope for thermal perturbation of cell division, differentiation, and regulatory pathways during this window of development to profoundly alter future form, function, and performance (Van Der Have, 2002; Hamdoun and Epel, 2007; Begasse et al., 2015). In general, however, the adaptive significance of carryover effects – at least those attributable to plasticity – remains contentious. Prior exposure to a given temperature is often assumed to optimize future performance at the same temperature (the so-called beneficial acclimation hypothesis), but this assumption has been subject to much debate (Huey et al., 1999; Loeschcke and Hoffmann, 2002; Wilson and Franklin, 2002; Deere and Chown, 2006), and evidence remains equivocal (e.g., Sgrò et al., 2016; Sørensen et al., 2016; Brahim et al., 2019; Van Heerwaarden and Kellermann, 2020). It might be that carryover effects are more nuanced and alter other aspects of thermal performance, but again, few studies have explored effects of early thermal environments on performance curves (but see Seebacher and Grigaltchik, 2014) and, to our knowledge, effects induced at fertilization – the key life stage linking one generation to the next – have received little attention in this context (Walsh et al., 2019; Chirgwin et al., 2021).

Thermal performance curves explicitly relate changes in temperature to performance, whether measured in terms of physiological rates, growth or development rates, or fitness components such as survival, fecundity, or fertility (Sinclair et al., 2016; Kingsolver and Buckley, 2020). Curve shape can vary with the measure considered, with curves for rates tending to be skewed and curves for survival tending toward symmetry (Van Der Have, 2002; Kingsolver et al., 2011). Regardless, thermodynamic effects on physiology see performance rise with increasing temperature from its lower thermal limit (CTmin) to a peak (Pmax) at the thermal optimum (Topt), before loss of metabolic efficiency or disruption of proteins and membranes at higher temperatures see it fall again to its upper thermal limit (CTmax). Thermal breadth (Tbr, the range where performance is at least 50 or 80% of Pmax) is then derived from these curve descriptors. Performance curves are key tools for assessing and predicting the responses of ectotherms to ongoing climate change, since the impacts of higher temperatures hinge on where, on the curve, conditions lie at present. Ectotherms may thrive, for example, if presently living below their thermal optima, or risk extinction if already living at or near their upper thermal limits (Seebacher et al., 2015; Sinclair et al., 2016; Pinsky et al., 2019).

Importantly, thermal performance curves are unlikely to be fixed for any performance measure, and determining how curves may themselves shift in response to environmental cues is also vital for understanding population responses to climate change (Angilletta, 2009; Sinclair et al., 2016). Multiple hypotheses have sought to explain coordinated shifts in curve shape and position along the temperature axis based on tension between thermodynamic constraints and mechanisms of thermal adaptation (Huey and Kingsolver, 1989; Huey et al., 1999; Izem and Kingsolver, 2005; Deere and Chown, 2006; Angilletta et al., 2010). Those hypotheses variously predict, for example, positive associations between peak performance and thermal optimum (“hotter-is-better” or “cooler-is-better”) or between thermal optimum and thermal limits (“hotter-colder”), and negative associations between peak performance and thermal breadth (“generalist-specialist”). Other hypotheses (including those centering on the benefits of acclimation or plasticity above) address the complex and diverse ways in which prior thermal experience may modify curve shape and position. To date, however, most evidence comes from plants, whereas responses for animals remain understudied (Angilletta, 2009; but see Deere and Chown, 2006; Seebacher and Grigaltchik, 2014) and so idiosyncratic as to evade prediction and synthesis (Sinclair et al., 2016). Hence, there is still a need to better understand how prior thermal experience affects thermal performance, particularly in early life for which knowledge is still scarce.

Here, we estimate and compare how thermal environments at fertilization and embryogenesis shape thermal performance curves at completion of planktonic development in an aquatic ectotherm – the externally-fertilizing tubeworm, Galeolaria caespitosa. Like most aquatic ectotherms, Galeolaria has planktonic gametes, embryos, and larvae that are dispersed passively by currents, undergo the key processes of fertilization and development in direct contact with the external environment, and are major bottlenecks for population resilience to climate change (Byrne, 2011; Pinsky et al., 2019; Walsh et al., 2019; Dahlke et al., 2020). These stages therefore present unique scope to assess how prior thermal experience alters performance at early life stages that govern adult abundances and dynamics. Using a split-cohort experimental design to standardize genetic backgrounds across stages, we factorially manipulate temperatures at fertilization (18 and 22°C) and embryogenesis (18, 20, and 22°C), then, for each combination of prior temperatures, measure thermal performance curves for survival of planktonic development (end of the larval stage). By combining generalized linear mixed modelling with parametric bootstrapping, we formally estimate and compare curve descriptors (thermal optima, limits, and breadth) among prior environments, and reveal new insights into the effects of those environments on thermal performance in early life.



MATERIALS AND METHODS


Study Species and Sampling

Galeolaria caespitosa (henceforth Galeolaria) is a calcareous tubeworm native to rocky shores of southeastern Australia, where it acts as an ecosystem engineer by forming dense colonies of tubes that provide habitat and reduce abiotic stress for associated communities (Wright and Gribben, 2017). Sessile adults breed year-round by releasing sperm and eggs into the sea for external fertilization (Chirgwin et al., 2020). Embryos develop into functionally-independent larvae ~24h later, then larvae develop for another ~2–3weeks until rapid changes in size, morphology, and behavior signal onset of metamorphosis (readiness to settle and recruit into sessile populations; Marsden and Anderson, 1981). These early life stages are bottlenecks for persistence under thermal stress (Byrne, 2011; Walsh et al., 2019), and exposure to stress at one stage can influence responses to the same level of stress later on (Chirgwin et al., 2021). However, the sensitivity of thermal performance curves to prior thermal environments in early life is unknown for organisms with complex life cycles like Galeolaria.

We sampled adult Galeolaria between March and July 2019 from a natural population at Brighton, Port Phillip Bay, Victoria, where water temperature ranges from 9°C in winter to 24°C in summer (Chirgwin et al., 2018). The region is a marine hotspot that has warmed at more than four times the global average rate in recent decades, and temperature is expected to increase by ~2–5°C by the century’s end (Hobday and Lough, 2011; Hobday and Pecl, 2014). Adults were transferred in insulated aquaria to seawater tanks at Monash University, and acclimatized for 14days at the mean annual temperature (17°C; Chirgwin et al., 2017) to reduce any effects of environmental differences among collection dates before obtaining gametes for experiments (gametogenesis is continuous and gametes can ripen in less than this time).



Experimental Overview

To explore how prior thermal environment alters thermal performance in early life, we factorially manipulated temperatures at fertilization (18 and 22°C) and embryogenesis (18, 20, and 22°C), then estimated thermal performance curves for survival of planktonic development (end of the larval stage). Survival to this point in the life cycle measures the proportion of initial offspring that ultimately become ready to settle and recruit to the adult population, and recruitment of new individuals is directly linked to population viability (Byrne, 2011). Temperatures at fertilization and embryogenesis were selected to bracket projected warming of 2–4°C by mid-to-late century (Hobday and Lough, 2011) and include the thermal optimum previously estimated for each stage (~21°C for fertilization and ~19°C for embryogenesis; Rebolledo et al., 2020). Thermal performance curves were based on 10 temperatures spanning the full performance range (10–28°C) and including the thermal optimum previously estimated for survival of larval development (~19°C; Rebolledo et al., 2020).

Thermal environment was manipulated, and performance assayed, in replicate vials of filtered, pasteurized seawater (loosely capped to allow oxygen flow) suspended upright in water baths. Baths were maintained at designated temperatures (±0.1C) using controlled immersion heaters (Grant Optima TX150) for those ≥13°C and a refrigerated circulator (Julabo FP50) for 10°C. Four replicates were completed for each combination of temperatures with the exception of 27°C, for which two replicates were completed. Within each replicate, 30 individuals were evaluated for successful completion of development, giving an experiment-wide total of nearly 7,000 individuals. Replicates were generated in an incomplete block design with temperatures assigned haphazardly to blocks and unreplicated within them. Each block consisted of gametes, embryos, and larvae from the same cohort of parents used in one replicate per combination of temperatures at fertilization and embryogenesis, assayed at 2–5 temperatures at larval development (it was not logistically feasible to assay the full set of larval temperatures at once). Hence, all replicates per block were assayed concurrently using different subsets of material from the same parents, under identical conditions aside from the manipulation of temperature (see details below). There were 10 blocks in total.



Gamete Collection and Manipulation of Temperature at Fertilization

Gametes were collected from 15 males and 15 females per block to minimize male-female compatibility effects at fertilization and development (Marshall and Evans, 2005; Chirgwin et al., 2017). To collect gametes, each mature adult was extracted from its tube and placed in a dish with ~1ml of fresh filtered seawater at 17°C to spawn. Gametes were collected immediately after spawning, checked for quality based on appearance of eggs and motility of sperm, then pooled by sex and used within the hour before viability declines (Rebolledo et al., 2020). Pooled eggs were diluted to ~250 cells ml−1 before use. Pooled sperm were kept concentrated at ~107 cells ml−1 to minimize activity-related aging before use (Kupriyanova, 2006; Chirgwin et al., 2020). To initiate fertilizations, 45ml of pooled eggs and 5ml of pooled sperm were transferred separately to designated test temperatures (18 or 22°C), given 30min to adjust, then combined at test temperatures. After 30 min of gamete contact (which maximizes fertilization success; Rebolledo et al., 2020), samples were rinsed through 0.25μm mesh with seawater to remove excess sperm, then re-suspended in fresh seawater.



Manipulation of Temperature at Embryogenesis

About 1–2h after fertilization (depending on temperature at fertilization), samples of two-cell embryos were transferred to designated test temperatures (18, 20, or 22°C) so that temperatures at this stage were fully crossed with temperatures at fertilization. We used two-cell embryos to ensure that all embryos were exposed to test temperatures at a similar point in development, and because this was the earliest point that they could be distinguished from unfertilized eggs under a stereomicroscope. Embryos were maintained in sufficient seawater to avoid oxygen-limitation (Chirgwin et al., 2018) until completing development into actively swimming, feeding larvae ~24h later.



Assays of Thermal Performance at Completion of Planktonic Development

Thirty larvae were randomly allocated to each of 10–20 vials per designated test temperature (10, 13, 16, 18, 20, 22, 24, 26, 27, or 28°C, with fewer vials allocated to temperatures above 20°C), so that temperatures at this stage were fully crossed with temperatures at fertilization and embryogenesis. Larvae were maintained in sufficient seawater (10ml) to avoid oxygen-limitation (Chirgwin et al., 2018) and fed a mix of microalgae ad libitum (~1×104 cells ml−1 every 2nd day). After the 1st week (larvae do not complete development in this time; Rebolledo et al., 2020), one vial was sampled destructively each day to monitor completion of development (normal onset of metamorphosis into the sessile form; Marsden and Anderson, 1981). Monitoring continued for up to 3weeks depending on temperature, and ended when a final vial was observed in which all larvae had either died or successfully completed development. Each of the ~7,000 individuals in those final vials was then scored as 1 (denoting survival at completion of planktonic development) or 0 (denoting mortality beforehand), capturing the proportion of offspring ready to recruit to the adult population. No data came from individuals observed during monitoring, which was done simply to reliably identify the end of development, irrespective of development time.



Modeling Thermal Performance Curves

We fitted thermal performance curves to binary survival data (with 1 denoting survival or 0 denoting mortality) using a binomial mixed-effects regression model fitted with Laplace approximation in the lme4 package (version 1.1-26; Bates et al., 2015) for R 4.0.5.1 Based on the shape of unconstrained smoothers fitted to raw data (Supplementary Figure S1), survival was modeled as a cubic function of temperature using orthogonal polynomials. Prior temperatures at fertilization and embryogenesis, and all possible interactions with linear, quadratic, and cubic trends relating survival to temperature, were modeled as additional fixed effects. Block and final vial sampled within blocks were modeled as random effects. Model diagnostics were checked using the DHARMa package (version 0.4.1; Hartig, 2021) and showed no violations of assumptions. The significance of fixed effects was tested using Wald X2 tests (Bolker et al., 2009) in the car package (version 3.0-10; Fox and Weisberg, 2019). For significant effects, estimates of linear, quadratic, and cubic trends in survival were extracted from the model, and contrasted between prior temperatures using Tukey-adjusted pairwise contrasts, in the emmeans package (version 1.6.0; Lenth et al., 2021).



Estimates and CIs of Curve Descriptors

We extracted standard descriptors of thermal performance curves for temperatures at embryogenesis from the binomial mixed-effects regression model (curves did not differ among temperatures at fertilization, so descriptors were not extracted at this level). Thermal optimum (Topt) was calculated as the temperature of peak survival (Pmax). Thermal breadth (Tbr) was calculated as the temperature range at which survival was equal or above 50% of its peak (following Sinclair et al., 2016). Breadth is also commonly calculated at equal or above 80% of peak performance, but we chose 50% to capture more of the shapes of curves, and because results were qualitatively unchanged when 80% was used. Both calculations gave similar results to thermal tolerance (CTmax-CTmin), so only breadth is presented here. Critical thermal limits (CTmin and CTmax) were calculated as the lower and upper temperatures at which survival was 5% of its peak. This approach differs to classical measures based on acute limits, but was done because binary data may approach 0% via an asymptote and limit the biological meaning of CTmin and CTmax at complete mortality (Kellermann et al., 2019). Again, results were qualitatively unchanged when limits were calculated at complete mortality.

Last, to compare curve descriptors extracted from the regression model among prior temperatures at embryogenesis, we used parametric bootstrapping, implemented in the boot package (version 1.3-27; Canty and Ripley, 2021), to estimate the mean and 95% CI of each descriptor based on 1,000 bootstrap replicates of the regression model. We considered descriptors to differ significantly among prior temperatures if their 95% CIs did not overlap. Because this may be a conservative measure of differences between temperatures, we also calculated means and 95% CIs for pairwise comparisons of descriptors between temperatures (in this case, descriptors are significantly different if the 95% CI for their comparison excludes 0). Inferring significance this way gave similar results to inferring significance from overlapping intervals.




RESULTS


Modeling Thermal Performance Curves

The binomial mixed-effects regression model gave a good overall fit to the data, and detected a significant interaction between temperature at embryogenesis and thermal performance in terms of survival of planktonic development (Figure 1; Table 1). Linear, quadratic, and cubic trends in survival extracted from the model (Figures 2A–C), and compared between temperatures using Tukey-adjusted pairwise contrasts (Figures 2D–F), attributed this interaction to shifts in linear and cubic trends in survival. Linear trends (estimating the average slopes of curves in Figure 1) shifted from negative after embryogenesis at 18°C to positive after embryogenesis at 22°C (Figure 2A), and differed significantly between 18°C and both of the other temperatures (the contrast between 20 and 22°C was marginally non-significant at p=0.12; Figure 2D). Cubic trends (estimating the degree to which slopes of curves in Figure 1 are steeper or shallower initially) shifted from positive after embryogenesis at 18°C to negative after embryogenesis at 22°C (Figure 2C), capturing differences in curvature to the left of peaks in Figure 1. Again, trends in survival differed significantly between 18°C and both other temperatures (Figure 2F). Quadratic trends (estimating the concavity of curves in Figure 1) were consistently negative (Figure 2B) and did not differ between temperatures (Figure 2E). Temperature at embryogenesis did not affect curve height (peak survival), indicated by its non-significant main effect in Table 1.
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FIGURE 1. Thermal performance curves showing the predicted probabilities of successfully surviving planktonic development after embryogenesis at (A) 18, (B) 20, and (C) 22°C. Points are observed success (mean and 95% CI) per temperature. Curves are predicted from a binomial mixed-effects regression of success on temperature, with shaded areas indicating 95% CIs of curve predictions. Temperature at embryogenesis was manipulated factorially with temperature at fertilization, but no effects of fertilization history on thermal performance were detected (see Table 1; Supplementary Figure S1).




TABLE 1. Effects of prior temperatures at fertilization and embryogenesis on thermal performance in terms of survival at completion of planktonic development (modeled as a cubic function of temperature in a binomial mixed-effects regression model).
[image: Table1]

[image: Figure 2]

FIGURE 2. Linear, quadratic, and cubic trends (A–C) of thermal performance curves in Figure 1 contrasted (D–F) between prior temperatures at embryogenesis. Trends and contrasts differ significantly from 0 if their estimates have 95% credible intervals that exclude zero, marked by red dotted lines.


Temperature at fertilization did not affect survival of planktonic development or thermal performance at this stage in any way (all effects involving it were non-significant; Table 1).



Estimates and CIs of Curve Descriptors

As suggested by linear and cubic trends relating survival to temperature above, estimates and CIs for curve descriptors (Figure 3) showed that thermal optima for survival of planktonic development shifted to track prior temperature at embryogenesis (Figure 3B). Specifically, the estimated thermal optimum after embryogenesis at 18°C increased by 1.4°C after embryogenesis at 20°C and by another 0.9°C after embryogenesis at 22°C, and CIs for estimates did not overlap between 18 and 22°C. Note that these results may be somewhat conservative, given our cubic model tended to underestimate the thermal optimum at 22°C (Figure 1C; Supplementary Figure S1). Peak performance, thermal breadth, and thermal limits were unaffected by temperature at embryogenesis (Figures 3A,C–E).
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FIGURE 3. Peak performance (A), thermal optimum (B), thermal breadth (C), and thermal limits (D,E) for successful survival of planktonic development after embryogenesis at 18, 20, or 22°C (thermal performance was unaffected by fertilization at different temperatures before embryogenesis). Darker points and intervals are mean estimates and 95% CIs for curve descriptors, based on 1,000 bootstrap replicates (lighter points). See bootstrapping details in Materials and Methods.





DISCUSSION

Linking thermal performance to prior thermal experience is necessary to better understand and predict organismal responses to climate change. For ectotherms with complex life cycles this remains an ongoing challenge since life stages can differ in thermal sensitivity and experience different environmental conditions as development unfolds (Rebolledo et al., 2020). Seeing that life stages are by nature interconnected, environmental effects can carry over from one stage to affect performance at others (Arambourou et al., 2017; Lea et al., 2017; Ezeakacha and Yee, 2019). Thermal performance may therefore respond to carryover effects of prior thermal environments, yet detailed insights into the nature, strength, and direction of those responses are still lacking (Byrne et al., 2020). Here in Galeolaria, an aquatic ectotherm whose planktonic stages (gametes, embryos, and larvae) are considered most vulnerable to thermal stress (Pinsky et al., 2019; Walsh et al., 2019; Dahlke et al., 2020), we factorially manipulated temperatures at fertilization and embryogenesis, then, for each combination of prior temperatures, measured and compared thermal performance curves for survival at the end of planktonic development. Curves were unresponsive to temperature at fertilization, but temperature at embryogenesis caused shifts in larval thermal optima pointing to important carryover effects of thermal experience in this key window of development on survival.

Overall, the optimal temperature for completing 2–3weeks of planktonic development tracked the temperature experienced in 24h of embryogenesis beforehand, and did so without compromising peak performance (the proportion of larvae surviving development). To the extent that temperatures at embryogenesis and larval development match in nature, this carryover effect on thermal performance may increase individual fitness under modest levels of warming within the ~2–5°C range projected for the end the century (Hobday and Lough, 2011; Hobday and Pecl, 2014). Consequently, population viability may also be enhanced, since warming due to climate change is linked to changes in larval dispersal and recruitment that drive adult abundances and dynamics (Przeslawski et al., 2008). Enhanced population viability could further impact community structure, since Galeolaria is an ecosystem engineer that provides habitat for associated species (Wright and Gribben, 2017). Nevertheless, the extent to which prior thermal environment can buffer thermal performance in early life, and therefore have broader ecological impacts, seems to have its limitations, given that a 4°C increase in temperature at embryogenesis shifted the subsequent thermal optimum by only 2.2°C, and left thermal limits and breadth unchanged. Previous studies on terrestrial ectotherms have likewise reported limited scope for upper thermal limits of adults to increase in response to developmental temperature (Terblanche and Chown, 2006; Mitchell et al., 2011; Van Heerwaarden et al., 2016; Kellermann et al., 2017), although lower thermal limits tend to be more flexible (Araújo et al., 2013; Kingsolver and Buckley, 2020; Bennett et al., 2021). What exactly constrains thermal limits, and whether other descriptors of thermal performance are less constrained by comparison, remains actively debated (Schulte, 2015). Our results for Galeolaria show that the thermal optimum for planktonic development, at least, can respond to temperature at embryogenesis independently of other descriptors of thermal performance, and despite apparent constraints on upper limits.

Embryogenesis is the most formative life stage (Noble et al., 2018) and it is emerging as a critical threshold of thermal sensitivity in ectotherms whose embryos have no alternative but to develop in direct contact with the external environment (Van Der Have, 2002; Hamdoun and Epel, 2007; Begasse et al., 2015; Dahlke et al., 2020; Rebolledo et al., 2020). Consequently, carryover effects of temperature at this stage can be profound and persist across the life cycle (Watkins and Vraspir, 2006; Noble et al., 2018). The cellular mechanisms underlying such effects are poorly understood, but much attention has focused on inducible stress-response proteins that are differentially expressed in early life (Sørensen et al., 2003; Hammond and Hofmann, 2010; Burton and Metcalfe, 2014; Lockwood et al., 2017). Parents can load such proteins into waterborne gametes before release (Hamdoun and Epel, 2007; Hammond and Hofmann, 2010), potentially buffering gametes against direct thermal stress (Rebolledo et al., 2020) and explaining the lack of carryover effects of temperature at fertilization on thermal performance here. Embryos seem to downregulate these proteins when cell division is most active and overexpression is detrimental (Sørensen et al., 2003; Hamdoun and Epel, 2007), but shift to upregulation in response to thermal stress once cells start to differentiate and robust developmental pathways become vital (Leemans et al., 2000; Brown et al., 2004; Hamdoun and Epel, 2007; Hammond and Hofmann, 2010; Lockwood et al., 2017). Few studies, to our knowledge, have explicitly linked the induction of stress-response proteins at one life stage to carryover effects on thermal performance at others (Boon-Niermeyer et al., 1988; Hammond and Hofmann, 2010), but this is one mechanism by which prior exposure to stress may enhance performance under future stress (Sørensen et al., 2003) and a plausible reason why higher temperatures at embryogenesis might prime larvae to have higher thermal optima here.

Whatever the underlying mechanism, carryover effects in early life are widely attributed to developmental plasticity – that is, changes in gene expression triggered by environmental cues at development and often interpreted as epigenetic in origin (Beldade et al., 2011; Beaman et al., 2016; Bonamour et al., 2019). Developmental plasticity can be adaptive if it enhances later fitness in the environment that triggered it, but can also be nonadaptive or maladaptive if, for example, cues are unpredictable, or organisms cannot sense and respond to cues fast enough for effective environmental matching (Beaman et al., 2016; Bonamour et al., 2019). Despite ongoing interest in thermal developmental plasticity as a means for ectotherms to cope with climate change (Sgrò et al., 2016; Donelson et al., 2018; Noble et al., 2018; Carter and Sheldon, 2020; Rodrigues and Beldade, 2020), evidence for adaptive plasticity in thermal performance triggered by temperature at embryogenesis rests primarily on physiological measures of performance (e.g., Scott and Johnston, 2012; Seebacher and Grigaltchik, 2014; Refsnider et al., 2019), while measures with closer links to fitness (survival and reproduction) are less studied. Here in Galeolaria, enhanced survival at temperatures experienced at embryogenesis appears to be broadly consistent with adaptive developmental plasticity, but also raises the prospect of viability selection as an alternative or added explanation.

In ectotherms with complex life cycles, episodes of selection in early life can potentially combine to shape genetic composition at later stages, allowing carryover effects to have fitness outcomes not purely driven by plasticity (Moore and Martin, 2019). This may be especially likely for external fertilizers like Galeolaria, which produce numerous propagules with high intrinsic mortality at successive planktonic stages, in addition to direct exposure to environmental stressors (Foo and Byrne, 2016; Chirgwin et al., 2020; Crean and Immler, 2021). It is therefore possible that our manipulations of temperature at fertilization and embryogenesis screened each stage by differential survival at different temperatures, and that subsequent increases in thermal optima for survival reflect shifts in allele frequencies, not just expression, driven by directional selection. Galeolaria may have limited scope to respond evolutionarily, however, based on recent evidence that genetic variation for survival to independence (capacity to swim and feed, overlapping our performance measure here) is negligible after fertilization and embryogenesis at 24°C (Chirgwin et al., 2021). Disentangling selection and developmental plasticity as candidate drivers of carryover effects is notoriously hard to do experimentally, and may ultimately require genomic approaches (Donelson et al., 2018; Fox et al., 2019). In the meantime, we cannot be certain whether plasticity or selection, or both drivers in combination, underpin the carryover effects on thermal optima detected here.

Overall, our work reveals carryover effects of temperature at embryogenesis (but not fertilization) on thermal performance in early life that may buffer vulnerable planktonic stages of aquatic ectotherms against climate change, and offers new insights into the responses of thermal performance curves to thermal history. In particular, curve descriptors did not respond to temperature in the coordinated manner predicted by hypotheses based on thermodynamic constraints – that is, higher thermal optimum did not coincide with higher peak performance (as suggested by the “hotter-is-better” hypothesis; Huey and Kingsolver, 1989; Angilletta et al., 2010; Sørensen et al., 2018), or with horizontal shifts in thermal limits (as suggested by the “hotter-colder” hypothesis; Izem and Kingsolver, 2005; Angilletta, 2009). Of similar “rules” (or variants on them) invoked to explain how curves respond to prior thermal experience (Huey et al., 1999; Deere and Chown, 2006), our results seem most consistent with an interpretation of the beneficial acclimation hypothesis that assumes no covariation between thermal optimum and peak performance. This is termed temperature compensation (partial or complete maintenance of physiological rates in the face of changing temperature) and may be the combined outcome of thermal adaptation and thermodynamic constraints (Clarke, 2003). Such an interpretation is of course speculative at this point. Our results do, however, add to mounting evidence pointing to embryogenesis as the most critical of early life stages in aquatic ectotherms, not only for the emergence of thermal sensitivity (Dahlke et al., 2020; Rebolledo et al., 2020; Collin et al., 2021), but also of thermal carryover effects. Although, our results suggest that fertilization matters less in this regard, the possibility remains that the environment at gametogenesis is more influential than the environment at fertilization, emphasising the need to better understand transgenerational effects on thermal performance. Further research is therefore needed to elucidate how parental and developmental environments interact to shape thermal performance in organisms with complex life cycles, and thereby gain a clearer picture of organismal responses and vulnerability to current and future climatic conditions.
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High-Elevation Populations of Montane Grasshoppers Exhibit Greater Developmental Plasticity in Response to Seasonal Cues
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Populations of insects can differ in how sensitive their development, growth, and performance are to environmental conditions such as temperature and daylength. The environmental sensitivity of development can alter phenology (seasonal timing) and ecology. Warming accelerates development of most populations. However, high-elevation and season-limited populations can exhibit developmental plasticity to either advance or prolong development depending on conditions. We examine how diurnal temperature variation and daylength interact to shape growth, development, and performance of several populations of the montane grasshopper, Melanoplus boulderensis, along an elevation gradient. We then compare these experimental results to observed patterns of development in the field. Although populations exhibited similar thermal sensitivities of development under long-day conditions, development of high-elevation populations was more sensitive to temperature under short-day conditions. This developmental plasticity resulted in rapid development of high elevation populations in short-day conditions with high temperature variability, consistent with their observed capacity for rapid development in the field when conditions are permissive early in the season. Notably, accelerated development generally did not decrease body size or alter body shape. Developmental conditions did not strongly influence thermal tolerance but altered the temperature dependence of performance in difficult-to-predict ways. In sum, the high-elevation and season-limited populations exhibited developmental plasticity that enables advancing or prolonging development consistent with field phenology. Our results suggest these patterns are driven by the thermal sensitivity of development increasing when days are short early in the season compared to when days are long later in the season. Developmental plasticity will shape phenological responses to climate change with potential implications for community and ecosystem structure.
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INTRODUCTION

Recent climate warming has advanced phenology including reproduction and adult emergence in a large (∼80%, Parmesan, 2006) proportion of species, but the fitness consequences of these phenological shifts are often unclear (Forrest and Miller-Rushing, 2010). Laboratory rearing experiments reveal developmental plasticity in growth and development rates in response to environmental cues (Atkinson, 1996; West-Eberhard, 2003). Developmental plasticity varies as a function of life-history strategy and the environment to which populations are adapted (Forrest, 2016). High temperatures generally reduce development time and decrease adult size in insects and other ectotherms due to development being more thermally sensitive than growth (Bale et al., 2002; Sgro et al., 2016). However, short growing seasons at high latitudes or high elevations can drive a reversal of this temperature-size rule, such that higher rearing temperatures produce larger adult size (Dingle et al., 1990; Hodkinson, 2005; Berner and Blanckenhorn, 2006). What are the implications of these growth and developmental tradeoffs for phenological shifts observed in the field? The combination of greater warming and greater thermal sensitivity of development for high elevation populations may flatten phenological gradients occurring along elevational clines (Chmura et al., 2018; Vitasse et al., 2018; Nufio and Buckley, 2019).

We examine how growth and development rates of montane grasshopper populations respond to seasonal cues- diurnal temperature variation and daylength- as well as how these changes affect adult performance. We then interpret our experimental, laboratory observations in light of historical, and recent phenology observed for the grasshopper populations in the field. We focus on grasshopper populations spanning a 1,500 m elevation gradient along the 40th N parallel in Boulder County, CO, United States. Weekly survey data from the Gordon Alexander Project reveal that the first appearance of adults has generally advanced between initial surveys in 1959–1960 and resurveys conducted since 2006 (Nufio et al., 2010). Phenological advancements and phenological variation across elevation were most pronounced for early-season species, such as our focal species (Nufio and Buckley, 2019). Progression through juvenile developmental stages has also generally advanced, but development proceeds more slowly and developmental stages persist longer in warm conditions for the high-elevation, season-limited populations of early-season species (Buckley et al., 2015; Nufio and Buckley, 2019). Broader phenology can increase overlap among species with potential implications for interactions in communities (Buckley et al., 2021).

Under controlled laboratory conditions, we further test the hypothesis that higher elevation populations exhibit greater developmental plasticity due to occupying more variable, season-limited environments. Daylength often cues developmental rate when conditions are permissive in time constrained environments (Bradshaw and Holzapfel, 2007). We build on a previous study for a generalist, late-season grasshopper species, M. sanguinipes (Buckley et al., 2015). Higher-elevation M. sanguinipes populations displayed greater phenotypic plasticity in development rate in response to developmental temperature than lower-elevation populations (Buckley et al., 2015). This resulted in higher-elevation populations advancing their phenology more than lower-elevation populations in warm conditions (Buckley et al., 2015). Studies on univoltine, high-latitude damselflies found that short daylengths consistent with seasonal time limitations accelerated development (Sniegula et al., 2016; Norling, 2018). However, they found less, rather than our hypothesized more, developmental plasticity among high-latitude populations (Sniegula et al., 2016).

Here we examine how the development plasticity of an early-season species, Melanoplus boulderensis, responds to naturalistic variation in both temperature and daylength. We intended these factors as naturalistic seasonal cues but note that greater temperature variability also exposes grasshoppers to higher temperatures and fixed daylengths throughout development would not be experienced in nature. M. boulderensis has a restricted, montane distribution (Otte, 2012) and is cool adapted (Buckley et al., 2013b; Buckley and Nufio, 2014). Dispersal ability is limited by short wings and the species exhibits genetic differentiation along the elevation gradient (Slatyer et al., 2020). The species is univoltine, which excludes phenological advancements from increasing fitness by adding an additional seasonal generation.

We assess growth and development responses of three elevationally distinct populations to temperature variability and daylength. In addition to the hypothesis of greater developmental plasticity for high-elevation populations, we hypothesized that long-day conditions experienced at later developmental stages, indicative of a release from seasonal time constraints, would slow development. To further assess the fitness consequences of growth and development, we assess plasticity in thermal sensitivity and the temperature dependence of performance resulting from rearing conditions. These data allow us to test for potential trade-offs between accelerated development and performance, as well as for potential matching of performance to developmental conditions. For example, we might expect grasshoppers that rapidly develop to incur tradeoffs that reduce their peak performance capacity as adults, or for grasshoppers that develop under more variable temperatures to display more generalist thermal performance. Finally, we review field phenology across the elevation gradient in light of our findings on how temperature and daylength influence development rates.



MATERIALS AND METHODS


Rearing Experiments

We examined development rates among M. boulderensis populations inhabiting three montane or subalpine sites along the 40th N parallel in Boulder County, CO: A1 (2,195 m, 40.01N, 105.37W), B1 (2,591 m, 40.02N, 105.43W), C1 (3,048 m, 40.03N, 105.55W) (descriptions1). The sites are all grassy meadows, with somewhat denser vegetation at the lower-elevation sites. M. boulderensis overwinters in an egg diapause with eggs deposited in pods just below the soil surface. The species is a generalist consumer of forbs so vegetation phenology is not expected to substantially constrain its phenology.

Eggs were collected by allowing individual, labeled females, collected from the three field sites in mid-summer, to oviposit in damp sand, and then sieving the sand. Eggs were stored in damp vermiculite within 2oz polyurethane containers. The surface was periodically coated with 0.25% methyl-p-hydroxy benzoate to inhibit fungal or microbial growth. The eggs first developed for 3 weeks in incubators at near ambient conditions (25–30°C), which is required to enable an obligate diapause (Dingle et al., 1990), and were then stored in diapause conditions at 2°C for ∼110 days. Following diapause, the eggs were moved to our experimental treatments within incubators and individuals were maintained in these treatments throughout hatching and development to adulthood (details below). Upon hatching, the egg containers were enclosed within rectangular 2.25L polyurethane containers and lettuce and wheat bran were provided. The grasshoppers were reared together until they reached 3rd instar. Subsequently, grasshoppers were reared individually in 0.47L polyurethane containers, which were changed every other day and supplied with romaine lettuce and wheat bran. We checked for eclosion when containers were changed. For newly eclosed grasshoppers, we noted the date and stage, and measured mass (g, Mettler Toledo AL104 balance). For adults, we additionally measured pronotum and femur length (mm) using digital calipers.

Melanoplus boulderensis post-diapause eggs and juvenile instars from each of the three populations were reared in factorial combinations of high (24 ± 4°C, HV treatment) or low (24 ± 2°C, LV treatment) temperature variability and long (14 h:10 h light:dark cycle) or short (12 h:12 h light:dark cycle) daylength. The daylengths were chosen to correspond to mid-summer versus early (March) or late (September) conditions. Temperature varied diurnally as a step function aligned with the 12 h:12 h photoperiod. Temperatures were chosen based on previous fixed temperature experiments, to allow for rapid development while maintaining high survival. A side-effect of our thermal treatment design was that faster development occurred at higher temperatures in the high-variance thermal treatment than the low-variance treatment even though their mean temperatures were the same. This difference is most easily interpreted by calculating the constant temperature equivalent (CTE) which is the median developmental temperature after accounting for development speed increasing with temperature (for CTE equations and additional details see Georges, 1989; Georges et al., 2004; Telemeco et al., 2013). The CTE for our treatments differed by 1°C, with the HV treatment having a CTE of 26°C and the LV treatment having a CTE of 25°C. Grasshoppers were reared in Percival I-36VL incubators with 32W fluorescent bulbs (Phillips F32T8/TL741). There was no indication that the grasshoppers were able to use the lights to thermoregulate. The final analysis included grasshoppers that survived to maturity from populations at 2,195 m (n = 104), 2,591 m (n = 63), and 3,048 m (n = 69). We assessed adult age and mass for an average of 10 individuals for each treatment, population, and sex combination (median = 9, range 3–19).



Thermal Sensitivity of Reared Grasshoppers

Most individuals were measured for all thermal traits with measurements occurring in the following order: hopping performance at four temperatures, feeding performance at three temperatures, preferred body temperatures (PBT), critical thermal minimum (CTmin), and critical thermal maximum (CTmax). We selected this order to minimize the potential for earlier measurements to bias later measurements, although this potential cannot be completely removed.


Hopping Performance

To assess the temperature dependence of hopping performance, we acclimated grasshoppers for 1 h at one of four temperatures (10, 17, 25, or 35°C) in incubators (same type as for rearing treatments) after which we immediately measured the distance of five jumps. To control for potential exposure order effects, we measured each grasshopper at each temperature in one of four orders (10-35-25-17; 25-17-10-35; 17-10-35-25; or 10-17-35-25). All measurements occurred across 2 days. After acclimation, grasshoppers were removed individually from the incubators and immediately placed in the center of the experimental arena at room temperature. The arena consisted of a 1.8 m × 1.8 m sheet of fabric with a checkered pattern at an interval of 2.5 cm (methods follow Harrison et al., 1991). Hopping was induced by manual prodding if necessary. We marked the position of the grasshopper after each of five jumps and subsequently recorded the x and y locations to an x and y resolution of 2.5 cm. We assessed hopping performance for an average of 7 individuals for each treatment, population, and sex combination (median = 7, range 3–18).



Feeding Performance

Grasshoppers were fasted prior to each feeding trial for 12 h, a sufficient period to complete digestion and absorption (Harrison and Fewell, 1995), and provided with a damp paper towel for humidity during trials. Feeding trials were conducted at three temperatures (10, 20, and 40°C). We assessed feeding performance for an average of 8 individuals for each treatment, population, and sex combination (median = 7.5, range 3–17).

The order of temperature trials was randomized. Grasshoppers were acclimated to the test temperature for 1 h prior to being provided with organic, baby romaine leaves at the start of two consecutive feeding periods each day. The first feeding period lasted for 2 h (reflecting rates of ingestion and of crop and mid-gut filling) and the later feeding period lasted an additional 6 h [reflecting rates of ingestion, crop filling and gut throughput; (Harrison and Fewell, 1995)]. The initial feeding trials commenced between 07:00 and 09:00 h. We used a flatbed scanner (Canon LiDE 100) to photograph the leaves before and after each of the feeding trials. We estimated leaf areas using ImageJ software2.



Preferred Body Temperatures and Critical Thermal Limits

We first measured PBT using a thermal gradient constructed on an aluminum sheet (0.125″ × 24″ × 48″). We placed one end in an ice bath and the other on a hotplate (Springate and Thomas, 2005), which created a temperature gradient spanning 5–50°C. Grasshoppers were placed within 5-cm-wide lanes created by corrugated plastic dividers running longitudinally across the thermal gradient. A clear acrylic lid was then placed above the gradient with holes for circulation and thermocouple measurements, and the grasshoppers were allowed to acclimate for 30 min. We then used an Extech type K thermocouple to monitor the thermal gradient and record the temperatures associated with the position of grasshoppers every 10 min over a 50-min period (Forsman, 2000; Springate and Thomas, 2005). During the acclimation period, grasshoppers moved freely throughout their lane on the thermal gradient before reducing activity. Most grasshoppers spent the duration of the observation period resting in one position. We assessed PBT for an average of 7 individuals for each treatment, population, and sex combination (median = 7, range 2–15).

We measured critical thermal limits, CTmin and CTmax, which were defined as the lower and upper temperatures at which the grasshoppers were no longer able to right themselves. Grasshoppers were placed individually into 50ml centrifuge tubes, which were slowly (∼0.2°C min–1) cooled or heated in a water bath. Given that warming rates may influence estimates of critical thermal limits, we chose an intermediate rate of warming (Chown et al., 2009). To minimize stress, we first cooled body temperatures for CTmin estimates and then began heating body temperatures for CTmax estimates at least an hour after the conclusion of the CTmin assays. We assessed CTmin for an average of 5 individuals for each treatment, population, and sex combination (median = 3.5, range 0–11). For CTmax the average was 4 (median = 3.5, range 0–10).



Field Phenology

For comparison to our experimental results, we analyzed historic (1958–1960) and recent (2006–2016) phenology data for the same M. boulderensis populations that sourced individuals for our rearing experiment as part of the Gordon Alexander Project. Surveys consisted of 1 person-hour of sweep netting and 0.5 person-hours of searching for adults and juveniles that may have been missed by sweep netting (Nufio et al., 2010; Nufio and Buckley, 2019). Data and analyses are as in Nufio and Buckley (2019).

We calculated degree days as the accumulated product of time and temperature above the lower developmental temperature (LDT). The calculation employed a single-sine approximation (Allen, 1976) based on daily minimum and maximum temperatures and a fixed spacing of 12 h between temperature minima and maxima. We used daily maximum and minimum temperature data from weather stations at our study sites (McGuire et al., 2012; Nufio and Buckley, 2019). For the field analysis, we calculated degree days based on air temperature to avoid assumptions regarding thermoregulatory behavior, radiation, windspeed, and soil temperatures. We use an LDT of 0°C, which corresponds to an estimate based on rearing M. boulderensis in constant temperatures and regressing development time against temperature (Trudgill, 1995). This differs from previous analyses (Nufio et al., 2010; Nufio and Buckley, 2019) that used an LDT of 12.0°C based on a fit to field phenology data pooled across multiple species. Our estimation of degree days for field populations are intended as an approximate translation of environmental temperature into physiological time.

We used a development index (DI), which represents the average development stage of the population and ranges from 1 (all first instars) to 6 (all adults), to describe the developmental stage of communities sampled through field surveys. We also used the DI to estimate the timing of adulthood, because DI generally exhibits a smooth increase through the season whereas counts of individual development stages can be variable. DI also allows interpolating between the weekly survey intervals. We quantified phenology both in terms of day of year (doy) and growing degree days (GDDs). We fit a spline (R function smooth.spline) to DI data for each combination of species, site, and year. We used the splines to estimate the timing of adulthood as the doy or GDDs when DI = 5.5 (R predict function). We selected DI = 5.5 as it tended to approximately correspond to the inflection point before the DI curve reached the asymptote at DI = 6.



Analyses

Our analyses primarily used linear mixed-effects (LME) models and ANOVAs in R (lmer function from Lme4 library; Bates et al., 2007). We used an LME model to evaluate the (categorical) effects of temperature variance, photoperiod, site, sex, and their interactions up to the fourth order. We checked for normality of the response variables and subsequently assumed a normal distribution. We used Akaike information criterion corrected for small sample size (AICc) to compare the full model to models restricted to a subset of terms and interactions. We used model selection whereby models were preferred if ΔAICc > 2. However, as described below, for some dependent variables we selected slightly less-preferred models for ease of comparison to other dependent variables. Models included the identity of the grasshopper’s mother as a random effect except where indicated.

The full model was preferred for development time (days from removal from diapause conditions to adulthood). Several simpler models were preferred to the full model for adult mass, but we used the full model to facilitate comparison to the model for development time. We repeated the analyses for development time and mass, additionally including developmental stage (instar) as a numeric predictor (3rd to 6th = adult) to assess whether effects on age and mass shifted over development in a repeated-measures ANOVA. We assessed correlations between femur length and mass1/3 and between pronotum length and mass1/3 to determine whether rearing conditions altered body shape.

We used the model for PBT receiving the most support, which included only the main effects. The model we selected for critical thermal minimum and maximum included temperature variation, photoperiod, and the interaction between the two. No single model received support for CTmin or CTmax, so we chose the most complex model with ΔAICc < 2. We also omitted the random effect since it led to slightly higher AICc values and singularity issues.

To examine rearing effects on hopping and feeding performance, the full model was preferred based on AICc scores. For hopping performance, we included a random effect to account for the grasshopper measured (nested within the identity of the mother) since each individual performed five replicate hops. We accounted for test temperature as a second-order polynomial for hopping, due to the unimodal shape and improved AICc scores, and as a linear term for feeding given that we had only three test temperatures and no obvious non-linearity of response. Our dependent variable was consumed leaf area scaled to the mass of the grasshopper over the full 8 h test period (visual inspection showed similar trends existed at 2 h).

We quantified the temperature dependence of growth and development rates using Q10 values, which describe the shift in rates with a 10-degree temperature increase as Q10 = (R2/R1)^[10/(T2-T1)], where, R1 and R2 are rates at temperatures T1 and T2 (Seebacher et al., 2015). Q10 values represent the effects of temperature on physiological rates that are normalized for comparison, and are commonly used to compare the thermal sensitivity of processes such as growth and development. We normalized R1 = 1 at T1 = 24°C, the mean rearing temperature. We estimated the number of development days, d, to reach adulthood as d = c/[Q10^(Tvar/10)+Q10^(−Tvar/10)], where, Tvar is the temperature variance from T1 = 20°C and c is a constant that accounts for 12 h at each temperature and assumes that a fixed number of units of development are required to reach adulthood. Similarly, we estimate the Q10 for growth using the following expression for adult mass, M (g) as M = c d [Q10^(Tvar/10)+Q10^(−Tvar/10)], where, d is the number of days of development. We estimate development and growth Q10s for each site, daylength, and sex using the generalized least squares model fitting function gnls() from the nlme package for R (Pinheiro et al., 2020) and plot the estimates as relative Q10s by normalizing the highest Q10 estimate to 1. We then used these Q10 values to graphically assess the effects of elevation-of-origin and daylength on the thermal sensitivity of development rate.

For the field phenology data, we used linear mixed-effects (LME) models and ANOVAs in R to examine how the development index responds to the 2nd-degree polynomial of day of year or cumulative degree days, season warmth, site, and their interaction. We controlled for survey year as a random variable.



RESULTS


Growth and Development

Temperature variation and photoperiod interacted with site and sex to determine time to adulthood (Figure 1, top row). The high-temperature variation treatment (HV) which had a CTE 1°C higher than the low-temperature variation treatment (LV) substantially accelerated development (Table 1, top row, coefficients: Supplementary Table 1, model plot: Supplementary Figure 1). Long-days accelerated development in HV conditions but decelerated development in LV conditions, particularly at low elevations and for males (model plot: Supplementary Figure 1). Although higher elevation populations had reduced development times for most treatments, this effect of elevation-of-origin disappeared when animals were reared under HV, long-day conditions (Figure 1). Significant lesser-order interactions are largely consistent with the four-way interaction (Table 1; coefficients: Supplementary Table 1). Analyzing time to each instar indicates that the effects of photoperiod and temperature variability on development become most apparent late in development (Supplementary Figure 2). The four-way interaction described above also significantly interacts with instar (Supplementary Tables 2, 3).
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FIGURE 1. Time to adulthood (top row) and adult mass (bottom row) vary as a function of photoperiod, temperature variance, site, and sex. High temperature variance (red color) leads to faster development, and males develop faster than females (column) across sites (X-axis). Photoperiod (line type) interacts with temperature to determine development rates. Low temperature variance at higher elevation sites leads to lower mass, especially in females. Error bars represent standard error.



TABLE 1. Wald 3 ANOVA for linear mixed effects models of grasshopper time to adulthood (days) and mass at adulthood (g).

[image: Table 1]
Estimating the thermal sensitivity of development using Q10 values suggests similar thermal sensitivity across elevation for long-day conditions (Figure 2A). However, Q10 values, and thus physiological responsiveness to temperature increases, are estimated to increase with elevation under short-day conditions, which suggest the capacity for rapid growth when conditions are permissive. Consistent with the Q10 estimates, high-elevation populations in short-day conditions exhibited the fastest development (Figure 1). By contrast, Q10s estimated for growth were relatively flat across elevation regardless of daylength, although females had higher Q10s than males (Figure 2B).
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FIGURE 2. (A) The relative thermal sensitivity (Q10) of development (normalized from 0 to 1) is relatively flat across site elevations for long-day conditions (filled symbols and solid lines) but increases with elevation for short-day conditions (open symbols and dashed lines) for both sexes (symbols). (B) The relative thermal sensitivity (Q10) of growth does not vary consistently with photoperiod.


Shifts in developmental rates and times influenced adult mass, but in a manner that diverges from the simple expectation that prolonged development increases mass. Interestingly, there is not a significant linear relationship between development time and adult mass across all individuals from all treatments (coefficient = 0.0014 ± 0.0011 SE, t[1,234] = 1.3, p = 0.2, r2 = 0.003). The LV thermal treatment, which prolonged development (Figure 1, top row), did not increase mass, and, in fact, substantially decreased mass in females from higher-elevation sites (Figure 1, bottom row, χ22 = 6.0, p < 0.05, Table 1 and Supplementary Figure 3). Comparing just the lowest and highest elevation sites suggests that lower masses at higher elevations induced by the LV thermal treatment were extenuated by long-day conditions (t = 2.4, p < 0.05, Supplementary Table 1 and Supplementary Figure 4). Body shape was not influenced by temperature variability or daylength, as adult femur length and pronotum length each have a strong linear relationship with mass1/3 (femur coefficient = 11.7 ± 0.8 SE, t = 15.0, p < 0.001, r2 = 0.49; pronotum coefficient = 7.0 ± 0.4 SE, t = 18.4, p < 0.001, r2 = 0.59). Analyzing the mass of each instar does not show significant interactions between instar and these variables, except that the mass differential between males and females emerges and grows as development proceeds (see Supplementary Figure 5 and Supplementary Tables 2, 3).



Thermal Sensitivity

Preferred body temperature was not significantly affected by our rearing treatments, but there were non-significant trends for both the LV (χ21 = 3.0, p = 0.08) and long-day treatments (χ21 = 3.1, p = 0.08) reducing preferred temperature by up to ∼3°C (Figure 3 and Table 2; coefficients: and Supplementary Table 4). LV, long-day rearing decreased grasshopper CTmin by up to ∼4°C (mean = 4.46°C, F = 4.1, p < 0.05), while we found no effects of rearing treatments on the grasshoppers’ CTmax (mean = 49.2°C, Figure 3 and Table 2; coefficients: Supplementary Table 5).
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FIGURE 3. Photoperiod (line type) and temperature variance (colors) alter CTmin (bottom row) but not CTmax (top row) of male and female (columns) grasshoppers from different populations (X-axis). Mean preferred body temperatures (middle row) of lab-reared grasshoppers do not differ significantly based on sex, photoperiod, temperature variance, or population. Error bars represent standard error.



TABLE 2. Wald 3 ANOVA of our linear mixed effects model of (A) preferred body temperature, and (B) CTmin and CTmax (°C) as a function of temperature variance, photoperiod, sex, site, and interactions.
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The temperature sensitivity of hopping performance responded to both temperature variability and photoperiod during rearing in a manner that depended on sex and site: the female thermal performance curve was narrow (indicated by TestTemp2 in Supplementary Table 6) when reared under HV, long-day conditions, and was especially narrow for the highest elevation site (five-way interaction: χ24 = 13.8, p < 0.05, Figure 4A and Table 3). Hopping performance was typically highest when reared under short days (χ21 = 11.7, p < 0.001), especially for grasshoppers reared in the HV thermal treatment (χ21 = 14.9, p < 0.001, Table 3). Low-temperature hopping performance declined when grasshoppers were reared in both HV, long-day conditions and LV, short-day conditions (test temperature x temperature variance x photoperiod: χ22 = 22.1, p < 0.001, Figure 4A and Table 3; coefficients: Supplementary Table 6).
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FIGURE 4. (A) The temperature dependence of hopping performance varies with developmental temperature variation (rows) and photoperiod (columns). (B) The temperature dependence of feeding performance varies with temperature variability (rows) but not photoperiod (columns). Error bars represent standard error.



TABLE 3. Wald 3 ANOVA of our linear mixed effects model of hopping distance (cm) and feeding performance (cm2/g).
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Grasshopper feeding rate increased up to our highest test temperature (40°C) for all rearing conditions and populations (Figure 4B). This positive effect of temperature on feeding rate was strongest for grasshoppers raised in HV conditions (χ21 = 5.0, p < 0.05, Figure 4B and Table 3). Additionally, as elevation increased, the temperature dependence of males’ feeding increased while that of females decreased, leading to a performance differential at high test temperatures (χ22 = 6.4, p < 0.05, Table 3). With increasing elevation, LV grasshoppers’ feeding performance at high test temperatures transitioned from worse than HV grasshoppers to better (χ22 = 8.5, p < 0.05, Table 3; coefficients: Supplementary Table 6).



Field Phenology

At each elevation, grasshoppers developed and matured into adults faster during warmer seasons, although development through late instars appeared to slow for some warm seasons (Figure 5A). Season warmth interacted with day of year to determine the developmental progression (χ22 = 22.3, p < 0.001), but the response to season warmth did not vary significantly across sites. Several warm seasons exhibited slow development and several cool seasons exhibited rapid development in response to the accumulation of growing degree days at the 3,048 m site (Figure 5B). Phenological differences with season warmth were less apparent at the lower elevation sites. The accumulation of degree days, season warmth, and site significantly interacted in determining the progression of development (χ24 = 18.0, p < 0.001).


[image: image]

FIGURE 5. The development index, which represents the average developmental stage of the population and ranges from 1 (all first instars) to 6 (all adults), increases (A) with day of year and (B) as growing degree-days accumulate through the season for sites across elevation (rows). Lines correspond to years of the initial survey (dashed) and resurvey (solid) with colors indicating the seasonal growing degree-days averaged along the elevational gradient (red, warm years to blue, cool years). Adult phenology of Melanoplus boulderensis (estimated using the development index) quantified as (C) day of year and (D) cumulative growing degree days (gdds) varies as a function of seasonal cumulative growing degree days. We distinguish years during the initial survey (squares) and resurvey (circles) for each site elevation (color).


The day of year of adulthood accelerated in warmer seasons (F[2,23] = 6.0, p < 0.001) and varied across sites (F[2,23] = 5.0, P < 0.05), but the response to season warmth was similar across sites (F[2,23] = 0.1, P = 0.87, Figure 5C). The cumulative degree days at adulthood did not shift significantly in warmer seasons (F[2,23] = 2.7, P = 0.11, Figure 5D), with the relationship being particularly flat for the 3,048 m site. The cumulative degree days at adulthood varied across sites (F[2,23] = 28.1, p < 0.001) but did not significantly interact with season warmth (F[2,23] = 1.7, P = 0.21, Figure 5D). See Nufio and Buckley (2019) for further analysis and comparison with other sites and species.



DISCUSSION

Our rearing experiment builds on past inferences, based on field phenology, of greater developmental plasticity in response to temperature for season-limited high-elevation populations of M. boulderensis grasshoppers compared to low-elevation populations. Rearing temperature and daylength interacted to cue plastic variation in developmental rate consistent with phenological patterns observed in the field. Somewhat surprisingly, we did not detect evidence for trade-offs between accelerated development and other fitness-relevant traits such as body size, thermal tolerance, and performance, although thermal sensitivities for performance were affected by rearing treatment in complex ways.

Grasshoppers from high-elevation populations generally developed into adults more rapidly than those from low-elevation populations, but the size of this effect depended strongly on rearing treatment. For example, the treatment that most closely modeled mid-summer, high-elevation conditions (long-day, HV) was least affected by population of origin, with all populations developing quickly. By contrast, we observed the greatest effect of elevation-of-origin for the treatment most closely modeling springtime, low-elevation conditions (short-day, LV), with high-elevation animals developing much more rapidly than low-elevation animals. These differences appear to be driven by short daylengths, typical of spring, increasing the thermal sensitivity of development (i.e., Q10) for the highest-elevation population but not the lower-elevation populations. This plasticity suggests that high-elevation populations have the capacity to facultatively increase their rate of development when conditions are permissive early in the season.

Additionally, grasshoppers reared in the HV temperature treatment developed more rapidly than those reared in the LV treatment. This effect can be partially explained by HV animals developing at warmer temperatures with a constant temperature equivalent (CTE) 1°C higher than animals reared in the LV treatment. However, a 1°C average difference in developmental temperature appears insufficient to fully explain the ∼10-day difference in development time between HV and LV treatments. For example, in M. sanguinipes, another grasshopper species from this community, a 6°C difference in constant rearing temperature (24°C vs. 30°C) is needed to induce a similar effect on development time (Buckley et al., 2015). These results suggest that differences in temperature variation between the HV and LV treatments affected development rate independent of the direct effect of temperature on development, although additional data are needed to confirm this conclusion. Observations of low M. boulderensis survival in high, constant temperatures in preliminary rearing experiments led to our examination of fluctuating temperatures. We intended thermal variance as an indicator of seasonality but selected a constant mean temperature for tractability. Shifting both the mean and variance of treatments so that the CTE is controlled across treatments could help disentangle these effects. Further, in most studies of developmental plasticity including ours there is a need to consider more realistic environmental variation both to capture the variation during a single day and to represent environmental shifts during the course of development (Sniegula et al., 2016; Burggren, 2018).

Examining daylength in this study allowed us to refine previous conclusions that developmental plasticity at high elevation extended development when environmental conditions allowed (Buckley et al., 2015; Nufio and Buckley, 2019). The thermal sensitivity of development (Q10s) suggests a role of photoperiod in accelerating development when days are short, indicative of early- or late- season conditions. While the consequences are similar, this suggests selection to complete development in season-limited environments rather than selection to extend development when conditions allow and days are long. Similar roles of short photoperiod in accelerating development have been observed for other grasshopper (Dingle et al., 1990) and insect populations (Lopatina et al., 2011; Lindestad et al., 2019). However, a study including low-elevation populations of the late-season M. sanguinipes implicated seasonal constraints but detected daylength-x-temperature interactions in sea-level but not high-altitude populations (Dingle et al., 1990). Similarly, short days indicative of seasonal time constraints accelerated damselfly development but there was little variation in development time among high-latitude, time-constrained populations (Sniegula et al., 2016).

We did not detect a cost of accelerating development in short-day conditions such as reduced size. LV led to both delayed development and either unchanged or decreased mass, depending upon other variables, and adult mass and development time were not significantly correlated. Other studies finding similar mass invariance (Sniegula et al., 2016; Norling, 2018) suggest the need to refine understanding of tradeoffs between growth and development.

Selection for elevated thermal sensitivity in short-day conditions is often associated with ensuring the completion of a generation in the late summer in time constrained, high- elevation, or latitude environments (Dingle et al., 1990; Abrams et al., 1996; Johansson et al., 2021). However, M. boulderensis generally reaches adulthood in the early season before daylength declines. The latest that all members of M. boulderensis populations reached adulthood at any elevation across resurveys approximated the summer solstice when daylength is longest (day of year 171–173). Although cool, early-season conditions may limit development acceleration, grasshoppers can effectively use solar radiation to elevate their body temperatures once they reach sufficient size (Buckley et al., 2013a). Thus, high-elevation populations should generally develop in conditions analogous to our HV, short-day treatment which maximized development rate. M. boulderensis grasshoppers can lay egg pods every few days and individuals can persist as adults for at least a month at 3,048 m site (Nufio unpublished data), so faster development may allow production of more egg pods. Higher-elevation populations of M. boulderensis exhibit smaller eggs and clutches (Levy and Nufio, 2014; Slatyer et al., 2020), consistent with laying more clutches. Alternatively, observed developmental plasticity may enable rapid early-season development to avoid resource competition with other species when conditions are permissive. Selection for the developmental plasticity could also precede the species and its seasonal timing.

Our developmental analyses are broadly consistent with field observations of phenology (Nufio et al., 2010; Nufio and Buckley, 2019; Buckley et al., 2021). Phenological advancements of M. boulderensis are less apparent when considering physiological time (degree days) than calendar dates (Figure 5). This reflects the temperature dependence of development and indicates that phenology indeed responds to environmental conditions. However, comparing phenology between seasons that differ in warmth suggests greater developmental plasticity at the high-elevation site: some warm years yield slow developmental progression and some cool years yield rapid developmental progression. Daylength altering the thermal sensitivity of development can explain divergences in the relationship between growing degree days and development rate, especially at high elevation. When suitable temperatures occur early in the season when days are short, development progresses rapidly (i.e., steep slopes in Figure 5B), but when suitable temperatures only occur later in the season development progresses more slowly (i.e., shallow slopes in Figure 5B). This developmental pattern will occur regardless of the total number of growing degrees days that occur throughout the season, particularly when suitable temperatures progress late into the summer or fall. The effect of daylength on the thermal sensitivity of development can also explain why field development frequently progresses more rapidly early in the season and then slows as the population approaches all adults (i.e., asymptotic curves in Figure 5B). During the early stages of development, days are short and induce fast development, whereas days grow longer late in development thereby slowing development. Such developmental dynamics are consistent with observations of broader phenologies in warm years (Buckley et al., 2021). It is plausible that such variable developmental rates cued by daylength are adaptive, facilitating optimal development and high relative fitness, but additional experiments varying daylength across development are needed to test this hypothesis. Including more realistic seasonal photoperiod shifts is likewise needed (Sniegula et al., 2016; Norling, 2018). These studies suggest that absolute photoperiod is only part of the picture and whether the days are lengthening or shortening over time is another important cue for phenology which can help distinguish early season from late season.

As with many grasshopper species (Verberk et al., 2021), M. boulderensis reverses the temperature-size rule. One explanation for the reversal in grasshoppers is that warm adaptation of many physiological processes related to feeding leads to greater increases in growth than development at warm temperatures (Miller et al., 2009). This is consistent with our observations that feeding rates increase up to high temperatures. However, our Q10 analysis suggests high thermal sensitivity of development and less thermal sensitivity of growth, at least for the high elevation population. Higher developmental Q10s but roughly constant growth Q10s with increasing elevation and short-day conditions may contribute to the temperature-size rule reversal observed. Further examination of the relative slopes and intercepts of the thermal dependence of development and growth is needed to assess the mechanisms underlying the temperature-size rule for M. bouldernesis (Walters and Hassall, 2006).

Despite differences in the thermal sensitivity of development, we found no evidence that preferred body temperatures or critical thermal limits varied among populations. Somewhat surprisingly, CTmin was lower for grasshoppers reared in LV and long-day conditions which should generally model animals developing at low elevation during mid-summer when the risk of exposure to critically low temperatures is reduced. However, delayed development in these conditions may allow for broader thermal tolerance which could be useful for producing egg clutches late into fall. The greater plasticity of CTmin especially for the highest elevation populations is unsurprising since there is more variability in low temperatures with elevation, while hot spikes will occur regardless of elevation.

In addition to influencing development rate, temperature variance and daylength during development influenced the temperature dependence of adult hopping and feeding performance in a manner that varied among sites in difficult-to-predict ways. Some combinations of temperature variance and daylength narrowed the thermal breadth of hopping performance, but the narrowing is not readily interpretable in terms of environmental exposure. That said, development under HV, short-day conditions, which result in the fastest development across populations, also resulted in increased peak hopping performances, suggesting rearing conditions beneficial for development rate are also beneficial for performance. Increases in feeding rates with temperature up to 40°C are also consistent with faster development in HV conditions. Increased feeding performance at high temperatures in grasshoppers reared in HV conditions may be one driver of the observed developmental plasticity in development rate and hopping performance.

The evolution of rapid development at smaller size in season-limited environments is supported by fitness optimization models (Abrams et al., 1996). A study of damselflies revealed pronounced plasticity in response to photoperiod (which was changed weekly to best mimic shifting environmental conditions during growth and development), with a northern photoperiod indicative of time constraints resulting in faster development and smaller body size (Johansson et al., 2021). As with our study, the photoperiod response was more apparent for development than body mass. An analysis of genetic covariance suggested that the alignment of photoperiod with strong seasonal time constraints can promote the evolution of developmental plasticity (Johansson et al., 2021).

Our experimental results reveal complex interactions between rearing temperature, daylength, and population of origin that refute simple interpretation such as “warmer is better” or “longer is better.” Given the uncoupling of adult mass and development time, further work is needed to understand the phenotypic and fitness consequences of developmental plasticity associated with seasonal time constraints. A further complication is that thermal performance curves for hopping and feeding were affected by multiple developmental treatments and their interactions in difficult to predict ways. These observations highlight the challenges in identifying the physiological mechanisms underlying variable responses to climate change among populations and species (Buckley et al., 2018). Considering how developmental plasticity in response to seasonal cues can alter environmental responses may be central to predicting phenological and other biological implications of climate change (Forrest, 2016; Chmura et al., 2018).
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As individual animals are exposed to varying environmental conditions, phenotypic plasticity will occur in a vast array of physiological traits. For example, shifts in factors such as temperature and oxygen availability can affect the energy demand, cardiovascular system, and neuromuscular function of animals that in turn impact individual behavior. Here, we argue that nonlinear changes in the physiological traits and performance of animals across environmental gradients—known as physiological performance curves—may have wide-ranging effects on the behavior of individual social group members and the functioning of animal social groups as a whole. Previous work has demonstrated how variation between individuals can have profound implications for socially living animals, as well as how environmental conditions affect social behavior. However, the importance of variation between individuals in how they respond to changing environmental conditions has so far been largely overlooked in the context of animal social behavior. First, we consider the broad effects that individual variation in performance curves may have on the behavior of socially living animals, including: (1) changes in the rank order of performance capacity among group mates across environments; (2) environment-dependent changes in the amount of among- and within-individual variation, and (3) differences among group members in terms of the environmental optima, the critical environmental limits, and the peak capacity and breadth of performance. We then consider the ecological implications of these effects for a range of socially mediated phenomena, including within-group conflict, within- and among group assortment, collective movement, social foraging, predator-prey interactions and disease and parasite transfer. We end by outlining the type of empirical work required to test the implications for physiological performance curves in social behavior.

Keywords: physiology, environmental change, individual heterogeniety, individual differences, phenotypic plasticity, social grouping, individual variation


INTRODUCTION

Within species there exists considerable among-individual variation in numerous physiological traits associated with energy demand (Burton et al., 2011; Metcalfe et al., 2016), cardiorespiratory systems (Walsberg et al., 1986; Brijs et al., 2019), and neuromuscular function and movement (Wilson et al., 2004; Marras et al., 2010). A major aim in the field of ecophysiology is to understand how these traits are linked with organismal performance and behavior in an ecological context, including the ability to escape predators and obtain resources (Jablonszky et al., 2017; Mathot et al., 2017; Killen et al., 2017a). More recently, there has been growing interest in how among-individual heterogeneity in physiological traits can modulate animal social behavior, including social hierarchies (Kochhann, 2017), social networks (Moyers et al., 2018), and emergent collective behavior and group functioning (Jolles et al., 2017, 2020a). While there is a growing appreciation for the physiological underpinnings of social behavior (Seebacher and Krause, 2017), a more nuanced understanding of how environmental factors influence differences between individuals across a gradient is needed to accurately predict how social groups will respond to changing environments.

Social grouping ranges from pairs of animals to large scale communities and enormous aggregations consisting of millions of individuals. Variation in this tendency to group, both at the individual and species level, can be explained by the balance between the benefits of reducing predation risk, improving foraging and saving energy during locomotion, vs. the costs of competition within groups over food and the opportunity to breed, and a greater exposure to socially-transmitted diseases. These benefits and costs can be shifted, however, by individuals’ behavior within groups, with effects on social interactions and group functioning (Jolles et al., 2017; del Mar Delgado et al., 2018). However, increasing evidence suggests that social behavior is also related to physiological traits associated with individual’s metabolic phenotype (Killen et al., 2017b; Cooper et al., 2018), stress responsiveness (Spencer, 2017), cognition (Wascher et al., 2018), locomotor performance and movement speed (Jolles et al., 2017; Hansen et al., 2020), and immune function (Raulo et al., 2018). Physiological traits associated with bioenergetics and locomotion may be especially important in this regard because they are sensitive to environmental factors and can also influence performance in a social context, affecting both the capacity and motivation to express various behaviors. Metabolic rate, for example, has been linked with dominance and risk-prone behaviors (Mathot et al., 2019), which in turn have links with individual sociability (Jolles et al., 2017). There is also evidence of direct links between metabolic demand and sociability, with individuals with a higher metabolic rate being perhaps less social and therefore less likely to associate with conspecifics (Killen et al., 2016b; Cooper et al., 2018; but see Killen et al., 2021).

Social interactions can be influenced by environmental factors such as food abundance and potential predation risk (Beauchamp, 2004; Schaerf et al., 2017), but also by many aspects of the abiotic environment, including light levels (Ginnaw et al., 2020), temperature (Bartolini et al., 2015), hypoxia (Domenici et al., 2017), turbidity (Chamberlain and Ioannou, 2019), and habitat structure (Takada and Minami, 2021), as well as by anthropogenic changes such as acoustic noise (Currie et al., 2020), and pollutants (Armstrong et al., 2011). While environmental factors can impact behavior through the masking of cues and signals (McNett et al., 2010) and shifting attention to other tasks (Chan et al., 2010), environmental conditions can also affect behavior via physiological changes. The effects of environmental variables on social behavior via physiological changes can be indirect by inducing stress via stress hormones, or can directly affect the physiological traits associated with locomotor performance and movement speed, such as muscular function and aerobic and anaerobic capacity (Ord and Stamps, 2017). Because movement speed plays a fundamental role in leadership, cohesion, and alignment (Pettit et al., 2015; Jolles et al., 2020b), these aspects of social behavior may be sensitive to environmental perturbations. Over various timescales, changing environmental conditions will influence physiological trait expression, which will in turn affect social behavior and the degree of among-individual trait variation and trait repeatability (Killen et al., 2016a; Huang et al., 2020). These effects of environmental conditions on social behavior are becoming increasingly important to understand due to human-induced rapid environmental change (Sih, 2013; Barrett et al., 2019; Fisher et al., 2021).

Breakthroughs in our understanding of the mechanistic underpinnings of sociality could be facilitated by studying the effects of individual performance curves on social dynamics. Functionally, performance curves are a type of reaction norm, but specifically depict shifts in fitness or a putative fitness proxy—often a physiological variable—across a continuous gradient of an environmental variable (as opposed to discrete measurements at specific environmental conditions), and generally exclude developmental effects on phenotypes to instead focus on relatively recent changes in environmental conditions (Kingsolver et al., 2014). Performance curves are therefore usually nonlinear—though they may appear linear within narrow environmental ranges—with their exact shape depending on the trait and environmental variable being considered (Kingsolver et al., 2014; Figure 1A). Such curves are generally determined for specific physiological traits or performance indices, expressed as biological rates, such as maximum locomotor speed or aerobic capacity, with performance defined as the capacity to express a given trait across a range of environmental conditions. As an example, in ectotherms a typical performance curve for maximum locomotor speed would be a gradual increase with temperature, a peak level of performance at an optimal temperature, followed by a decline in performance capacity with further warming (yellow line in Figure 1A). Performance curves often depict the change of a physiological trait in response to the environment and can therefore reflect environmental sensitivity (Kingsolver and Gomulkiewicz, 2003; Lefevre, 2016; Jutfelt et al., 2018). This sensitivity may, in turn, affect the capacity or motivation to perform specific behaviors, but these links are often uncertain and the focus of study to provide insight into intra- and intergenerational responses to environmental stressors (Metcalfe et al., 2016; Norin and Metcalfe, 2019).
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FIGURE 1. (A) Performance curve shape is heavily dependent on the environmental factor being examined. In this panel, different types of environmental factors are represented by different colors. The arrow represents an overall depression of trait expression when potential effects of hypoxia are combined with the effects of temperature. Note, when habitat size increases, greater protection/space to hide from predators and/or increase food availability may enhance performance, thus reducing endocrine stress level (Breves and Specker, 2005; Bauer et al., 2013). However, when territory is very large the performance traits may be reduced again in territorial animals (e.g., anemonefish; Ross, 1978) due to increased stress and/or energy investment to protect a larger area from competitors or predators. (B) Potential effects of among-individual variation in performance curves for a trait related to the expression of social behavior (e.g., aerobic capacity, cognitive ability, locomotor capacity, muscular function) in response to temperature (environmental variable). In this panel, the performance curve of different individuals within a social group are represented in different colors. The dashed orange line shows variation in the performance curve (solid orange line) caused by acclimation to the environmental variable (temperature in this example). Acclimation generally results in an overall “flattening” of the performance curve, but may also cause an increase in the peak performance. Arrows illustrate the different points of individual variation in performance curve that have implications for animal social behavior, especially in ectotherms. Each point and its consequence on social behavior is highlighted in Figures 2–7. References: [1] Barrionuevo and Burggren (1999); [2] Fry (1971); [3] Pörtner (2010); [4] Pörtner and Farrell (2008); [5] Maierdiyali et al. (2020); [6] Bauer et al. (2013); [7] Breves and Specker (2005); [8] Ross (1978); [9] Gomez Isaza et al. (2020); [10] McKenzie et al. (2007); [11] Meager et al. (2006); [12] Chamberlain and Ioannou (2019).


Here, we argue that performance curves, and especially individual variation in performance curves within groups (Figure 1B), may be key in understanding how social behaviors are affected by shifting environmental conditions. In their natural environment, socially grouping animals can experience environmental changes at a scale of minutes, days, or months, but will also experience environmental changes over more protracted timeframes in response to broadscale phenomena such as climate change. For example, many animal species accommodate seasonal changes in temperature that are consistent across years, but due to human-induced climate change, such changes are becoming more extreme (IPCC, 2019). A more mechanistic, physiologically-based approach to the study of social behavior will be key for understanding how routine environmental shifts affect social behaviors as well as predict how social behavior may change or evolve in response to anthropogenic disturbances.

The study of animal social systems and particularly the study of collective behavior has transitioned from a focus on uncovering universal mechanisms underpinning emergent behavior and self-organization (Couzin et al., 2002), to an increasing recognition that among-individual heterogeneity plays a critical role in these processes (del Mar Delgado et al., 2018; Jolles et al., 2020a). We suggest that a promising next step in this line of research will be to examine how the degree of heterogeneity itself can change depending on the environment—as is dictated by individual performance curves—and how this will influence various dimensions of animal social behavior. We first discuss the broad effects that individual variation in performance curves within social groups may have on the relative physiological capacity and behavioral motivation of individuals within social groups. Next, we discuss the specific consequences of these effects for an array of ecological phenomena related to social behavior including within-group conflict, leader-follower dynamics, predator avoidance, and social foraging. Our aim is to highlight the enormous potential for performance curves to alter social behavior at the individual, group, and community level and outline priority areas for future research.



INDIVIDUAL VARIATION IN PERFORMANCE CURVES

A key factor to consider when assessing the impact of performance curves on social behavior is among-individual variation in how animals physiologically respond to changes in their environment (Bulté and Blouin-Demers, 2006). For example, different individuals can show different physiological sensitivities to factors such as temperature (Navas et al., 1999), or requirements in terms of oxygen (Killen et al., 2012b; Pang et al., 2015) or nutrition (Killen et al., 2011), with direct effects on among-individual variation in bioenergetics and capacity for locomotor performance. Such variation has traditionally been examined in the context of reaction norms whereby individuals are repeatedly measured for traits at around 2 or 3 environmental levels and modelled using mixed-models with random slopes (Dingemanse et al., 2010). However, assumptions of linearity may not be appropriate for all traits and particularly over broader environmental ranges. Therefore, to properly assess intra-individual variation in environmental sensitivity, the assessment of individual performance curves may be required (Gilbert and Miles, 2017). This work is still in its infancy, but investigations to date indicate that, similar to the case with linear reaction norms (van de Pol, 2012; Roche et al., 2016), individuals within species show variation in performance curves (Careau et al., 2014; Bartheld et al., 2017; Childress and Letcher, 2017; Nowakowski et al., 2020). There is also evidence that there may be within-individual variation in performance curves, in response to factors such as recent feeding history (Gilbert and Miles, 2016), which adds an extra layer of complexity.

If individual animals show variable degrees of behavioral and physiological plasticity in response to environmental variables, this has a wide range of potential consequences for social behavior. To illustrate this, consider among-individual variability in performance curves for a physiological trait (e.g., aerobic capacity or optimum movement speed) relevant to social behavior, in relation to some environmental variable (e.g., temperature; Figure 1B; van Berkum, 1988). There are numerous effects that emerge from individual variation in environmental sensitivity that could have important consequences for how individuals interact with each other within social groups, which we discuss in detail below. Important to consider for any of these effects is the influence of acclimation to environmental conditions. During acute environmental changes, such as in temperature or oxygenation, individual animals tend to show much stronger changes in the expression of their physiology or behavior (Guderley, 1990). These responses generally dampen with physiological acclimation to the new conditions (i.e., specific points along a performance curve), resulting in an overall “flattening” of the performance curve. Depending on the acclimation response of each individual groupmate and on the timescale of exposure to a given environment, the relative importance of each of the following considerations may change in prominence.


Changes in the Rank Order of Performance Capacity

Differences in sensitivity to the environmental variable in question may generate differences in the rank order of performance capacity among individuals within a social group that directly depends on where along the environmental gradient performance is being measured (Figure 2). All else being equal, differences in this rank order could mean that, for example, the individual most likely to be dominant or a leader at one temperature may be subordinate or a follower at another temperature. Aside from having a direct effect on the social behaviors displayed by individuals, changes in the rank order of traits will also decrease their repeatability and, potentially, the ability of that trait to be a target for selection in a social context. Another key consideration is that, if relative differences in energy demand (related to food-acquisition) or locomotor ability (related to predator avoidance) change among individuals, then the fundamental costs and benefits of sociality and group membership could change differently for individual group members depending on the current environmental conditions (Cooper et al., 2018). As an example, at higher temperatures all individuals may be expected to become less social due to an increased escape ability, via increased muscle contractile ability and nervous stimulation (Johnson and Bennett, 1995), and decreased motivation to share or compete for discovered resources. Thereby differences in the steepness of individual performance curves could influence when specific individuals no longer benefit from staying in a group.

[image: Figure 2]

FIGURE 2. Changes in the rank order of performance capacity across three different temperatures (top panel). Each color refers to an individual within the same social group. In the bottom panels the rank-assortment within the group is shown for each temperature (1, 2 and 3), assuming that higher-ranked individuals are positioned on the front of the group. For example, the green individual is the highest rank-individual (leader) at temperature 1, but a follower with 2nd rank position at temperature 2, and is no longer part of the group at temperature 3, given that the individual’s performance capacity decreases to 0 before temperature 3, while the rest of the groups has not.




Change in Among-Individual Variation

As individual performance curves diverge or converge along the environmental gradient, the amount of phenotypic variation among individuals will correspondingly change. At a low temperature, for example, there may be a modest degree of among-individual variation in movement speed while at a higher temperature there may be wider variation (Killen et al., 2013; Figure 3). This change in the degree of variation among-individuals within a social group could have consequences for group coordination, cohesion, or intra-group conflict (Jolles et al., 2020a). Changing environmental conditions and among-individual variation may therefore cause groups to split or merge, which in turn may impact the degree of phenotypic differences among groups. In particular, at environmental extremes, suitable habitats may become scarce, causing groups to merge and potentially homogenize. Importantly, changes in the amount of among-individual variation are fundamental in exposing traits to selective pressures in the social context (Farine et al., 2015).
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FIGURE 3. Change in among-individual variation along the environmental gradient. On the top panel the among-individual variation is highlighted at 2 different temperatures, when individual performance curves converge (temperature 1) or diverge (temperature 2). Each color refers to an individual within the same social group. Square boxes represent individuals used as a reference to show the amount of variation. Arrows show the amount of variation between individuals. In the bottom panels is shown an example of the consequences of among-individual variation in performance curves on social groups. Wider variation could lead to less cohesion, i.e., higher distances among individuals within the same group, here shown at temperature 2 compared to temperature 1.




Change in Within-Individual Variation

The effects of environmental conditions on variation among individuals may extend to physiological and behavioral flexibility within individuals. Depending on the environment, individuals may become more or less flexible in their behavioral expression. Physiological constraints at very low or high temperatures, for example, may limit the behavioral options available to individuals. At temperatures around their individual optimum, however, individuals should be less constrained and more able to express behavior based on moment-to-moment changes in their motivation (Jolles et al., 2020a; Figure 4). Changes in within-individual variation along performance curves could also have consequences for the ability of natural selection to act on that trait if there are changes in across- or within-context trait repeatability (Killen et al., 2016a).

[image: Figure 4]

FIGURE 4. Change in within-individual variation across an environmental gradient (e.g., temperature). The area below the performance curve indicates the variation in individual performance [(A), individual in yellow used as an example]. Differences in individual variation in performance trait at two different temperatures [1 and 2 (B)] can result in different behavioral capacity and expression. For example, at temperature 1 the yellow individual has only little variation in performance and its behavior is only expressed as low movement speed, while at temperature 2 (close to its optimum) the same individual has a higher variation of movement and can move up to very high speeds. Panel (B) reproduced from Jolles et al. (2020a).




Among-Individual Differences in Optimal Environments

Different individuals within a social group are likely to have different environmental conditions at which their individual performance is optimized (green and blue lines in Figure 5A). It is also possible that the environmental conditions selected by the individual (or the group as a whole) may have nothing to do with optimizing their performance within a social group. For example, a group may choose to occupy a given location based solely on the availability of food or some other resource. In that case, the environmental conditions present at that point in space and time will determine how close each individual is operating relative to their individually optimal conditions and maximum capacity (Figures 5A,B). While individuals may be able to acclimate to environmental conditions, differences in rate of acclimation could still lead to very different trait values among individuals within the same environment. One possible consequence is that individuals may fit into vastly different social niches depending on the physiological constraints they end up facing within the (local) environment of the social group.

[image: Figure 5]

FIGURE 5. (A) Among-individual differences in optimal environments vs. (B) equal optimal environment among individuals belonging the same social group. One of the consequences of among-individual differences in optimal environments is that individuals may fit into different social “niches,” each with a different behavioral capacity and expression, depending on the physiological constraints they end up facing within the group’s chosen environment (C). On the other hand, an similar optimal environments may lead to behavioral conformity among individuals (D).




Among-Individual Differences in Peak Performance Regardless of Environmental Optima

Even if measured at their optimum environmental conditions, individual group members will show different absolute peak levels of performance (orange and purple lines in Figure 6). Individuals are likely to try and take advantage of an increased performance potential and consequently influence their behavior and decision making within the context of the group. For example, an individual may choose to occupy a microhabitat within their group that brings that individual closer to its own peak performance capacity, or direct group movements to areas where that individual will derive an advantage due the local environmental conditions. For example, an individual that is relatively robust to variation in environmental oxygen availability (i.e., hypoxia; Killen et al., 2012b) could conceivably thrive socially in a moderately hypoxic environment if the competitive ability of its group-mates are reduced (although, the overall benefits of grouping for predator avoidance may decrease if overall group cohesion is impaired).

[image: Figure 6]

FIGURE 6. Among-individual differences in peak performance regardless of optima. In panel (A) individuals show variation in their absolute performance capacity across temperatures. In panel (B) individuals green and orange have a higher peak performance compared to the other individuals within the group, regardless of the optimal temperature for each. This elevated peak allows these two individuals to have a higher relative capacity for performance even if they are deviating from their own specific optimal temperature.




Among-Individual Differences in Performance Breadth and Critical Limits

Differences in performance curve shape may generate differences in the breadth over which individuals can function above particular thresholds of performance. For example, some individuals may be specialists (green individual in Figure 7A) and able to perform at a high level but only within a narrow environmental range, while others may be generalists (blue individual in Figure 7A) and able to perform over a wider range of environments but at a reduced absolute peak level of performance. The evidence for this trade-off between performance breadth and peak performance is however limited (Nati et al., 2016). There may also be among-individual differences in environmental tolerances of animals within a social group. Some individuals may simply be incapable of occupying the same environments as their conspecifics and even before this extreme point, have a sharper decline in performance (green and purple individual in Figure 7B). This variation in the breadth of environmental tolerance and critical thresholds for performance or survival should limit the habitats or environmental “options” available to groups with wide individual variation in such thresholds and may promote among-group assortment.

[image: Figure 7]

FIGURE 7. Among-individual differences in performance breadth and critical limits (A) and its consequences (B,C). Variation in the breadth and critical thresholds limit the options of habitats available for each individual and promote among-group assortment [e.g. (B,C)].





EFFECTS ON SOCIAL INTERACTIONS


Within-Group Competition and Conflict

Many social systems include dominance hierarchies, whereby individuals with greater resource holding potential have improved access to food, mates and/or other resources, and can often be found in locations within the group that reduce their risk of predation (Ward and Webster, 2016). Physiological traits are known to be important in the contests that establish dominance, as they correlate with competitive ability and also constrain the frequency, duration and intensity of contests, due to the build-up of lactic acid, for example, which limits anaerobic capacity (Briffa and Sneddon, 2007). A higher dominance status in contests has been shown to be associated with higher heart rate (Turbill et al., 2013), metabolic rate (Mccarthy, 2001), and aerobic scope (Killen et al., 2014). In turn, environmental variables can affect aggressive interactions via effects on physiology. For example, in cooler water, the cichlid fish Cichlasoma paranaense reduces aggressive interactions (Brandão et al., 2018), and the duration of fights between shore crabs (Carcinus maenas) is reduced in hypoxic conditions, associated with a greater accumulation of lactic acid during fights in hypoxia (Sneddon et al., 1998). Individuals experiencing cooler temperatures can compensate for reduced locomotor performance, however, through elevated aggression and be just as likely to win contests, as demonstrated in velvet geckos (Oedura lesueurii; Kondo and Downes, 2007).

Although these previous studies have shown that environmental variables can affect average levels of antagonistic interactions, variation in performance curves suggests that differences between individuals in resource holding potential and other forms of competitive ability (e.g., the ability to detect food sooner than others) is plastic, being dependent on the prevailing environmental conditions. This may mean, for example, that under some environmental conditions, individuals are more closely matched in fighting ability, which tends to result in more frequent, longer, and more intense contests (Schmitz and Baldassarre, 1992; Hack et al., 1997). Under other environmental conditions, differences in competitive ability between individuals may be magnified, resulting in clear winners, where contests are infrequent and easily won before they escalate. In cases where environmental changes over time are large enough to alter the rank order of physiological performance that determines dominance status, aggression may be more frequent and the dominance hierarchy less stable, which may explain changes in hierarchy stability with temperature (Kochhann et al., 2015). Changes in dominance may also be delayed or may not occur at all if there are carryover effects whereby a dominant individual is more likely to stay dominant (Hock and Huber, 2009), even if the environmental conditions become less favorable for its own phenotype. For example, established social rank can weaken the importance of physiological performance for competitive interactions in some species (Miln et al., 2021).

Even without dominance hierarchies and aggression, individuals within groups also consistently differ in their ability to exploit resources, such as food, during scramble competition (David et al., 2011). These individual differences can be explained by physiological processes that affect motivation for the resource, sensory perception of the resource and locomotory performance to acquire the resource before competitors (Miln et al., 2021). Differences among individuals in physiological performance curves will affect how resources are distributed within groups depending on the current environmental conditions. In environments where the variability in physiological performance of individuals is reduced, the distribution of resources to individuals will be more even, and the opposite effect is expected when environmental conditions magnify inter-individual variation within groups in physiological performance. If environmental conditions are varying at an appropriate scale over time, changes in the physiological performance rank of individuals may mean that average levels of resource use over time are more similar within the group than at any single time point. It is worth noting that under natural conditions, the availability of some resources is also dependent on environmental conditions. For example, scramble competition increases in colobus monkeys (Colobus vellerosus) within groups during the wet season when preferred foods are scarce (Teichroeb and Sicotte, 2018). Thus, the abundance of a resource over an environmental gradient must be considered alongside the physiological performances over that gradient. If, for example, the variability between individuals in performance during scramble competition is greatest when resources are highly abundant and not limiting, we may not expect to see a relationship between food intake and physiological performance, which may instead be seen when variability between individuals is reduced, but resources are highly limited.

In groups without clear dominance hierarchies, more subtle forms of conflict can occur without obvious aggression or scramble competition. Groups often make decisions regarding when, where and how to move, which requires coordination to maintain cohesion of the group. Multiple sources of variation between individuals within groups, whether short-term and transient (Kerth et al., 2006) or long-term and consistent (Bevan et al., 2018), have the potential to result in conflict over these collective decisions that require consensus (Conradt, 2012). In contexts such as when behaviors should be performed, compromise can be reached; in others where behavioral decisions are mutually exclusive, such as where to travel to, compromise is not possible (Wade et al., 2020). In this latter case, the ‘consensus costs’ paid by individuals who do not get their preferred outcome should, on average, be higher than when compromise is possible (Conradt and Roper, 2009). If such consensus costs are too high relative to the benefit of remaining with the group, groups can split (Ioannou et al., 2015). As the extent of variation between individuals often determines the extent of conflicting preferences within groups, variation in physiological performance curves would mean that the degree of conflicting preferences will be sensitive to environmental conditions. When environmental conditions result in reduced variation between individuals in physiological performance, preferences should be similar and this reduced within-group conflict should result in fast decisions and more cohesive, coordinated groups. In contrast, if greater physiological differences result in conflicting preferences, decisions are predicted to be slower, and the group may change their decision more frequently or even split. For example, the speed of travel of a group can be determined by the physiological performance of the group members, and a consensus decision on that speed will be easier when preferred speeds, based on physiological performance capacities, are similar (Sankey et al., 2019). A potential outcome is that groups may be quicker to make consensus decisions in relatively harsh or extreme environments when performance capacity is limited or among-individual variation is constrained.



Social Niches and Social Conformity

While performance curves typically represent the maximum capacity that an individual has for a given physiological performance metric, individuals do not always opt to perform at their maximum capacity. This is partly because individuals within groups may need to coordinate behavior by either conforming to the group average or matching the behavior of a particularly influential individual (Brown and Irving, 2014; McCune et al., 2018). Alternatively, competition within groups can cause initial individual heterogeneity among group members to become amplified over time due to character displacement (the “social niche hypothesis”; Bergmüller and Taborsky, 2010; Montiglio et al., 2013, Jolles et al., 2020a). Previous research has attempted to determine whether conformity or the social niche hypothesis is a larger driver of behavior within social groups (Munson et al., 2021), however, changes in the environmental context can either constrain or expose phenotypic variation such that behavioral conformity or differentiation within a group is more or less possible in different environments. For example, behaviors may appear to conform if interindividual variation in performance curves is low and there are limited differences in potential performance. Alternatively, social niche formation should be optimized in environments where the differences in performance curves are the highest because there are the greatest initial differences in individual capacity for behavior.

Social dynamics may influence behavior to such an extent that individuals do not perform at their optimum across environmental contexts via behavioral conformity and the formation of social niches. This could have important feedbacks on differences in responses to changing environments despite individual performance curves. Even as the environment changes, individuals may be constrained by social dynamics to behaving similarly (or dissimilarly) from other group members, the predicted changes in performance based on individual performance curves may not be evident. For example, if fish conform to slower individuals in a group that also do not change as rapidly in their swim speed in response to changes in the environment, then the whole group will be limited in how much they respond to changes in the environment. Similarly, behavioral conformity and social niche formation should limit acclimation to environmental change within an individual. Even if an individual’s potential performance in one environmental context changes over time, they may not change their behavior if they are constrained to behaving similarly (or dissimilarly) from group members. Experiments that test performance curves for individuals alone and in groups would help to elucidate the influence of the group on individual performance across changing environments.



Among and Within-Group Assortment

Animal groups are generally not randomly composed in nature, with individuals tending to assort according to various characteristics including body size, sex, age, or morphology (Krause et al., 2000; Jolles et al., 2020a). Animals both assort at the among-group level, with different phenotypes occurring in different groups, and the within-group level, with individuals occupying different spatial locations according to their phenotype and/or non-randomly interacting with similar individuals within the group. Furthermore, animals assort both actively, with individuals selecting which individuals they associate with, or passively, with individuals exhibiting spatiotemporal overlap due to shared habitat selection or attraction to a resource (Killen et al., 2017b). The potential influence of individual metabolic traits and locomotor capacity on among- and within-group assortment have been discussed in depth elsewhere (Killen et al., 2017b), sometimes in relation to sex-based differences in physiology and associated locomotor capacity and habitat preferences (Conradt and Roper, 2000; Ruckstuhl and Neuhaus, 2006), but there are a range of circumstances where the performance curves in particular could play an important role in these processes.

As environmental conditions change, differences in individual performance curves could lead to an increase or decrease in within-group variation in performance capacity. For example, environmental conditions may increase group movement speed and thereby lead to more within-group spatial assortment, such as slower individuals occupying posterior positions within the group. This has been observed in fish schools, in which the flow of water increasingly leads to individuals with lower aerobic scope to occupy positions in the back of the group (Killen et al., 2012a). Such effects could be further amplified or reduced depending on interactions among multiple environmental factors, such as that faster flowing water may carry more oxygen, which may thereby partly reduce assortment effects caused by the increased water flow rate. In contrast, an increase in water temperature may generate increased variation in locomotor capacity among group members and thereby enhance such assortment effects. In environments that produce greater amounts of variation among individuals within groups, groups may even split according to performance capacity, essentially leading to among-group assortment based on individual sensitivities to a particular environmental variable.

Among individual differences in environmental optima, tolerance breadths, or habitat preferences may also cause among-group assortment. For example, individual sensitivity to hypoxia stemming from performance curves may dictate which individuals occupy specific habitats or depths in aquatic environments (Joyce et al., 2016), and thus which conspecifics are available for them to interact with socially. Differences in energy requirements due to performance curves may also cause individuals to select different habitats and therefore spatially segregate (Michelangeli et al., 2018). Among-individual variation in changes in maintenance or active metabolism at different temperatures could cause individuals with a lower energy demand to select safer habitats, even if it means less access to food. Individuals with steeper increase in energy demand in response to temperature, however, may choose riskier habitats if it grants them increased access to food, and thereby group with individuals with a similar physiological and behavioral phenotype.



Leader/Follower Dynamics

Choices in social group behavior (e.g., movement or a feeding event) can be reached by egalitarianism where all individuals reach consensus, or can be initiated by one or few individuals (i.e., leaders; Conradt and Roper, 2009). Leaders are only successful if followed by other group members, instigated voluntarily or as a result of hierarchical influence or dominance. Leaders in these groups often have better access to resources and make decisions for the group which may be at cost to others (King et al., 2008; although see McComb et al., 2001). In self-organized moving groups, leadership has been shown to propagate from the front of the group (Bumann and Krause, 1993; Nagy et al., 2010). Front positions are thought to be occupied by individuals who have more information about the surrounding environment or a greater need for resources and motivation to locate preferable environments (Ioannou et al., 2015), therefore leadership can depend on resource requirements linked to body size and sex (Fischhoff et al., 2007; Bierbach et al., 2020). The group members that successfully lead others and achieve their preferred outcome may be those with the highest physiological performance, for example those with the greatest aerobic capacity (Killen et al., 2012a) who can sustain more energetically-demanding positions or be better able to escape from attacks by predators, both costs of leadership associated with being at the front of moving groups (Ioannou et al., 2019). The ability to lead through spatial position or behavioral signaling could thus be constrained by physiological capacity, governed by an individual’s performance curve. However, the optimal leader may differ across environmental conditions. For example, it has been proposed that under benign conditions, individuals with the lowest metabolic rate and aerobic scope may become leaders as a way for the group to maintain high levels of cohesion, whereas under environmental stress individuals with a higher performance capacity take on leadership roles (Ward et al., 2018).

What is particularly interesting when considering group movement and physiological performance curves is that group movement may result in substantial changes to the environment that individuals experience. Those with greater influence on group movement may lead the group to locations with environmental conditions that improves (either absolutely or relatively to others in the group) their physiological performance, which may reinforce their position as leader. On the other hand, leaders’ preferred locations may be driven by factors other than their physiological performance, and due to inter-individual variation in physiological performance curves, a changed environment may shift which individual is most physiologically capable to lead subsequent group decisions. If groups are moving between locations which vary considerably in environmental parameters, individuals with narrower environmental tolerances may have the greatest motivation to lead, as they are likely to experience greater consensus costs if collective decisions take the group into locations of unpreferred environmental conditions. Additionally, other group members with wider tolerances may be less affected by environmental conditions, and may have less motivation to lead the group, despite potentially having a higher peak performance in changing environments. As the group encounters a less optimal environmental gradient then a leader’s capacity to lead may decrease due to variation in environmental tolerance. Moreover, if individual capacity to lead changes with performance curves, individuals may be more influential in different environments and could cause a switch in leadership from one individual to another. Alternatively, multiple individuals with similar performance curves could have the capacity to lead when experiencing a change in environment, causing a disruption to hierarchy and may lead to group splitting if the cost to staying with a group is too large (Ioannou et al., 2015).



Collective Dynamics

Collective patterns, including the speed, alignment, synchronization, and movement tendency of animal groups, emerge via self-organizing mechanisms from the behavior and interactions of the individual group members (Couzin et al., 2002; Couzin and Krause, 2003, 2002). Hence, the phenotypic composition of groups, including the average behavior of and heterogeneity among group members, and its change over time, may strongly impact on collective dynamics (del Mar Delgado et al., 2018; Jolles et al., 2020a). Furthermore, changes in individual behavior and the interactions among grouping individuals in response to their environment coincides with changes in group-level patterns (Schaerf et al., 2017). Both the movement speed and social responsiveness of individuals are strongly linked to a range of physiological characteristics that may change depending on the environment, and thereby impact collective dynamics. For example, at higher temperatures, ectothermic animals may have less aerobic scope available, reducing their optimal and preferred movement speed and in turn result in slower, but potentially more cohesive groups. Alternatively, temperatures colder than optimal may also increase cohesion if overall activity is reduced via effects on individual performance curves (Bartolini et al., 2015). Similarly, changes in oxygen availability may differently impact the muscular functioning of individuals and, by changes in movement speed, impact collective dynamics.

Importantly, if individuals are far from their performance optimum, this could negatively impact their social responsiveness as they may be less able to and/or motivated to cognitively focus on their group mates. If environmental conditions push groups further from their physiological optima, this could then result in less synchronized groups and potentially cause groups to break apart. In a similar way, differences in metabolic requirements may, across changing resource availability in the environment, cause relative changes in individuals’ focus on goal-oriented vs. socially-oriented movements (i.e., motivation to stay together) and thereby impact the cohesion, speed, and alignment of groups. In many cases, social responsiveness is affected by sensory input, such as the extent to which individuals can see each other, and conditions such as increased water turbidity or habitat complexity will require individuals to slow down and be more socially responsive to not break social contact. This in turn may actually provide more scope for individuals with different physiological optima or different breadths of performance curves to stay together. Finally, the limits of group members’ physiological performance curves (or environmental tolerances) will determine how well they will be able to stay together and move across increasingly extreme conditions, as individuals may simply differ in the upper limits they can survive, such as in refuge pools of streams during extreme droughts.




EFFECTS ON THE COSTS AND BENEFITS OF GROUPING


Social Foraging

Individuals in groups can benefit by increased access to food sources and the potential to exploit food resources discovered by others, but grouping can also result in competition (Ranta et al., 1993). As discussed earlier when considering within-group conflict, differences in physiological performance can allow some individuals to have disproportionately greater access to food. When physiological performance curves differ between individuals, the variability in how food is distributed between individuals should be driven by variation in physiological performance under the current environmental conditions. This could favor less competitively able individuals to actively leave groups, and the reduction in group size to potentially impact foraging efficiency and anti-predator benefits experienced by those group members that remain (Krause and Ruxton, 2002).

Predicting the role of physiological performance curves on social foraging may be dependent on the feedback between individuals’ physiological performance and changes in physiological state that occur during foraging. If the intake of food and time to satiation differs between individuals (Gifford et al., 2014; MacGregor et al., 2021), which could be determined by differences in physiological performance in the current environment, there may be conflict in the optimal time to stop foraging at that patch. If those with higher physiological performance have both faster food intake and greater influence over group decisions, then other individuals in the group will be less likely to forage for an adequate duration. This may act as a positive feedback which magnifies differences in physiological performance between individuals over the longer term. Because of variation in physiological performance curves, such a feedback would however be suppressed if foraging occurs under variable environmental conditions, favoring food intake of different individuals at different times.

The metabolic cost of digestion (Norin and Clark, 2017), which can impact physiological traits such as locomotion (Dupont-Prinet et al., 2009), may alter the spatial distribution of individuals within groups and their behavior during social foraging. For example, in common minnows (Phoxinus phoxinus) there are consistent among-individual differences in the time spent at the front of a shoal, with some fish spending more time in front than others and individuals in front tending to ingest most food items (McLean et al., 2018). After feeding however, individuals at the front move toward the back of the shoal, as a result of the reduction in aerobic metabolic scope available due to digestion (McLean et al., 2018). Satiated individuals may also reduce foraging and increase anti-predator vigilance to the benefit of others in the group (Arbon et al., 2020), dampening differences between individuals in food intake. Thus, both changing environmental conditions and inter-individual variation in physiological performance curves have potential to disrupt positive and negative feedback and thereby result in either a reduction or strengthening of inter-individual variation in food intake.

Feedbacks among physiological performance, environmental conditions and social behavior can be informed by recent research exploring how individual differences based on state can drive behavior, and how behavior can in turn drive differences in state (i.e., state-behavior feedbacks; Sih et al., 2015). Experimental tests with sticklebacks (Gasterosteus aculeatus) support the existence of feedbacks between risk-taking behavior and satiation, but even in this relatively simple case, these studies show that these feedbacks are unpredictable, without strong evidence in favor of negative or positive feedbacks (MacGregor et al., 2021). This suggests that integrating feedbacks into the interaction between physiological performance curves and social foraging will be challenging. Simulation modelling based on assumptions and parameters that are empirically determined may thus be an essential tool in this endeavor.

While there is strong evidence that group living improves rates of finding and exploiting food sources (Cvikel et al., 2015; Ioannou, 2017), if an individual’s success during collective foraging is related to their physiological performance, then performance these curves are likely to impact group-level performance when groups foraging in different environments or microhabitats. If groups are reliant on a small proportion of individuals to lead, for example those with information regarding the presence and location of food (Ioannou et al., 2015), and the ability of these individuals to lead is positively associated with their physiological (e.g., locomotory) performance, group foraging success will be greatest when environmental conditions are optimal for leading individuals. In contrast, if foraging is dependent on pooling information from many individuals in the group, such as in many eusocial insect colonies (Detrain and Deneubourg, 2009), then environmental conditions which favor the greatest average physiological performance may maximize foraging success. The environmental conditions that optimize group performance in foraging may thus be dependent on whether influence on foraging performance is distributed between many individuals or a few.



Predator Avoidance

Reduced predation risk has been proposed as one of the main drivers for why most animals live in social groups (Krause and Ruxton, 2002). Importantly, the environmental context may alter predation risk for grouping animals, both by affecting predator behavior (Grigaltchik et al., 2012) as well as effects on group behavior. For example, if in a particular environment, phenotypic variance is high due to among-individual variation in performance curves, this may result in less cohesive groups, potentially reducing the anti-predator benefits for those individuals (Sogard and Olla, 1997). Groups that are more cohesive with less phenotypic variance benefit from the confusion effect whereby visual predators have reduced targeting accuracy when prey are phenotypically homogenous (Jeschke and Tollrian, 2007). Because of this, phenotypically different individuals can experience increased risk of predation relative to their group mates (the oddity effect; Theodorakis, 1989). As individual behavior and group composition are important aspects of predator avoidance (Farine et al., 2015; Blake et al., 2018), this suggests that not only should groups differ in their anti-predator success across environments as performance curves converge and diverge, but that individuals may prefer different groups as environments change. Different individuals are affected by the oddity effect to different extents (Rodgers et al., 2015). For example, an individual with particularly high-performance capacity in a given environment may be less susceptible to predation than an individual who has a low performance capacity relative to its groupmates, especially if these differences in physiological capacity manifest in behavioral differences (e.g., activity level) that make them more of less obvious to predators. Thus, as environments change, there may be differences in group membership, as individuals opt to forego or receive the full anti-predator benefits of being in a group. Additionally, there may be important ramifications on group level success if group predator avoidance is influenced by a leader, and if the identity or influence of a leader changes across an environmental gradient due to variation in performance curves.



Social Learning and the Spread of Information

Many animals rely on social learning as a shortcut for behaviors linked to predation avoidance, migration, foraging, and reproduction (Brown and Laland, 2003; Mueller et al., 2013). The efficiency and benefits of social learning may change across an environmental gradient because of changes in the transmission of information from demonstrators, and perception and processing of information from learners. Information is mainly transmitted via sensory signals (cues), perceived, and transduced via sensory organs and processed via neurological pathways. Variation in the transmission, perception and processing of information may arise from alteration of the sensory signals themselves, which may be disrupted directly by changes in the environment, such as acoustic cues masked by human noise pollution (Radford et al., 2014), or visual cues reduced by increased water turbidity (Nieman and Gray, 2019). Physiological changes across environments can also impact the perception and processing of cues, as well as indirectly by changes in group cohesion and coordination, which will influence how well information will spread within groups (MacGregor et al., 2020).

Although in extreme environments sensory organs may even be directly damaged, less dramatic changes may occur in response to environmental changes that lead to physiological effects and impact individual signaling and perception. An example is hormonal disruptions such as modification of melatonin rhythms in birds with variation in night lighting (Dominoni et al., 2020). Neural transmission, brain functioning, and cognition may also vary across an environmental gradient with impacts on social learning capacities. A well-known example is honey bees exposed to pesticides, which have reduced brain functioning (Klein et al., 2017) that may translate into a weaker ability to learn how to localize food from waggle dances (von Frisch, 1967). As with the development of social niches and leader and follower behaviors, greater within-group variation in individuals’ physiological performance should favor more distinct demonstrator and learner roles, which can result in conflict over preferred group dynamics (MacGregor et al., 2020). Furthermore, variation in rank order across environments, such as a change in rank order of performance capacity at higher temperature (Figure 2), may result in a change in which individuals are demonstrators and which are learners. If relative changes in physiological performance and preferences promote a less stable group composition, reduced familiarity with the demonstrator and other individuals belonging to the group may affect the social transmission of information (Hasenjager and Dugatkin, 2017; Barrett et al., 2019).

Group-level behaviors and dynamics are likely to vary across environments (e.g., increased water temperature and hypoxia may decrease group cohesion in aquatic ectotherms), which can strongly affect how social information is transmitted (e.g., visual information, MacGregor et al., 2020). Any changes in group cohesion could in turn alter the potential for information transfer among groupmates due to changes in spatial distances among individuals and their ability to give and receive social cues (Pineda et al., 2020). In addition, the extent that individuals use social learning can be dependent on group behavioral composition. For example, using network-based diffusion analysis it has been found that, in guppies, social learning rate is higher in both bold and risk averse individuals when they are part of groups dominated by risk-averse individuals or mixed groups and there is a bold demonstrator (Hasenjager et al., 2020). Across gradients of environmental variation, among- and within-individual differences in behavioral expression in relation to performance curves may therefore lead to variation in social learning. If, across such gradients, the risks and benefits associated with social learning change (e.g., different reliability and efficiency of the transmission and perception of information within groups), non-optimal environments may lead to changes in social learning (e.g., I’Anson Price et al., 2019).



Disease and Parasite Transfer

Disease transfer and parasite load can both be affected by the environmental context (Aeby and Santavy, 2006) and social behavior of animals (Hawley et al., 2011). Social behavior can increase risk of disease and parasite transfer between individuals (Ezenwa, 2004), especially when groups are more cohesive because of the closer proximity between individuals (Bull et al., 2012). This is detrimental because parasites can have both direct costs to infected individuals and indirect costs to group members (Granroth-Wilding et al., 2015). Indeed, avoidance of disease and parasite transfer has been proposed as one of the key factors keeping group sizes small in some species (Alexander, 1974; Huffman and Chapman, 2009; Patterson and Ruckstuhl, 2013), although “socially transferred” infection resistance can in certain cases improve immune abilities in group dwelling organisms (Traniello et al., 2002; Ugelvig and Cremer, 2007).

However, the relationship between social behavior and disease transfer may be influenced by individual differences in performance curves. For example, if group cohesion is altered due to changes in phenotypic variance in performance curves, rates of disease and parasite transfer could also change. Furthermore, if shifting environmental conditions affect optimal group membership due to altered physiological performance and individuals move between groups, this could increase disease transfer between groups. Previous work suggests that increased space use relates to parasite load (Boyer et al., 2010) and that this can be influenced by the environmental context (Spiegel et al., 2015). If environmental conditions change rapidly, this could cause decreased group stability and more rapid transfer of individuals (and their diseases) between groups as individuals spread out.

Additionally, infection may alter an individuals’ behavior such that it becomes less social. This could be for a variety of reasons including active avoidance by healthy individuals (Poirotte et al., 2017), a response to reduce disease transmission and increase inclusive fitness (Heinze and Walter, 2010), or manipulation by the infecting agent (Hughes et al., 2004). However, an apparent decrease in sociability could also occur because the physiological costs of disease make maintaining group membership challenging. Importantly, susceptibility to disease can change across environmental gradients, both because of differences in parasite performance curves (Sheets et al., 2021) and because of changes in the potential host’s immune function (Adamo and Lovett, 2011; Makrinos and Bowden, 2016). Further, differences in individual performance curves may mean that individuals are differentially susceptible to disease or parasite infection (Kurtz et al., 2000), which could relate to position within a social hierarchy or leader-follower dynamics (Larcombe et al., 2013; Snyder-Mackler et al., 2016). Different individuals may thus be more susceptible to disease or parasite transmission across an environmental gradient which could influence their social behavior and potentially group dynamics, particularly if susceptible individuals are leaders. Finally, impairments caused by diseases or parasites can reduce individual speed and mobility, which in turn may influence their ability and motivation to be social (Jolles et al., 2020c). There may therefore be synergistic effects on social behavior between disease or parasitic infection and other factors that affect locomotor performance, such as temperature or hypoxia.



Migrations and Range Expansions

Group movement occurs at different spatial and temporal scales. At small scales, within a population’s distribution, group movement is generally driven by organisms’ motivation and necessity to find resources or shelter. Such movements, from one resource patch to another or from one tree to the other for cover, often relies on social interactions where the presence of more experienced individuals or with knowledge for specific information such as the location of food resources can guide naïve individuals or transmit the information to the other group members (Mueller et al., 2013; Berdahl et al., 2018). At a larger scale, movements are associated with migration or range expansion (Cote et al., 2017) and social interactions still have a central role. Indeed social interactions can improve the accuracy of group navigation (Simons, 2004; Berdahl et al., 2018) and reduces energy expenditures (Herskin and Steffensen, 1998; Marras et al., 2015). However, despite numerous advantages there are also potential costs to individuals associated with group movement, including coordination (Nagy et al., 2010) and consensus costs (Conradt and Roper, 2009) such as adjustment of individual performance to match the group performance and individual differences in lower or upper limits of physiological performance across environmental gradients (Figures 1, 7). Therefore, as groups move across various spatial scales and environments, environmental effects on performance curves will continuously modulate group functioning and performance of individuals within the group.

One response of organisms to unsuitable environmental conditions is to relocate into more favorable habitats. However, relocation is strictly linked to movement behavior including group movement and to the ability to settle. If individual variation in performance curves affects group movement then reduced relocation opportunities may be expected under certain environments. For example, during drought, especially in mediterranean climates, parts of rivers dry up completely, requiring individuals from fish populations in those rivers to move to deeper safe refuges that do not dry up. In those conditions individual physiological and behavioral traits may be essential for group movement (see Box 1 for more details). However, not all individuals perform equally well in new environments and even if large scale movements occur, they may come at the cost of group re-arrangement.




EXPERIMENTAL APPROACHES

While gaining a better understanding of the relationships between performance curves and social behavior is critically important in a changing world, these are not easy relationships to decipher. Ideally, we need performance data for individuals tested repeatedly across an environmental gradient and then in groups across the same range. Acquiring detailed data to be able to construct individual performance curves requires many repeated measures of the same individuals across a range of conditions of the same environmental variable. Accurate and precise estimates of individual variation in a reaction norm require relatively large sample sizes and each individual tested multiple times (Martin et al., 2011; van de Pol, 2012; Allegue et al., 2017). Estimating performance curves can be even more sample intensive, particularly because the important variation is typically greater in estimating higher order parameters associated with curve shape than for those associated with offset or slope (Murren et al., 2014). To then consider the social axis as we discuss here, the number of individuals required for a study will be even larger.

Still, these studies are possible, particularly with the advent of automated techniques and low cost open source electronics (Jolles, 2021). Experiments with social groups that directly examine the influence of food availability and predator presence across environmental gradients may help address these issues, as will validation of detailed patterns seen in lab studies with less granular studies done in wild populations. Emerging technologies that allow high-resolution tracking of animals in the wild (Guzzo et al., 2018), combined with transmitters or loggers that acquire physiological data (e.g., heart rate; Williams et al., 2021) across habitats and environments will be particularly useful for allowing researchers to examine these questions. The general approach begins with measuring the same individuals repeatedly for a physiological trait and their behavior (e.g., locomotor capacity, temperature preference, spatial position) across a range of conditions (e.g., temperature, oxygen availability, turbidity) to construct individual performance curves. It is important to consider that, due to the large number of measurements required, not all traits can be easily investigated, especially those that are relatively invasive such as those relating to tissues or organ level physiological performance. Notedly, because lab studies often test animals when they are otherwise at relatively benign conditions, there have been recent calls to improve ecological relevance by confirming laboratory studies of performance curves with field data (Childress and Letcher, 2017). This may be particularly important when seeking to understand group behavior, the patterns of which are often the result of trade-offs between individual foraging needs and the benefits of groups for predator protection.

After repeatedly measuring individual performance curves in isolation, animals should be assigned to groups. The method for group assignment should be considered carefully depending on the exact question being asked. For example, if researchers are interested in how performance in a given environmental context affects group assortment, animals should be allowed to assort themselves. However, if the question relates more to how groups manage performance of different individuals as conditions change, group assignment can be done by the experimenter. This also requires careful consideration such as whether to optimize the performance of all individuals, the performance of the group as a whole or the differences between individuals.

Additionally, experimenters will need to decide whether they are going to measure the performance of a few focal individuals or all individuals in the social groupings. Due to the time and work involved in collecting performance curves on each additional animal, this is a serious consideration. While measuring every individual in a group provides more information, it can functionally limit the number of groups that can reasonably be measured. Whether fewer individuals per group can be measured depends on the exact question being asked. Importantly, even if the ultimate question relates to individual performance, it may be important to construct performance curves for all individuals in a group if the question focuses on how the individual relates to group performance and whether the important metric is average group performance or individual rank. While this type of experiment can be time intensive, without a better understanding of how individual performance curves influence social behavior traits and group performance, we will be unable to adequately predict how animal groups respond to changing environmental conditions.


BOX 1 | Methodological Case Study: Using performance curves and social dynamics to understand how fish deal with droughts

Many freshwater ecosystems are characterized by natural seasonal fluctuations of their water cycle, including droughts and floods (Lennox et al., 2019). Despite being an integral part of the ecosystem, droughts have strong impacts on fish and other aquatic biota by increases in water temperature, deoxygenation, and reducing habitat availability and connectivity by reductions in water flow (Magoulick and Kobza, 2003; Mas-Martí et al., 2010). In fluvial systems in particular, severe droughts can result in complete sections of rivers to dry up, confining fish to few refugia with very extreme abiotic conditions, intense competition, and high predation risk (Magoulick and Kobza, 2003). Physiological performance curves are likely to directly affect how individual fish cope with these strong environmental changes, but also indirectly through various social effects, whereby the responses and capabilities of individual animals to drought may be compromised or enhanced, influenced by the phenotypic composition of groups (see main text; Killen et al., 2017b; Jolles et al., 2020a). For example, fish more sensitive to temperature increases may be the first to leave areas that may dry up later and thereby could act as leaders that “rescue” individuals with broader performance curves and correspondingly wider thermal tolerances. It is also possible that, in pools with low oxygen availability and warm water, competitive interactions change considerably relative to non-drought conditions, putting individuals with narrower performance curves (e.g., in terms of aerobic scope) at risk.

To better understand the above types of scenarios in terms of how fish may deal with the severe effects of droughts, we first need to understand how individual fish cope with changes in their environment related to drought at both the behavioral and physiologic levels. To start, one could decide to focus on hypoxia linked to drought and determine the physiological performance curves in terms of metabolic capacity and activity change across decreasing levels of dissolved oxygen the water. To do this, a replicated setup of 16 respirometry chambers could be used to measure the standard metabolic rate (SMR) and aerobic scope (AS) of fish during acute exposure to various levels of oxygen availability observed in the wild, e.g., 100, 75, 50, and 25% air saturation. Fish would be tested in a random order in terms of oxygen treatment to avoid temporal effects, and could be tested on alternative days such that two batches could be run on following days. In that way it would be possible to test 32 fish on all four treatment levels in approximately 8days.

Physiological experiments could be complemented with automated behavioral experiments to determine how fish behaviorally respond to different levels of oxygenation, particularly spontaneous activity, air-breathing, and potential escape (longer directed movement) behavior. For this, fish could be tested individually in arenas, filled with water at a specific oxygen level and containing rocks and partitions to provide structure. A system of replicated setups could be used with automated recording (e.g., pirecorder) and tracking of the fishes’ movements, such that all 32 fish could be tested on one treatment level per day (randomized).

After acquiring the individual measures, fish could be tested for social behavior in larger arenas in small groups of different compositions in terms of their physiological performance. A range of different questions could be investigated, each requiring a different type of homo- and heterogenization. To start, one could focus on understanding the effects of individuals’ breadth of performance curve in terms of metabolic phenotype on competitiveness in a social foraging scenario. Thereby groups, such as with a group size of 6 fish, could be composed of individuals with small and large performance breadths and exposed to an open arena with hidden foraging patches and repeatedly tested across the four oxygen treatment levels. Manual video observations will help determine the cumulative food intake of the individual fish with automated tracking linking this to changes in the individual movement and social interaction rules (see, e.g., Jolles et al., 2017; MacGregor et al., 2020). Additional experiments could be performed in which social trials are run at differing levels of hypoxia such that among-individual variation in performance capacity and behavior could be manipulated according to each individual’s performance curves, and the resulting effects on social behavior observed.

With careful planning of the physiological and behavioral measurements, while properly accounting for acclimatization and randomizing for order and treatment effects, it should be feasible, following the above, to get a sample size of 96 fish tested within 8weeks. In the foraging experiment described above, the dataset would have 384 unique individual scores in terms of SMR, AS, individual activity, and social activity to determine individual physiological performance curves and heterogeneity therein as well as the effects of this heterogeneity on group functioning in terms of social foraging (at the baseline foraging condition, presumably at normoxia). Note that this experimental design only considers acute exposures to the various levels of oxygen availability. A study could also start with fish acclimated (for at least 2weeks) to the various hypoxia treatments, but this would obviously increase the amount of time needed for the project if individual performance curves are to be constructed after acclimation and subsequent testing at each condition.





CONCLUDING REMARKS

It is becoming increasingly clear that: (1) animal social behavior is linked with the physiological performance capacity of individuals; and (2) physiological performance is strongly influenced by environmental factors. Accordingly, it is apparent that a research approach that involves estimation of performance curves is required to fully understand how environmental factors influence social behavior. Conversely, the measurement of performance curves has been a central feature of the study of comparative physiology and ecophysiology during the last several decades, but in virtually all cases has only been applied to individual animals and devoid of any social context. As individual heterogeneity within groups is a known driver of leadership, conflict, cohesion and coordination, environmental effects on phenotypic variation should ultimately influence behaviors at the group level. As wild animals are being exposed to increasing environmental changes, an integration of physiological performance curves with the measurement of social behavior will be key for understanding how such changes affect group living and associated ecological phenomena. We therefore encourage increased collaboration among ecophysiologists and researchers that investigate animal social behavior to achieve a more complete understanding of how species will respond to environmental change.
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This review serves as an introduction to a special issue of Frontiers in Physiology, focused on the importance of physiological performance curves across phylogenetic and functional boundaries. Biologists have used performance curves to describe the effects of changing environmental conditions on animal physiology since the late 1800s (at least). Animal physiologists have studied performance curves extensively over the past decades, and there is a good foundation to understanding how the environment affects physiological functions of individuals. Our goal here was to build upon this research and address outstanding questions regarding the mutability and applicability of performance curves across taxonomic groups and levels of biological organization. Performance curves are not fixed at a taxonomic, population, or individual level – rather they are dynamic and can shift in response to evolutionary pressures (e.g., selection) and epigenetic programming (e.g., plasticity). The mechanisms underlying these shifts are being increasingly used to predict the efficacy with which plasticity and heritability of performance curves can render individuals and populations less vulnerable to climate change. Individual differences in physiological performance curves (and plasticity of performance curves) can also have cascading effects at higher levels of biological organization. For instance, individual physiology likely influences group behaviors in non-additive ways. There is a need therefore to extend the concept of performance curves to social interactions and sociality. Collectively, this special issue emphasizes the power of how within- and between-individual shifts in performance curves might scale up to the population-, species-, and community-level dynamics that inform conservation management strategies.
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INTRODUCTION

Physiological performance curves describe changes in physiological rates with respect to an environmental gradient. The y-axis can represent any level of physiological performance, from single-molecule (e.g., enzyme kinetics) to whole-animal measures (e.g., locomotion, metabolic rate, and reproductive output). Similarly, the x-axis can describe a wide range of environmental gradients, including those associated with abiotic (e.g., temperature, salinity, and oxygen-concentration) and biotic factors (e.g., infection, competition, and predation). The shapes of physiological performance curves thereby describe physiological rates as a function of the acute environment. The precise shapes can vary within and between taxonomic and functional boundaries. Determining the mechanisms that drive these changes is important for understanding the diverse strategies and limitations that shape animal responses to their environments.

A comparative approach has been particularly powerful to help trace the cascading effects of environmental change across levels of biological organization. Reductionist approaches focusing on single-enzyme thermal performance curves, for instance, indicate that breakdowns in animal performance at high temperatures cannot simply be ascribed to protein denaturation, as was once thought. Rather, the shapes of these single-enzyme curves suggest that decreases in whole-animal performance likely reflect more nuanced shifts in enzyme microstates and activation energies (see Schulte, 2015). Thus, understanding how lower levels of performance change across environmental gradients can signal important consequences for emergent traits at higher levels of organization. Thermal sensitivity of heart rate scope, for instance, can indicate whole-animal and population-level performance, such as migration success in Pacific salmon (Eliason et al., 2011).

In an even broader sense, a comparative approach has also helped identify the adaptive and plastic (i.e., developmental plasticity and reversible acclimation) responses that animals use to overcome environmental variability. By comparing performance curves between populations and species, for instance, differences in shape can point to adaptations that promote fitness in local environments. Comparing how performance curves shift as a function of the environment within individuals and populations, on the other hand, can indicate whether plasticity allows animals to defend performance against environmental change. These comparative approaches can also help to assess tradeoffs associated with specific physiological strategies.

In this Special Issue, we focus on molecular and physiological mechanisms underlying performance curves and how performance curves may shift in response to an environmental change, by both genetic and epigenetic mechanisms. Responses to the environment are likely to differ between phylogenetic groups, and we are particularly interested in differences between ectotherms and endotherms. Along these lines, we also aim to extend the concept of performance curves from individuals to groups of animals to ask how the physiology of performance curves of individuals can impact emergent properties, like social behavior.


History of Physiological Performance Curves

In the simplest terms, physiological performance curves effectively represent dose-response relationships – an increasing “dose” of some environmental factor alters the response of a physiological system. Many ancient societies clearly recognized the phenomenon of dose-dependence. Ancient Greeks, for instance, recognized that wine in excess would dull the senses (e.g., Homer’s Odyssey; Papakonstantinou, 2009), and herbal remedies in Ancient China were recommended to be doubled daily, then increased 10-fold if a cure was not yet achieved (Waddell, 2010). It was Paraclesus (c. 16th century), however, who synthesized our modern appreciation for dose-response relationships by stating that “all things are poison, and nothing is without poison; the dosage alone makes it so a thing is not a poison” (see Waddell, 2010 for review). Paraclesus was originally generous in his definition of a poison, even including compounds like oxygen and water. It is therefore little reach to extrapolate his model to include grades of other environmental factors, including temperature, UV-radiation, or even social stress.

Some of the first ecologically focused physiological performance curves came in the form of thermal performance curves in the late 19th century (Figure 1). Vernon (1894), for instance, plotted the thermal sensitivity of metabolism (as CO2-production) in a frog warmed from 2 to 32°C, then cooled back down to 2°C again the following day (Figure 1A). Martin (1903) plotted body temperatures of various animals as a function of ambient temperature to separate animals that thermoconformed (ectotherms) from those that thermoregulated (endotherms; Figure 1B). He subsequently plotted thermal performance curves for metabolic rate (CO2-production) between these various taxonomic groups to investigate the metabolic properties that correspond to these distinct evolutionary strategies (Figures 1C,D). Later, Snyder (1908) plotted terrapin and cat heart rates over a thermal gradient to investigate the basis of dynamic changes in their thermal sensitivities. This work was particularly novel in that Snyder compared the shapes of these curves with solubility curves for various physiological salts (e.g., Na2CO3; Figure 1E) in an attempt to identify the mechanisms that limit performance at high temperatures. While his hypothesis on “ion-proteid” interference was subsequently deemed incorrect, his approach may have been the first to compare such curves down levels of organization in search of a mechanistic explanation.

[image: Figure 1]

FIGURE 1. Thermal reaction norms as early examples of performance curves. CO2-production of a frog warmed from 2 to 32°C, then cooled back down to 2°C again the following day (A; reprinted from Vernon, 1894). Body temperatures of thermoregulators and thermoconformers respond differently to changes in ambient temperature (B; reprinted from Martin, 1903). CO2-production of thermoconformers (C) and thermoregulators (D) reveal that different metabolic properties underlie each evolutionary strategy (reprinted from Martin, 1903). Thermal sensitivities of heart rates for terrapin ventricle and a cat heart alongside thermal solubility curves for Na2HPO4, Na2SO4, Na2CO3, and Sr2(NO3)2 (E; adapted from Snyder, 1908).


Since these early experiments on thermal sensitivity, physiological performance curves have been used to describe animal responses to a wide array of environmental factors. These types of curves have been useful not only in understanding animal responses to environmental stress (i.e., conformers vs. regulators), but also understanding the physiological strategies and limitations that bound these responses. The critical oxygen tension (Pcrit), for instance, represents the lowest PO2 at which an oxyregulator can regulate some rate of metabolic oxygen consumption (MO2), below which it oxyconforms (Tang, 1933). Comparing inflection points in performance at lower (e.g., hemoglobin-binding) and higher (e.g., locomotion) levels of organization has garnered great insights for mechanisms contributing to oxyregulation (e.g., McBryan et al., 2013).



Performance: A Caveat

The concept of performance is to some degree subjective and does not necessarily correlate well with measures of fitness. During development, for instance, elevated resting metabolic rates (RMR) may promote higher fitness by implying increased rates of growth and development (Burton et al., 2011). In other cases, however, increased RMRs may reflect lower fitness as a consequence of reductions in aerobic scope (the oxygen use available for fitness-related activities; see McKenzie, 2011 for review). It is therefore important to consider specific contexts when assigning meaning to measures of performance. The disconnect between performance and fitness can be especially apparent when performance is measured at lower levels of biological organization, which are further removed from the emergent traits on which selection acts. An increase in the maximum activity of a single enzyme may mean very little unless it represents an important regulatory step in its broader biochemical pathway. Even seemingly direct links between lower-level processes and animal fitness can be obscured by tradeoffs within and between levels of organization. Such tradeoffs may mean that performance fails to track with fitness in intuitive ways. Thus, an important caveat is that high levels of performance at one level of organization do not necessarily translate to high levels of performance at another. It is also important to recognize that without empirical support, which is quite rare, it is very difficult to link measures of performance, even at the whole-animal level, with fitness outcomes in animal systems.




THE CURVES


Curve Shapes

Performance curves take a number of shapes that can vary greatly across environmental and physiological contexts (Figure 2). The inverted U-shape arguably represents the most common shape for a physiological performance curve, where performance is maximized at some intermediate environmental state and decreases as the environment changes in either direction. Thermodynamic effects on enzymatic rate processes, for instance, mean that catalytic activity is often optimized at some temperature that may be reflective of local environmental conditions. Cooler temperatures reduce performance by limiting the free energy available for activation, whereas warm temperatures ultimately limit performance by shifting the distribution of active enzyme microstates and potentially raising activation energies (see Schulte, 2015). The shapes of these thermal performance curves also tend to be mirrored at higher levels of biological organization, like muscle function (e.g., Rall and Woledge, 1990), aerobic scope (see McKenzie, 2011 for review), and locomotor performance (e.g., Brett, 1967). Some curves, on the other hand, may appear to be more U-shaped. However, these curves tend to describe rates that are inversely proportional to performance. RMRs in marine osmoregulators, for instance, tend to be lowest in isosmotic conditions and increase as salinity changes in either direction. While the subsequent curve is invariably U-shaped, rising RMRs reflect metabolic costs of osmoregulation, which ultimately act as loading factors on aerobic scope (e.g., Behrens et al., 2017). Increasing rates of reactive oxygen species (ROS) production at thermal extremes represent another example where increased rates are likely to correspond with decreased performance.
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FIGURE 2. Common shapes of physiological performance curves include U-shape, sigmoidal, logarithmic, exponential, and inverted U-shape.


Physiological performance curves can also be exponential, logarithmic, or sigmoidal in shape, although it may be important to restrict our discussion to ecologically relevant conditions. “All things are poison,” as Paraclesus stated, and performance will ultimately suffer when any variable exists in excess. Some physiological rates increase exponentially over environmental gradients. The thermal sensitivity of MR in ectotherms, for instance, often follows an exponential curve (see McKenzie, 2011 for review). Increases in free energy drive metabolic reactions forward with temperature coefficients (Q10) typically between two and three for biological systems. In other words, physiological reaction rates double to triple for every 10°C increase, and are halved or third for every 10°C decrease (Rogers, 1911). While RMRs ultimately tend to fail with extreme heat, ectotherms typically succumb to thermal stress first. Pcrit curves, on the other hand, tend to be logarithmic (e.g., Richards, 2011; Stoffels, 2015), where oxyregulators defend RMR over an impressive range of PO2 but ultimately conform to oxygen limitations at some critical PO2 threshold (Pcrit). Another common type of performance curve in physiology is dose-response curves that are classically sigmoidal in shape (Meddings et al., 1989; but see Calabrese and Baldwin, 1999). Here, increasing doses (i.e., treatment concentration or time) of a drug, toxin, or pollutant may alter performance exponentially across a threshold range, beyond which increases in dose have ever-decreasing effects on performance. Rats treated with methamphetamine, for instance, increase heart rate by approximately 60 beats per minute (bpm) as doses rise between 0.1 and 1mg/kg. Outside this range, however, increases or decreases in dose have diminishing effects on heart rate (Hassan et al., 2016).



Curve Shifts


Adaption

Performance curves that differ between populations (intraspecific) and species (interspecific) can reflect adaptive differences in environmental tolerance (e.g., Figures 3A–C). This is particularly true when populations are genetically distinct (i.e., minimal geneflow). Many field-based studies show compelling evidence for local adaption. However, without controlled common-garden experiments, local adaption is often difficult to disentangle from the potential effects of developmental plasticity. Likewise, it is often difficult to demonstrate that the trait in question is truly adaptive in animal systems (but see lizard running paper) or that the trait was actively selected for (rather than the consequence of bottleneck events or drift). Despite these distinct challenges, recent work across eight populations of marine snail (Urosalpinx cinerea) suggested that shifts in thermal performance curves for growth represented local adaptation to seasonal growth periods (Villeneuve et al., 2021). Specifically, high-latitude populations of snails had higher thermal optima, presumably to achieve large body sizes over a shorter seasonal growth window. Here, common-garden experiments suggest these patterns reflect an adaptive trait (as opposed to developmental plasticity) and insights into the underlying genetic diversity of similar gastropod populations indicate selection (as opposed to a founder event; Villeneuve et al., 2021).
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FIGURE 3. Performance curve shifts between and within populations. Performance curves for population 1 (A) and population 2 (B) are shifted (C), suggesting that each population is locally adapted (assuming common-garden conditions). Population 1 has low capacity for developmental plasticity (D), whereas population 2 has high capacity for developmental plasticity (E), which increases its potential performance breadth (F). Population 1 has low capacity for reversible acclimation regardless of the developmental environment (G). Population 2 has high capacity for reversible acclimation, but only when individuals develop in environment 2 (H). This relatively high capacity for reversible acclimation further increases the potential performance breadth of population 1 (I).




Developmental Plasticity

Performance curves that differ as a function of the developmental environment can reflect developmental plasticity (e.g., Figures 3D–F). Here, epigenetic modifiers regulate traits that are generally thought to be irreversible (but see Burggren, 2020) in response to early environmental cues. In this special issue, Rebolledo et al. (2021) show that planktonic survival of developing Australian tubeworms (Galeolaria caespitosa) is optimized to the temperatures experienced during embryogenesis. Specifically, there was a warmward skew in thermal survival curves with increasing embryonic temperature. Together, these findings demonstrate that specific aspects of the thermal performance curve (in this case thermal optima, but not thermal limits or thermal breadths) are shaped differently by developmental conditions.

Clonal organisms represent a particularly powerful tool for studies in developmental plasticity because genetic backgrounds are easily controlled. In this special issue, Laskowski et al. (2021) show that the clonal Amazon molly (Poecilia formosa) adjusts the thermal sensitivity of open-field swimming behavior, but not maximal swimming performance, as a function of developmental temperature. Interestingly, the authors find the opposite pattern in the closely related but sexually reproducing Atlantic molly (Poecilia mexicana), where performance curves for maximal swimming performance, but not open-field swimming behavior, shift as a factor of developmental temperature. This divergence between species suggests that genetic mechanisms are important in mediating the strength of epigenetic responses.

Developmental plasticity can itself represent an adaptive trait. That is, the capacity for developmental plasticity can vary between individuals and populations (e.g., Figures 3D,E). In theory, developmental plasticity is thought to be favored in variable environments where early developmental conditions can project future environments. In this special issue, Smith et al. (2021) found that populations of the grasshopper (Melanoplus boulderensis) from higher elevations have greater capacity for developmental plasticity in response to seasonal changes (thermal variability and photoperiod) in the environment. Here, shifts in thermal performance curves for hopping distance and feeding rates revealed that different populations (and sexes) responded to developmental changes in day-length and thermal variability in complex ways. Together this work suggests that the interaction between genotype (populations) and epigenetics (responses to the developmental environment) shape ecologically important responses.



Reversible Acclimation

Performance curves that shift temporally within individuals as a function of the environment can reflect acclimation (e.g., Figures 3G–I). While acclimation is a physiological remodeling that is reversible over time, most studies use population-level sampling (as opposed to an individual-level approach) to quantify mean acclimation responses. In other words, studies often acclimate different subsamples of individuals from the same population to different environmental conditions to compare means, as opposed to reversibly acclimating the same individuals (but see x). Often, logistics, life-histories, and the delopmental stages of a focal animal can make experimental designs that acclimate the same individual to multiple environmental conditions challenging if not impossible. In this special issue, for instance, Longhini et al. (2021) analyzed thermal performance curves for aerobic scope in tadpoles of the stream-breeding savanna tree frog (Bokermannohyla ibitiguara) to determine their capacity for reversible acclimation. Here, a within-individual approach would likely not be possible because temporal responses to the changing thermal environment would be confounded with developmental stage. While the authors found that thermal performance curves for aerobic scope shifted with acclimation temperature, the effect is likely to reflect a pathology of high acclimation temperature rather than a regulated compensatory response. That is, aerobic scope collapsed in tadpoles acclimated to the upper boundary of temperatures naturally experienced in their microhabitat (i.e., 25°C). Thus, not all curve shifts within and between individuals represent adaptive plastic responses – a comprehensive understanding of the performance parameter in question, the life history of the focal species, and the acute effects of the environmental input(s) used represent important points of interpretation.

An increasing body of work has also revealed that there can be substantial inter-individual variation in the capacity for acclimation; that is, some individuals have phenotypes that are particularly plastic, and others have phenotypes that are more fixed (e.g., x). While some of this variation is likely to be genetically determined, the capacity for reversible acclimation itself also appears to be a plastic trait that can be programmed in response to the developmental environment. An implication of individual variation in the capacity for acclimation is that mean acclimation responses cannot predict population responses to environmental change in meaningful ways. With a bet-hedging strategy, for instance, only a subsection of the population may persist under conditions that favor plastic over fixed phenotypes. In this special issue, Seebacher and Little (2021) collate published data from 608 mosquitofish (Gambusia holbrooki) that were each reversibly acclimated to both a cool and warm temperature to show that focusing on mean values can mask underlying variation and obscure bet-hedging dynamics – particularly when populations are undersampled. Further, by focusing on plasticity at an individual level, Seebacher and Little (2021) also investigate tradeoffs (and potential costs) associated with plasticity, including a tradeoff between plasticity and maximal performance.




Curves Beyond Boundaries


Reductionist Mechanisms

Shapes of performance curves across functional boundaries and levels of biological organization can be particularly useful to determine potential mechanisms underlying higher-level traits. In this special issue, Rollwitz and Jastroch (2021) used plate-based respirometry to investigate the mechanisms compromising oxygen consumption rates of zebrafish (Danio rerio) embryos at thermal extremes. Specifically, the authors used a targeted pharmacological approach to generate thermal reaction norms for mitochondrial (e.g., basal mitochondrial respiration, ATP-linked respiration, and coupling efficiency) and cardiac (heart rate) performance in embryos pre-exposed to a range of five temperatures. Collectively, their work demonstrates that comparing performance curves down levels of biological organization can help elucidate mechanisms driving whole-animal responses. A note of particular interest is that the mechanisms that modulate mitochondrial performance with changing temperatures are non-linear – mitochondrial oxygen consumption is constrained by reduced rates of ATP production at low temperatures and amplified by increasing rates of proton leak at high temperatures.



Emergent Properties

In the same way performance curves can help uncover mechanisms underlying physiological responses to the environment, they can also be used to make predictions about emergent properties of a system at higher levels of organization. In this special issue, Killen et al. (2021) explore how within- and between-individual variation in physiological performance curves can shape social behavior, and higher order interactions like collective movement, disease and parasite transfer, and predator-prey relationships. Specifically, Killen et al. (2021) use thermal performance curves to model how differences in individual responses to temperature (e.g., the rank order of performance capacity as temperatures change) can impact group dynamics. Their work is comprehensive in the sense that they consider how the different parameters that comprise the thermal performance curve (i.e., peak performance, optimal performance, performance breadth, and critical limits) may shift between individuals as environments change. This type of approach is particularly important to link changes in abiotic stressors, which typically act at the molecular-, cell-, or tissue-level, with their environmental, economic, and cultural impacts, which are typically assessed at population-, community-, and ecosystem-levels. While their work here is primarily theoretical, the authors make specific recommendations for empirical studies testing the effects of individual variation in physiological performance curves on social dynamics.





CONCLUSION

Performance curves represent a powerful tool to understand the implications of dynamic traits in changing environments. While the approach itself has been around for more than a century, this special issue showcases underused or emerging ways in which performance curves can be applied in comparative fields. We partitioned curve shapes, curve shifts, and functional boundaries into distinct subsections for simplicity, but we acknowledge that biological systems are rarely so defined. The complexity of natural systems is reflected by the studies included in this special issue, where comparisons within and between individuals, populations, endotherms and ectotherms (Levesque et al., 2021), and phylogenetic differences between species highlight the complex interactions that exist between evolutionary forces and epigenetic mechanisms underlying plasticity. Focusing on multiple traits across functional boundaries can also help elucidate mechanisms that underlie animal responses to environmental change and make predictions about the impacts of lower-level responses on higher levels of biological organization. Combined, these approaches are particularly powerful to identify how individual variation in environmental responses might scale up to the population-, species-, and community-level dynamics that inform conservation management strategies.
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Cell size may be important in understanding the thermal biology of ectotherms, as the regulation and consequences of cell size appear to be temperature dependent. Using a recently developed model system of triploid zebrafish (which have around 1.5-fold larger cells than their diploid counterparts) we examine the effects of cell size on gene expression, growth, development and swimming performance in zebrafish larvae at different temperatures. Both temperature and ploidy affected the expression of genes related to metabolic processes (citrate synthase and lactate dehydrogenase), growth and swimming performance. Temperature also increased development rate, but there was no effect of ploidy level. We did find interactive effects between ploidy and temperature for gene expression, body size and swimming performance, confirming that the consequences of cell size are temperature dependent. Triploids with larger cells performed best at cool conditions, while diploids performed better at warmer conditions. These results suggest different selection pressures on ectotherms and their cell size in cold and warm habitats.
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INTRODUCTION

Cell size is emerging as an important trait in understanding the thermal biology of ectothermic animals, as the regulation and consequences of cell size appear to be dependent on temperature (Dufresne and Jeffery, 2011; Hessen et al., 2013; Alfsnes et al., 2017). The predominant factor governing cell size is genome size as the cytoplasmic to nuclear ratio appears to be relatively constant (Gregory, 2001a). Among different animal groups, a large variation in genome sizes is found (Horner and Macgregor, 1983; Gregory, 2001b; Jalal et al., 2015) and in extant fish, the variation in genome size spans the entire breadth of vertebrate genome sizes (Hardie and Hebert, 2004). This large variation in genome size can be partially attributed to whole-genome duplication (WGD) events in the teleost lineage after the divergence of tetrapods (Amores et al., 1998) and polyploidization events in chondrichtheans (cartilaginous fishes) (Stingo and Rocco, 2001), chondrosteans (sturgeons and bichirs) (Blacklidge and Bidwell, 1993) and in certain actinopterygians (ray-finned fishes) (Uyeno and Smith, 1972). However, genome size reductions have also taken place following WGDs as genome size did not exponentially increase DNA content after consecutive WGDs, indicating that genome size and hence cell size is under selection.

Evidence from field studies comparing animals (and plants) with a larger genome and especially polyploids suggests that organisms with a larger genome perform better in colder environments (Bennett, 1976; Gregory and Hebert, 1999): Polyploid amphibians are more abundant at high altitudes or latitudes (Otto et al., 2007), and polyploid Daphnia pulex mature faster than their diploid conspecifics, but only at low temperatures (Dufresne and Hebert, 2016). Fish species living in deep, cold water also possess larger cells and genomes than those living in warmer waters (Hardie and Hebert, 2003; Ebeling et al., 2015). Laboratory studies comparing performance of fish with different ploidy levels and cell sizes also indicate that fish with larger cells tend to favor lower temperatures (Atkins and Benfey, 2008; Sambraus et al., 2017). In addition, ectotherms often grow to a larger size in cold environments and this pattern may be especially prominent for aquatic animals with a larger cell size (Verberk et al., 2021). As cell size may be an important determinant for body size, advancing our understanding of cell size adaptations will contribute to understanding the thermal biology of ectotherms.

A role for oxygen in shaping the thermal response in growth is likely (Forster et al., 2012; Horne et al., 2015; Hoefnagel and Verberk, 2015). Oxygen is more likely to become limiting in water than in air, because of the lower diffusion rates in water and its higher viscosity (Verberk et al., 2011). At high temperatures, the metabolic rate of ectotherms increases, which can eventually cause the oxygen demand to exceed supply, which may impair performance (i.e., reduced growth, heat tolerance, fecundity, feeding) (Pörtner, 2010; Verberk et al., 2011). To a certain extent, ectotherms such as fish are able to remodel their physiology to increase oxygen supply, for example by enlarging their gill surface or by increasing hematocrit or ventilating rates (Nilsson, 2007).

Cell size may also affect oxygen supply, as oxygen diffuses more easily across lipid membranes than through aqueous cytosol (Subczynski et al., 1989). Therefore, animals composed of smaller cells may be less susceptible to oxygen limitation, as their membrane surface area is greater than in similarly sized animals composed of large cells. The capacity of individual cells to take up oxygen may be especially relevant in fish larvae that do not have fully developed gills yet and rely heavily on cutaneous oxygen uptake (Rombough, 2002). On the other hand, the larger membrane-to-surface volume ratio in smaller cells makes them more energetically costly to maintain, due to higher costs for lipid turnover and the maintenance of electrochemical gradients across the cell membranes (Szarski, 1983; Hulbert and Else, 2000). Indeed, smaller cells exhibit higher resting metabolic rates on a per mass basis than larger cells (Kozłowski et al., 2003). A previous study on zebrafish larvae with different cell sizes and exposed to different rearing and testing temperatures in a full factorial design found that being composed of larger cells could provide metabolic advantages in the cold, whereas smaller cells are metabolically more beneficial in warm water (Hermaniuk et al., 2021).

This study examined the effects of cell size on gene expression, growth, development and swimming performance in zebrafish larvae reared at different temperatures. We used a triploid zebrafish model that we developed in a previous study (van de Pol et al., 2020). We demonstrated a 1.64 (+0.18 SD) fold increase in erythrocyte cell volume and a 1.72 (+0.70 SD) fold decrease in total nuclei number when comparing triploid larvae to similar sized diploid larvae. Thus, these differences between diploids and triploids closely agree with a 1.5-fold increase in cell size and a 1.5-fold reduction in cell number, that would be expected under a constant nuclear-cytoplasmic ratio. This general pattern of triploid zebrafish larvae having larger but fewer cells need not necessarily apply to all cell types, as we only measured erythrocyte volume directly, but increases in cell volume in polyploid fish have been shown in a range of tissues, including muscle (Suresh and Sheehan, 1998; Vargas et al., 2015), brain and liver (reviewed by Benfey, 1999). Furthermore, triploid zebrafish larvae have been found to be very similar to their diploid counterparts under non-demanding conditions (van de Pol et al., 2020; Small et al., 2021), which makes triploid zebrafish a good model to study the effects of cell size. For this study, we tested whether the consequences of cell size are temperature dependent by rearing and testing the zebrafish at different temperatures. We hypothesize that cell size affects oxygen uptake and transport capacity and therefore triploids with larger cells have a lower energy budget than diploids with smaller cells, especially under conditions where oxygen demand is high (i.e., high temperatures), but not when oxygen demand is lower (i.e., low temperatures), where their greater efficiency can allow them to outperform diploids. Although cold water holds more oxygen, it is also more viscous and oxygen diffusion rates are slower, resulting in a lower bioavailability of oxygen. In addition, and more importantly, the metabolic rate of larvae is reduced in the cold, which means they require less oxygen. This effect of temperature on oxygen demand outweighs the effect on oxygen supply (Verberk et al., 2011). Thus, in the cold the requirement for small cells with high capacity for oxygen uptake is absent, and the larger cells are more beneficial in the cold, as they are more energy efficient. We measured gene expression of metabolic genes, which we considered useful proxies to assess differences in energy budget. We also tested our predictions by comparing diploids and triploids in terms of growth, development, and swimming performance at different temperatures.



MATERIALS AND METHODS


Zebrafish Husbandry, Egg Collection and Triploidy Induction

Maintenance of adult zebrafish and triploidy induction have been described in detail in van de Pol et al. (2020). In brief, zebrafish from the AB strain (supplied by ZIRC, ZFIN ID: ZDB-GENO-960809-7) were kept in 4-L tanks at a density of approximately 30 fish per tank, provided with recirculating tap water (temperature 27°C, pH 7.5–8) under a 14 h:10 h light:dark photoperiod.

Eggs were collected by both natural spawning in mass breeding tanks and in vitro fertilization. Triploidy was induced by using a cold shock treatment; 3 min after fertilization the collected eggs were immersed in 4°C E2 medium (5 mmol l–1 NaCl, 0.17 mol l–1 KCl, and 0.33 mmol l–1 MgSO4) for 20 min. Eggs were fertilized with a pooled sperm solution of 8–12 males to ensure a heterogeneous offspring. In addition, eggs of different females were randomly distributed over the experimental treatments. Different batches of eggs were harvested from multiple rounds of fertilization, alternating between different parental tanks with similar genetic background. We did not divide the egg batches in half to produce diploids and triploids, due to the vulnerability of the eggs right after fertilization. However, we do not expect family effects as we obtained diploids and triploids from similar parental tanks, although not in the same round of fertilization. Multiple batches of eggs were reared for each experiment: seven for genome size and DNA condensation, two for gene expression, four for development rates, and for growth and swimming performance six batches were reared.

All experiments were carried out in accordance with the Dutch Animals Act1, the European guidelines for animal experiments (Directive 2010/63/EU)2 and institutional regulations.



Larval Rearing

Within 2 h after fertilization, diploid and cold shocked embryos were divided over three temperature treatments: 23.5°C, 26.5° (control temperature), and 29.5°C. The embryos were kept in 48-wells plates (Greiner Bio-One, Kremsmünster, Austria) with a mesh bottom and placed in a rearing tank containing E3 medium (E2 medium with addition of 10–5% methylene blue). During development, these tanks were constantly aerated and maintained in water baths connected to a circulating heating/cooling system (Grant LT ecocool 150) at the aforementioned temperatures ±0.5°C. Dead embryos or larvae were removed from the setup daily. Survival was affected by ploidy level, but not rearing temperature [see also Hermaniuk et al. (2021) who used the same setup]. We measured length for all larvae used in the swimming trials, enabling us to include length as a co-variate in our statistical models on swimming velocity.

To ensure that larvae were in the same developmental stage in physiological time when performing our experiments, larvae at 23.5°C were reared until 6 days post-fertilization (dpf) and larvae at 29.5°C were reared until 4 dpf, at which point they reached the same developmental stage as 26.5°C larvae reared until 5 dpf. At this time, larvae have almost fully resorbed their yolk sack and are able to produce a proper escape response. Throughout the manuscript, when we indicate 5 dpf, we refer to the developmental stage of 5 dpf for larvae reared at the three different temperatures.



Genome Size Verification

Triploidy induction was verified in cold shocked larvae at 5 dpf using a propidium iodide (PI) staining to quantify the amount of nuclear DNA. This method has been described in detail in van de Pol et al. (2020). Briefly, a cold shocked and a diploid larva were pooled in one sample, where the diploid serves as an internal control. After homogenization in lysis buffer, the suspension was filtered using a 70 μm cell strainer (pluriSelect Life Science, Leipzig, Germany) to obtain single cell nuclei. These nuclei were stained using PI staining buffer and samples were analyzed with a FC500 5-color Flow Cytometer (Beckman Coulter Life Science, Indianapolis, IN, United States). To verify induction of triploidy, ploidy level was measured on the individual larvae used for the swimming performance trials and growth measurements. Larvae that were cold shocked but turned out to be diploids were excluded from our analyses. The larvae that we used for gene expression and development rate measurements were not verified individually. Instead, triploidy induction efficiency was based on the measurements of 20–30 individual larvae from the same batch. These batch efficiencies ranged from 95.8 to 100%.

In addition to triploidy verification, we also compared the PI staining within diploid and triploid larvae reared at different temperatures. Therefore, we also measured samples containing two diploid larvae for each temperature treatment. Lastly, we calculated the G2/G1 ratio of the cells for each condition, which is a measure for the dividing potential of the cells. The R package flowPloidy (Smith et al., 2018) was used to analyze genome size.



Gene Expression

Diploid and cold shocked larvae of all three temperature treatments were collected for qPCR analysis at 5 dpf. Two or three larvae were pooled in 2 mL Eppendorf tubes and immediately frozen in liquid nitrogen, with at least five replicate samples per treatment. Details about the qPCR preparation can be found in van de Pol et al. (2020). In short, total RNA isolation with TRIzol (Thermo Fisher Scientific, Waltham, MA, United States) was performed according to the manufacturer’s instruction with some minor changes. RNA concentrations were measured by NanoDrop spectrophotometry (ND-1000; Isogen Life Science B.V., De Meern, Netherlands) to obtain equal amounts of RNA. For cDNA synthesis 500 ng total RNA was used, which was diluted 10x in DEPC H2O for qPCR.

The expression levels of six housekeeping genes and four genes related to metabolic processes and temperature responses were analyzed: ribosomal protein S11 (rps11, previously known as 40S); actin, beta 1 (actb1); eukaryotic translation elongation factor 1 alpha 1, like 1 (eef1a1| 1); polymerase (RNA) II (DNA directed) polypeptide D (polr2d); ribosomal protein L13a (rpl13a) and TATA box binding protein (tbp). These housekeeping genes are frequently used to normalize gene expression of genes of interest, as they are involved in a range of basic cellular processes. The genes of interest are: citrate synthase, mitochondrial (cs); L-lactate dehydrogenase A chain (ldha); L-lactate dehydrogenase B-A chain (ldhba) and heat shock cognate 70-kd protein, tandem duplicate 1 (hsp70.1). Primer sequences and the involvement of these genes in cellular and physiological processes can be found in Table 1.


TABLE 1. Primer sequences for qPCR.

[image: Table 1]
To normalize the expression values of the housekeeping genes, the relative quantity of the five other housekeeping genes was used as a combined index. For the genes of interest, relative quantities of all six housekeeping genes were used to normalize expression values, to average out possible variation in housekeeping gene expression caused by the temperature treatments.



Growth and Development

Development of the embryos was followed up until 72 hours post-fertilization (hpf), by determining their developmental stage according to Kimmel et al. (1995) at fixed time points using a Leica MZ FLIII stereomicroscope (Leica Microsystems, Wetzlar, Germany). For all temperature treatments, staging was performed at 6, 24, 30, 48, and 72 hpf in real-time, to be able to observe temperature effects on development. These time points were chosen because of the clearly distinguishable developmental features, namely: embryonic shield, heart beat and early pigmentation, weak circulation, tapering yolk extension and protruding mouth.

At each time point, five diploid and five cold shocked embryos were staged of all temperature treatments. In our final analysis, we only included development of embryos that morphologically appeared to have developed normally at 5 dpf (e.g., straight body axis, no pericardial edema and normally sized head and eyes). Length was measured at the developmental stage of 5 dpf (protruding mouth stage), using pictures of larvae taken with a Leica MZ FLIII stereomicroscope equipped with a Leica DFC450 C camera and the segmented line tool of the ImageJ program3.



Swimming Performance

Maximum swimming velocity of diploid and cold shocked larvae of the three rearing temperatures was assessed at 5 dpf using a DanioVision system (Noldus Information Technology B.V., Wageningen, Netherlands). Details of the procedure can be found in van de Pol et al. (2020). Briefly, larvae were placed individually in a well of a 24-wells plate (Greiner Bio-One, Kremsmünster, Austria), containing 1 mL of E3 medium. They were presented with 10 tap stimuli with an interval of 20 s [a startle protocol, described in van den Bos et al. (2017)]. The measurement started 10 min after transferring the larvae to the setup. Then they were tracked for 10 min in which no startles were presented, followed by the 10 tap stimuli. In total, this measurement takes 23 min. Their maximum velocity during the startle response was used as a readout, as well as the proportion of responders (velocity above 15 mm/s) and non-responders (velocity below 15 mm/s). Larvae that never showed a response to the tap stimulus were excluded from further analyses. The larvae were measured at the same temperature they were reared at (23.5°C, 26.5°C, and 29.5°C). In a previous study we found the most pronounced differences in metabolic rate between diploids and triploids in larvae reared at 29.5°C and tested at 23.5°C (Hermaniuk et al., 2021). Therefore, we also included this fourth temperature combination in our measurements of swimming performance.



Statistical Analyses

The collected data were analyzed using RStudio version 1.1.383, respecting a significance threshold of α = 0.05. To compare genome sizes and to test for the effect of rearing temperature on DNA condensation for diploid and triploid larvae, we used a general linear model and subsequent ANOVA. Effects of ploidy and rearing temperature and the interaction between these factors on the ratio of cells in the G2 and G1 phase were also tested with ANOVA. Tukey’s post hoc test was performed to compare between the different ploidy and temperature groups.

Gene expression data were analyzed for each gene separately, using a general linear model of which the frequency distribution of the residuals was visually checked for normality. We used a subsequent ANOVA to test for the effects of ploidy level and rearing temperature and the interaction thereof. Tukey’s post hoc test was used to annotated differences between ploidy levels and temperature groups.

Development rates of diploid and triploid larvae reared at different temperatures were compared using a general linear model, after visually checking the frequency distribution of the residuals as being normally distributed. We tested for the effects of ploidy level, rearing temperature, development time and the interaction of these factors. Within temperature treatments we tested for the effect of ploidy level, again using general linear models and subsequent ANOVA. Length measurements were analyzed using a general linear model to test for the effects of ploidy level, rearing temperature and the interaction of these factors, as the residuals were normally distributed. We used ANOVA and a subsequent Tukey’s post hoc test to compare between the different ploidy and temperature groups.

For the swimming performance data, we first calculated the proportion of diploid and triploid responders vs. non-responders for each temperature treatment and stimulus number, as we observed a bimodality in startle responses (Supplementary Figures 1–3). A linear mixed effects model with a negative binomial structure was used to test for the effects of ploidy level, stimulus number and temperature treatment, including trial as a random factor (a trial was a measurement of a 24-wells plate with diploid or triploid larvae reared at a given temperature). We then analyzed maximum swimming velocity, only for those larvae that showed a startle response at a given stimulus, again using a linear mixed effects model in which we also included length as a factor. For both the proportion of responders and the swimming velocity, we found interactions with temperature treatment. We therefore also analyzed the effect of ploidy level for each temperature treatment by creating subsets of the data. For each subset, we then fitted two models, one with and one without ploidy and used likelihood ratio tests to assess whether the model with ploidy was a significant improvement over the model without ploidy. ANOVA tables for all analyses can be found in Supplementary Tables 1–10.




RESULTS


DNA Content and Dividing Potential

Flow cytometry clearly distinguished between cells in the G1 phase and cells in the G2 phase (Supplementary Figure 4), with fluorescence intensity mirroring the 1.5 difference in DNA content between diploids and triploids (F1,59 = 650.18, p < 0.001, Figure 1). The fluorescence intensity not only reflects genome size, but also the degree of DNA condensation: less propodium iodide can bind to condensed DNA. Focusing on the G1 phase, we found that fluorescence intensity increased with rearing temperature in both diploids and triploids (rearing temperature: F1,59 = 9.57, p = 0.003, Figure 1). We did not find an interaction between ploidy and rearing temperature on fluorescence intensity.


[image: image]

FIGURE 1. Kernel density plot of the fluorescence of G1 phase cells of diploid and triploid larvae reared at different temperatures. Light, medium, and dark blue lines represent densities for diploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. Light, medium, and dark red lines represent densities for triploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. The density is scaled to 1 (100%), which does not have a unit. Fluorescence also does not have a unit, which is why we always add a standard when measuring fluorescence of our samples. Effects of rearing temperature and ploidy were significant (ANOVA, p = 0.003 and ANOVA, p < 0.001, respectively, n = 63).


The ratio between G2 and G1 phase cells reflects how many cells are in the process of dividing. At the lowest rearing temperature, we found a higher G2/G1 ratio in diploids compared to triploids, but at the highest temperature this pattern was reversed, reflecting a significant interaction between ploidy and rearing temperature (F1,58 = 46.32, p < 0.001, Figure 2).


[image: image]

FIGURE 2. G2/G1 ratio of diploid and triploid larvae reared at different temperatures. The ratio of cells in the G1 and G2 phase was calculated as G2/G1*100 for each larva. The box extends from the lower quartile to the upper quartile of the data, spanning the inter-quartile range (IQR). The thick line within the box represents the median. Whiskers extend to minima and maxima, but are limited to data points 1.5 times outside the IQR. The asterisk represents an outlier. The effect of ploidy and the interaction between ploidy level and rearing temperature were significant (ANOVA, p < 0.001, n = 64).




Expression Levels of Housekeeping Genes and Metabolism Related Genes

Expression levels of the housekeeping genes was used to normalize gene expression of genes of interest (Supplementary Figure 5). Since for some housekeeping genes we also found differences in their expression with rearing temperature and ploidy, we used two normalizations, one based on all housekeeping genes (i.e., rps11, actb1, eef1a1l1, polr2d, rpl13a, and tbp; results shown below) and one based on only those genes whose expression did not vary with ploidy and temperature (i.e., rps11 and actb1; results shown in Supplementary Figure 6).

Expression levels of cs were significantly affected by both rearing temperature and ploidy level (F2,41 = 6.11, p = 0.004 and F1,41 = 4.19, p = 0.047, respectively, Figure 3A), such that the expression of cs increased at low temperature in both diploid and triploid larvae. At all temperatures, cs expression was lower in triploids. The interaction between temperature and ploidy was not significant. A significant interaction between rearing temperature and ploidy was shown for ldha (F2,41 = 9.76, p < 0.001, Figure 3B), one of the genes coding for a subunit of the lactate dehygrogenase enzyme, with a reverse pattern for diploids and triploids at the different rearing temperatures. For the expression of ldhba, only the effect of rearing temperature was significant (F2,41 = 5.48, p = 0.008, Figure 3C), where the lowest expression was found at the higher and lower temperatures. A significant effect of rearing temperature was also found for the expression levels of hsp70.1 (F2,40 = 41.20, p < 0.001, Figure 3D), which increased with temperature.
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FIGURE 3. Relative expression values of metabolism and temperature related genes in 5 dpf diploid and triploid larvae reared at different temperatures. (A) cs, citrate synthase, mitochondrial. (B) ldha, L-lactate dehydrogenase A chain. (C) ldhba, L-lactate dehydrogenase B-A chain. (D) hsp70.1, heat shock cognate 70-kd protein, tandem duplicate 1. Light, medium, and dark blue bars represent expression values for diploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. Light, medium, and dark red bars represent expression values for triploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. For each gene, the expression values are normalized using a combined index of the relative quantity of the six housekeeping genes shown in Supplementary Figure 5. Values are represented as means with standard deviations. Rearing temperature and ploidy were significant for cs (ANOVA, p = 0.004 and p = 0.047, respectively, n = 48). The interaction between rearing temperature and ploidy, rearing temperature and ploidy were significant for ldha (ANOVA, p < 0.001, p = 0.001, and p = 0.04, respectively, n = 48). Rearing temperature was significant for ldhba and hsp70.1 (ANOVA, p = 0.008 and p < 0.001, respectively, n = 48; n = 47 for hsp70.1). Different letters indicate significant differences between groups (Tukey’s post hoc test, p < 0.05, n = 48).




Development and Body Length

Both diploid and triploid larvae progressed faster through the different developmental stages at higher temperatures (F1,386 = 55.98, p < 0.001, Figure 4). There was no significant effect of ploidy (F1,386 = 0.02, p = 0.88, Figure 4), and the interaction between rearing temperatures and ploidy level was also not significant (F1,386 = 0.03, p = 0.86), indicating that the stimulating effect of warm conditions on development was similar for diploids and triploids.
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FIGURE 4. Development of diploid and triploid larvae up to 72 hpf reared at different temperatures. Light, medium, and dark blue lines represent development of diploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. Light, medium, and dark red lines represent development of triploid larvae reared at 23.5°C, 26.5°C, and 29.5°C, respectively. Note that at 26.5°C and 29.5°C the red and blue lines almost entirely overlap. In this graph, the dashed gray line is the reference x = y. Solid gray lines are the hours post-fertilization at which the embryos and larvae were staged, namely: 6, 24, 30, 48, and 72 h. Effects of rearing temperature and the interaction between hpf and rearing temperature were significant (ANOVA, p < 0.001, n = 393).


The body length reached at the developmental stage of 5 dpf differed between diploids and triploids, depending on rearing temperature (temperature × ploidy: F1,559 = 23.90, p < 0.001, Figure 5). Body length decreased with increasing temperature only in triploids. As a result, triploids tended to reach a larger size in the coldest rearing temperature, but a smaller size in the warmest rearing temperature.
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FIGURE 5. Body length of diploid and triploid larvae reared at different temperatures. Body length was determined at the developmental stage of 5 dpf. The box extends from the lower quartile to the upper quartile of the data, spanning the inter-quartile range (IQR). The thick line within the box represents the median. Whiskers extend to minima and maxima, but are limited to data points 1.5 times outside the IQR. The asterisks represent outliers. The effect of rearing temperature and the interaction between rearing temperature and ploidy level were significant (ANOVA, p < 0.001, n = 565).




Swimming Performance

Upon being startled, most individuals responded by exhibiting an escape response. The proportion of larvae that responded was highest upon the first stimulus and decreased with subsequent stimuli for both ploidy levels and in all temperature treatments (z = −13.10, p < 0.001, Figure 6). The drop in the proportion of responders was stronger in triploids for the two coolest rearing temperatures, such that diploids were more responsive than triploids (p = 0.04 and p = 0.01, respectively). This pattern seemed to be reversed at an acute low temperature, although the effect of ploidy was not significant (p = 0.06, Figure 6D). All larvae were confirmed to be alive after these trials, as we observed them to swim when transferring them to Eppendorf tubes.
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FIGURE 6. Proportion of diploid and triploid responders for each startle stimulus per temperature treatment. Proportion of responders for diploid and triploid larvae reared and measured at 23.5°C (A), 26.5°C (B), 29.5°C (C) or reared at 29.5°C and measured at 23.5°C (D). Depicted values are the proportion of responders per trial, where blue points represent diploid larvae and red points represent triploid larvae. Over all the effect of stimulus number was significant (ANOVA, p < 0.001, n = 250) as was the interaction between ploidy level and stimulus number (ANOVA, p < 0.05, n = 250). The effect of ploidy was also analyzed for a subset of each temperature treatment, comparing a model with and without ploidy level included. Ploidy was significant for larvae reared and measured at 23.5°C (ANOVA, p = 0.04, n = 60) and for larvae reared and measured at 26.5°C (ANOVA, p = 0.01, n = 80). Ploidy was not significant for larvae reared and measured at 29.5°C (ANOVA, p = 0.87, n = 50) and for larvae reared at 29.5°C and measured at 23.5°C (ANOVA, p = 0.06, n = 60).


When larvae responded to a stimulus and exhibited an escape response, they could generate an escape velocity of about 63 mm/s (note that the y-axis on Figure 7 are log transformed). Swimming velocity of larvae also decreased with increasing stimuli and this effect was small albeit significant (F1,3547 = 155.96, p < 0.001, Figure 7). While the model accounted for potential size differences between triploids and diploids, triploid larvae swam faster when tested at an acute low temperature than diploid larvae (p < 0.001, Figure 7D).
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FIGURE 7. Swimming velocity of diploid and triploid responders for each startle stimulus per temperature treatment. Swimming velocity of diploid and triploid larvae reared and measured at 23.5°C (A), 26.5°C (B), 29.5°C (C) or reared at 29.5°C and measured at 23.5°C (D). Each value represents an individual larva that responded to the startle stimulus, where blue points represent diploid larvae and red points represent triploid larvae. Over all the effects of ploidy level (ANOVA, p < 0.05), temperature treatment (ANOVA, p < 0.05), stimulus number (ANOVA, p < 0.001), and length (ANOVA, p < 0.001) were significant. The effect of ploidy was also analyzed for a subset of each temperature treatment, comparing a model with and without ploidy level included. Ploidy was significant for larvae reared at 29.5°C and measured at 23.5°C (p < 0.001, n = 60).





DISCUSSION

Genome size matters for the biology of species. Comparative studies document associations between a species’ genome size and its performance, including a faster development in copepods (Wyngaard et al., 2005), a smaller egg size in fish (Hardie and Hebert, 2003), a higher metabolic rate in amphibians (Gregory, 2003) and a reduced cold tolerance in ectotherms (Leiva et al., 2019). The effects of genome size likely act via its correlate cell size, as cell size has consequences for the cellular energy budget: the greater surface area to volume ratio of small cells allows for better cellular uptake of oxygen to fuel aerobic metabolism, but at the same time more energy needs to be expended on maintaining electrochemical gradients. In this study, we tested if the consequences of cell size were dependent on temperature, using triploid zebrafish larvae as a model for zebrafish with larger cells (van de Pol et al., 2020). Our general hypothesis is that having larger cells is advantageous in the cold when energy demand is low, but not in warm conditions that increase energy and hence oxygen demand. Across different levels of biological organization, we indeed found evidence of interactions between rearing temperature and ploidy, confirming the growing idea in the literature that consequences of cell size are temperature dependent.

At the organismal level, we found differences in swimming performance between diploids and triploids. For the first stimulus, almost all larvae exhibited an escape response, but on subsequent stimuli, the proportion of larvae that responded declined, especially in triploids under control conditions at 26.5°C. This suggests that triploid larvae run out of energy sooner. The smaller surface area to volume ratio of their larger cells could limit oxygen transport by erythrocytes and oxygen transport across cell membranes, causing a shortage of oxygen supply to the mitochondria. Although the startle response is a form of burst activity, it is likely fueled predominantly by aerobic metabolism in larval zebrafish. In contrast to adult fish, larval fish have only one layer of red muscle fibers, which show strong cytochrome oxidase activity, instead of a 2-gear muscle system with white and red fibers (El-Fiky et al., 1987; Hunt von Herbing, 2002). In addition, enzyme activity related to glycolysis, indicative of anaerobic metabolism, develops later in ontogeny (El-Fiky et al., 1987; Hinterleitner et al., 1987). The responsiveness after multiple stimuli differed across temperature treatments. In the trials where the larvae were exposed to an acute lower temperature (i.e., reared at 29.5°C, tested at 23.5°C) the triploids were more responsive. Interestingly, at this same temperature combination we previously reported that triploid zebrafish larvae were able to maintain higher metabolic rates than diploids (Hermaniuk et al., 2021). In salmonids (Salmo salar and Salvelinus fontinalis) triploids are also reported to maintain higher routine metabolic rate at low temperatures compared with diploids (Atkins and Benfey, 2008). Because of their larger cells, triploids should have lower energetic costs for maintaining ionic gradients across cell membranes. The fact that they nevertheless exhibit higher metabolic rates at low temperatures suggests that they have higher energy budgets. Our results seem to confirm this line of thought, as the higher responsiveness of triploids at the acute low measurement temperature indicates that they had more energy available to exhibit a startle response. Moreover, when they exhibited a startle response, the triploids appeared to be slightly faster at the colder test temperatures.

Growth and size attained is another important performance metric (Lefevre et al., 2021; Verberk et al., 2021). Warmer temperatures are known to speed up growth and development such that ectotherms grow faster but reach a smaller size when comparing them at the same stage (Verberk et al., 2021). The effect of temperature on development was taken into account in our experimental design so we could compare larvae reared at different temperatures at the same developmental stage (i.e., 5 dpf at 26.5°C). For a given temperature, there were no clear differences in development rate with ploidy. Similarly, no differences in development rate were reported between developing diploid and triploid tadpoles (Pelophylax esculentus) (Hermaniuk et al., 2016). Indeed, developmental processes appear to be remarkably robust at the organismal level when cell sizes are altered (Fankhauser, 1945; Henery et al., 1992; Neufeld et al., 1998). In contrast to development, the effects of temperature on growth and the resultant size did differ with ploidy. Especially triploids attained a larger size at the coldest temperature and vice versa, consistent with a higher energy budget of triploids in the cold (Hermaniuk et al., 2021). A stronger temperature-size response has been previously reported under hypoxia, i.e., conditions were oxygen is more likely to be limiting (Frazier et al., 2001; Hoefnagel and Verberk, 2015). Similarly, comparisons between diploids and triploids have found triploids to be more susceptible to hypoxia (Sambraus et al., 2017) and exhibit stronger temperature-size responses in Hermaniuk et al. (2016). Thus, the stronger temperature-size response in larger celled, aquatic organisms may result from an increased susceptibility to oxygen limitation (Verberk et al., 2021).

Growth and development are ultimately determined by the rate of cell proliferation and cellular differentiation. Given that the timing of development was largely unaffected by ploidy, it follows that size differences likely reflect rates of cell division. In a previous study we found more cells being in the G2 phase in triploids, giving rise to a higher ratio of G2/G1 phases than in diploids (van de Pol et al., 2020). Here we show that this ratio is temperature dependent, and that the relationship with temperature differs between diploids and triploids. In triploids, the G2/G1 ratio was lowest in the cold, while in diploids, the lowest ratios were observed in the two warmest temperatures. We suggest that lower G2/G1 ratios indicate faster growth with less cells being “stuck” in the G2 phase. This would be consistent with the results on size obtained, and suggests that growth was more optimal in cold conditions for triploids and vice versa. Also, for gene expression, we found increased expression levels of the genes eef1a1| 1 and rpl13 with higher rearing temperature, both of which are involved in protein synthesis during translation. Although expression levels of genes cannot be directly interpreted as different amounts of protein product from these genes, due to differences in translation and post-translational modifications, the higher expression levels would suggest increased protein synthesis to fuel the faster growth and development at higher temperatures. Interestingly, gene expression of polr2d, coding for RNA polymerase II, and tbp, coding for TATA box binding protein, were higher at lower temperatures. Possibly, transcription, rather than translation was a rate limiting step in colder temperatures and the higher gene expression helps to maintain transcription and thus enhance cell growth even at lower temperatures (Hessen et al., 2013). There was a tendency for both these genes to be expressed at higher levels in diploids (significant for tbp), perhaps compensating for their lower DNA content. Moreover, fluorescence intensity of stained DNA decreased with temperature, suggesting that DNA might be more condensed at lower temperatures. It is possible that the DNA configuration of the larvae at 29.5°C is easier accessible for PI, which is a small molecule, due to more flexible bended DNA (Driessen et al., 2014). Jalal et al. (2015) also reported more condensed DNA in fruit flies reared under low temperature than those raised at high temperature.

Both ploidy and rearing temperature had significant effects on the expression levels of citrate synthase, which is the pacemaker enzyme in the TCA cycle and thus a marker for the aerobic metabolism (Ciccarone et al., 2018). The expression of cs increased at low temperature in both diploid and triploid larvae, but this could reflect either a higher activity of the enzyme or constitute a compensatory mechanism to maintain high metabolic rates in cold conditions. For example, McClelland et al. (2006) found that cold-acclimation in adult zebrafish for 4 weeks increased the enzymatic activity of citrate synthase in muscle, but they did not find a significant increase in cs expression levels. At all rearing temperatures, cs was slightly lower expressed in triploids, which is in line with the lower mass-specific metabolic rate of larger cells (Goniakowska, 1970; Monnickendam and Balls, 1973).

Lactate dehydrogenase is generally used as a marker for anaerobic metabolism, as it is a key enzyme in maintaining cellular homeostasis when oxygen is short in supply by converting pyruvate to lactate. The interaction between rearing temperature and ploidy was significant for ldha, the gene coding for the subunit which is predominantly present in muscle and liver tissue (Markert et al., 1975). Taken together, our results could indicate a difference in cellular metabolism and energy fluxes in diploid compared to triploid zebrafish larvae, but the exact mechanisms require further investigation. Finally, expression of hsp70.1 was significantly elevated at the highest rearing temperature. Although, this increase was similar in triploids and diploids, this suggests that zebrafish already experience thermal stress at 29.5°C, which is quite a lot lower than the critical thermal maximum of 41°C reported by Morgan et al. (2018), but note that these trials were rapid (approx. 45 min) and the upper temperature that an animal can tolerate will be lower at longer timescales (Rezende et al., 2014; Semsar-Kazerouni and Verberk, 2018).

In summary, our study demonstrates that zebrafish larvae with larger cells respond differently to different rearing temperatures than diploids, in terms of their gene expression, growth, development and swimming performance. Likely, this is caused by a different energy budget of their larger cells. A role for oxygen is plausible, as we measured differential expression of citrate synthase, and a previous study demonstrated that oxygen consumption was affected by cell size and temperature in this model system (Hermaniuk et al., 2021). As we studied larvae up until 5 dpf and used relatively short trials to measure swimming performance, some of the subtle differences found in this study may have a larger cumulative effect later in ontogeny. Across all metrics, a general picture emerged, with large celled triploids performing better at low temperatures than small celled diploids. This is consistent with the idea that being composed of larger cells is energetically more efficient at low temperatures. This suggests that the cellular trade-off between high capacity for performance and efficiency is dependent on temperature, and suggest different selection pressures operate on ectotherms and their cell size in cold and warm habitats.
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Laboratory investigations on terrestrial model-species, typically of temperate origin, have demonstrated that terrestrial ectotherms can cope with daily temperature variations through rapid hardening responses. However, few studies have investigated this ability and its physiological basis in the field. Especially in polar regions, where the temporal and spatial temperature variations can be extreme, are hardening responses expected to be important. Here, we examined diurnal adjustments in heat and cold tolerance in the Greenlandic seed bug Nysius groenlandicus by collecting individuals for thermal assessment at different time points within and across days. We found a significant correlation between observed heat or cold tolerance and the ambient microhabitat temperatures at the time of capture, indicating that N. groenlandicus continuously and within short time-windows respond physiologically to thermal changes and/or other environmental variables in their microhabitats. Secondly, we assessed underlying metabolomic fingerprints using GC-MS metabolomics in a subset of individuals collected during days with either low or high temperature variation. Concentrations of metabolites, including sugars, polyols, and free amino acids varied significantly with time of collection. For instance, we detected elevated sugar levels in animals caught at the lowest daily field temperatures. Polyol concentrations were lower in individuals collected in the morning and evening and higher at midday and afternoon, possibly reflecting changes in temperature. Additionally, changes in concentrations of metabolites associated with energetic metabolism were observed across collection times. Our findings suggest that in these extreme polar environments hardening responses are marked and likely play a crucial role for coping with microhabitat temperature variation on a daily scale, and that metabolite levels are actively altered on a daily basis.

Keywords: arctic, climate change, diurnal environmental variation, GC-MS metabolomics, insects, phenotypic plasticity, temperature variation, thermal tolerance


INTRODUCTION

Terrestrial ectotherms are subject to large spatial and temporal variability in their thermal environment (Kearney and Porter, 2009). In terrestrial ecosystems, daily changes in temperature can be substantial, and vary greatly with microhabitat characteristics such as topography and orientation, vegetation cover, shading and more (Sears et al., 2019; Kearney et al., 2020; Lembrechts and Lenoir, 2020). Some of the most extreme environments are found in the polar regions where the winters are long and cold, and the summers short and periodically hot (Bahrndorff et al., 2021b). During the arctic summer, daily temperatures can vary by >30°C and reach subzero temperatures at night (Convey et al., 2018; Davey et al., 2021). Organisms, including insects, living in these environments must therefore be able to survive and reproduce over a wide range of temperatures (Deere et al., 2006; Bahrndorff et al., 2021a). This can be achieved by evolutionary adaptation to the local thermal conditions across generations, or by fast adjustments of the physiology within the lifetime of an organism via phenotypic plasticity (Scheiner, 1993; Fusco and Minelli, 2010; Kristensen et al., 2020). Evolutionary adaptation to changing and periodically stressful temperatures can be slow, and are sometimes constrained by genetic trade-offs or lack of adaptive genetic variation (Araújo et al., 2013; Hoffmann et al., 2013). Conversely, rapid plastic adaptive changes can rescue individuals exposed to biotic and abiotic challenges at a shorter timescale, including daily environmental fluctuations (Colinet and Hoffmann, 2012; Noer et al., 2022). Plastic changes might therefore be particularly relevant for arctic species exposed to unpredictable and rapid changes in the environment.

Organisms can respond plastically to short-term exposure to sub-optimal temperatures through hardening or by acclimation at longer term exposures (Colinet and Hoffmann, 2012; Schou et al., 2017). Hardening responses to extreme or acute temperatures are thought to counter rapid thermal stress, such as daily temperature extremes and stochastic events (Koveos, 2001; Hoffmann et al., 2003; Kelty, 2007; Overgaard and Sørensen, 2008; Jensen et al., 2019). The other form of more gradual acclimation includes seasonal acquisition of cold or heat tolerance that is induced by changes in temperature and photoperiod interacting with other abiotic factors (reviewed by Chown and Terblanche, 2006; Teets and Denlinger, 2013). There are several published examples of cold acclimation and rapid cold hardening in arctic arthropods (e.g., Bahrndorff et al., 2007; Everatt et al., 2013), but very few studies have investigated physiological acclimation of polar terrestrial arthropods to high temperatures (Sørensen et al., 2019; Bahrndorff et al., 2021b). Traditionally, thermal plasticity of insects has been investigated using model-organisms kept and hardened/acclimated to constant controlled temperatures in the laboratory (Angilletta, 2009; Colinet et al., 2015; Javal et al., 2016; Ketola and Kristensen, 2017). However, recent work on the impacts of temperature variability on thermal tolerance have emphasized that thermal performance based on constant temperatures do not always accurately predict performance under variable conditions in the laboratory (reviewed by Colinet et al., 2015; Vázquez et al., 2017), nor in the field (see e.g., Kingsolver and Nagle, 2007; Loeschcke and Hoffmann, 2007; Kristensen et al., 2008; Ketola and Kristensen, 2017). This potential mismatch in the conclusions arising from investigations based on constant versus fluctuating temperatures partly results from the non-linear impact of temperatures on thermal performance (Jensen’s inequality) (Ruel and Ayres, 1999; Colinet et al., 2015), time-by-temperature interactions (Foray et al., 2013; Kingsolver et al., 2015), and methodology (Chown et al., 2009; Mitchell and Hoffmann, 2010; Bahrndorff et al., 2016). Based on such results, the potential for transferring the knowledge obtained from the laboratory to field conditions, and thus forecast reliable predictions of the effects of climate change on the responses and geographic distribution of insects, is being increasingly questioned (Fischer et al., 2011; Kingsolver et al., 2015; Kinzner et al., 2019; Taylor et al., 2021).

The physiological and molecular mechanisms enabling arthropods to tolerate temperature stress has previously focused on controlled laboratory studies (but see Tomanek and Somero, 1999, 2002; Buckley et al., 2001; Gracey et al., 2008; Kristensen et al., 2012; Vasquez et al., 2019). Studies on temperate and polar species suggest (causation is typically lacking in such studies) that metabolites such as sugars, free amino acids and polyols can be associated with changes in cold tolerance measures (Zachariassen, 1985; Fields et al., 1998; Sømme, 1999; Holmstrup et al., 2002; Michaud and Denlinger, 2007, 2010; Overgaard et al., 2007, 2014). Changes in polyols on the other hand have been associated with changes in heat tolerance (Hendrix and Salvucci, 1998; Wolfe et al., 1998; Salvucci et al., 2000; Benoit et al., 2009). However, few have attempted to describe how these metabolites are affected by dynamic and fluctuating temperatures as encountered in nature (but see Kristensen et al., 2012; Noer et al., 2020; Sheldon et al., 2020).

In this study, we examined the effects of daily variation in the microhabitat temperatures on plastic adjustments of heat and cold tolerance of the Greenlandic seed bug Nysius groenlandicus (Zetterstedt) during summer in Southern Greenland. Nysius groenlandicus is a univoltine species, and widespread and abundant in Arctic and sub-Arctic regions. Previous work on the species have revealed that it can rapidly increase heat tolerance when exposed to high and stressful temperatures under laboratory conditions (Sørensen et al., 2019), and thus N. groenlandicus represents a valuable polar insect model for field-based description of daily changes in individuals’ thermal tolerance. Further, we examined the metabolic fingerprints within days with high and low temperature variation using a quantitative targeted gas chromatography-mass spectrometry (GC-MS) approach. We hypothesized that the ability to tolerate low and high temperatures is constantly fine-tuned to respond to temporally fluctuating temperatures in field-collected individuals of N. groenlandicus as an adaptation to the highly variable environmental conditions within and across days. Thus, we expected specimens collected in early morning and late evening to have the highest cold tolerance, while those collected at midday exhibiting the highest heat tolerance. Finally, we expected to see daily changes in metabolites known to improve cold tolerance (sugars and amino acids) in individuals collected in early morning and late evening, while metabolites enhancing heat tolerance (polyols) would show higher concentrations in individuals sampled during the warm periods of the day.



MATERIALS AND METHODS


Field Collection and Experimental Design

The field work was conducted in July–August 2018 in Narsarsuaq (Southern Greenland, 61.160°N, 45.424°W). This region is characterized by cool temperatures, long winters and short and thermally variable summers (Böcher and Nachman, 2001; Bahrndorff et al., 2021b). The study site was a heath-like, grass-covered area, where adult N. groenlandicus were collected from the grasses using a sweep net (Figure 1). All individuals used in the experiment were caught in a 50 m × 50 m area less than 100 m from the laboratory facilities.
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FIGURE 1. Microhabitat temperature (°C) averaged in 1-h bins across the five experimental days. The temperatures were measured at 15 cm above the soil surface in the shade every 5 min. Samples for GC-MS analysis were collected on day 4–5 (black lines). Shaded columns indicate the timespans where specimen are collected.


Adult individuals of N. groenlandicus were collected at four time points (08:00 am, 12:00 pm, 04:00 pm, and 08:00 pm) during each of 5 days (depending on weather conditions and the abundance of N. groenlandicus; see Supplementary Table 1 for exact collection times and dates), thereafter referred to as day 1 to day 5. At the time of field-collection, each individual was placed in a 4 mL screw-cap glass vial (45 mm × 14.7 mm) and placed in the shade on the ground to prevent abrupt changes in the thermal conditions. The sex of individuals was then assessed by eye, and the vials transferred to the laboratory within 30–45 min of collection. Immediately after returning, the heat and cold tolerances were scored using 20 females and 20 males for each assay (see next section).

Additional individuals were collected for subsequent metabolomics analysis at the same four sampling times at two dates (22/08/18 and 27/08/18, representing day 4 and 5, respectively, see Supplementary Table 1), representing days with either high or low observed temperature variation. At each collection time, eight samples of five females (only females were used for the metabolomics studies) were collected, transferred directly into ice cold RNAlater, and stored at −20°C for approximately 1 week. Then the samples were transferred to our laboratory in Denmark where they were stored at −80°C and later used for metabolomic fingerprinting. Collection of samples in RNAlater is amenable for downstream metabolomics analysis if stored at subzero temperatures (van Eijsden et al., 2013; Harris, 2018).

The air temperature at the collection site was continuously recorded with 5-min intervals in the shade using Easylog USB data loggers (LASCAR Electronics, EL-USB-2+). The temperature was measured in the shade to avoid warm temperature-spikes in the measurements caused by direct solar radiation (Maclean et al., 2021) and the loggers were placed 15 cm above the soil surface to reflect the thermal environment at the top of the grasses where N. groenlandicus was most abundant, and was caught with the sweeping net. Based on these recordings, the mean temperature was calculated for the 1-h timespan prior to testing thermal tolerances. The mean temperature immediately prior to thermal assessment has been shown to be highly correlated with the heat tolerance in a range of insect species collected in the field (Noer et al., 2022).



Heat and Cold Tolerance Assays


Heat Knockdown Time

Heat tolerance was measured as heat knockdown time (HKDT), i.e., a measure of the time before individuals go into a heat-induced coma/die at a high stressful temperature (Terblanche et al., 2007; Bak et al., 2020). For N. groenlandicus HKDT constitutes a direct measure of heat tolerance as we register the time individuals can withstand before they die. The vials containing field-collected individuals were mounted to a rack and submerged into a temperature-controlled water bath (PolyScience MX Immersion Circulator: MX-CA12E) maintained at 48°C. The individuals were then observed and stimulated with flashes of light and gentle taps on the vial caps with a metal rod. The time until movement ceased was noted for each individual. The chosen HKDT temperature was based on experiences from previous work on the species (Sørensen et al., 2019), and on unpublished preliminary results showing that N. groenlandicus individuals went into coma within 20–40 min at 48°C. Earlier results suggest a fast heat hardening response for this species and since we wanted a measure of their acute heat tolerance, and aimed for reducing hardening responses induced while testing, this HKDT was found relevant.



Chill Coma Recovery

Cold tolerance was measured as the temperature at which the bugs regained the ability to move after being knocked down by exposure to a low temperature (Trecovery) following a modified procedure of the method described in Overgaard et al. (2011). Thus, we used a proxy rather than direct measures of cold tolerance. The glass vials containing the individuals were mounted to a rack and submerged into a glycol-water solution that was kept at −3°C using a thermostat (LAUDA Proline Edition X RP 1845-C, LAUDA DR. R. WOBSER GMBH & CO., KG, Germany). This temperature was based on the lower critical temperature (CTmin) which induces a cold coma for the species (Bahrndorff et al., 2021b). Immediately after submersion, the temperature of the solution was increased at a rate of 0.2°C/min. Pilot studies showed that this temperature (−3°C) was sufficient to induce chill coma within a few minutes with full survival upon returning to room temperature (data not presented). Following the HKDT procedure, the individuals were observed and provoked using light flashes and gentle taps, and the temperature at which individuals first moved any body part was noted as their chill coma recovery temperature (Trecovery). A low Trecovery is interpreted as high cold tolerance.




Metabolomic Fingerprinting

We adapted the methods detailed in Thiébaut et al. (2021) for detecting and quantifying the metabolite content from whole-body extracts of female N. groenlandicus. For each field sampling time, eight replicates were used, each consisting of five pooled females to obtain sufficient biomass (∼4 mg dry mass per sample). Each sample was vacuum dried (Speed Vac Concentrator, miVac; Genevac Ltd., Ipswich, England) and weighed (Mettler Toledo UMX2, accurate to 0.001 mg) before extractions so that metabolite concentrations could be reported according to dry mass. The samples were first homogenized for 90 s with two tungsten beads in 450 μL of a solution of ice cold methanol-chloroform (ratio 2:1, v:v) using a bead beater (Qiagen MM301; Retsch GmbH, Haan, Germany) set at 25 Hz. To separate the homogenate in two distinct phases (lipid-rich containing phase, and aqueous phase containing metabolites), 300 μL of cold ultrapure water was added to each tube before centrifugation (Sigma 2-16K, Sigma GmbH, Harz, Germany) for 10 min at 4000 g at 4°C. The supernatants containing metabolites were transferred to new tubes and stored at −80°C until analysis by GC-MS. Prior to the analysis, 120 μL of the metabolite extract was transferred to glass vials and vacuum dried.

The derivatization of the samples (dry residues) was automatized with a CTC CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland). Dried samples were re-suspended in 30 μL of 25 mg mL–1 methoxyamine-hydrochloride (CAS Number: 593-56-6, SIGMA-ALDRICH, St. Louis, MO, United States) in pyridine prior to incubation under orbital shaking at 40°C for 60 min. Following incubation, 30 μL of N-methyl-bis(trifluoroacetamine) (BSTFA, CAS Number: 685-27-8) was added, and derivatization was conducted at 40°C for 60 min under agitation. An Agilent 7890B gas chromatograph coupled to a 5977B mass spectrometer was used for the separation and detection of the metabolites. For each sample, 1 μL was injected (Injector temperature: 250°C; split mode with a split ratio of 25:1); the temperature of the oven increased from 70 to 170°C at a rate of 5°C/min, from 170 to 280°C at 7°C/min, and from 280 to 320°C at 15°C/min, and then remained at 320°C for 4 min. We used a 30-m fused silica column (HP5 MS 30 m, I.D. 0.25 mm, thickness 0.25 μm, 5% Diphenyl/95% Dimethylpolysiloxane, Agilent Technologies), and the gas carrier (Helium) had a flow of 1 mL per min. The temperatures of the transfer line and ion source were 280 and 230°C, respectively. Metabolite fragmentation and ionization were carried out by electronic impact (electron energy: 70 eV) and detected with the full scan mode. The detected peaks were identified and annotated with MassHunter (Agilent). Most detected metabolites were identified, and calibration curves were used with pure compounds for calculating the concentration of each metabolite.



Statistical Analysis

Differences in thermal tolerance with sampling time were examined using two-way ANOVAs for male and female N. groenlandicus separately with “time to knockdown” or “chill coma recovery temperature” as dependent variables, and “time of day” and “day” as independent variables. The tests were run on individuals. To ensure normal distribution, the data were transformed using rank inverse transformation and the models were run on both transformed and non-transformed data for validation. In addition, we used Pearson’s correlations to examine if microhabitat temperature affected thermal tolerances rather than sampling time alone. The Pearson’s correlations were calculated using the mean field temperatures observed in the 1 h preceding each collection round and the mean HKDT and Trecovery for each assay and sex (n = 20).

We used one-way ANOVAs to examine if individual metabolite concentrations within each day differed according to collection time. The concentrations of all quantified metabolites were then scaled and mean centered. For each sampling day, between-class PCA (R-package “ade4”), were run to explore the daily temporal structure of the metabolomic profiles. Monte Carlo tests (1000 permutations) were used to examine the significance of differences in metabolite profiles among classes of individuals from the four sampling times. Further, the metabolites that contributed the most to separation of groups were identified and ranked by their correlation to the principal components that described most of the inertia in the data. All analyses were carried out using the software “R” (R Core Team, 2020). Raw temperature and GC-MS files used for the analyses are available in the Supplementary Material.




RESULTS


Microhabitat Temperatures

Observed microhabitat temperatures of the different sampling periods are shown in Figure 1. The largest daily amplitude recorded was 28.8°C on day 1, while the lowest of 11.6°C was on day 4. The warmest average temperature in the 1-h timespan prior to thermal tolerance tests was 26.3°C (see Supplementary Table 1 for exact temperatures) and was recorded at midday on day 2; the coldest average temperature prior to tests was 1.0°C and was recorded in the morning of day 5.

The microhabitat temperatures varied markedly between the two experimental days where samples were collected for metabolomic profiling (day 4 and 5; Figure 1). Within day 4, the temperatures were relatively constant with only 4.9°C difference in the average temperatures at the four daily collection times. Day 4 was also characterized by the lowest recorded daily amplitude. Day 5 was characterized by a high temperature variation with an amplitude of 25°C; the average temperatures at the four collection times differed by 21°C (Figure 1 and Supplementary Table 1).



Thermal Tolerance

Thermal tolerances varied significantly within and between days for both male and female individuals (Supplementary Figure 2 and ANOVA Supplementary Table 2). The average HKDT at each collection time and day was correlated with the average field temperature observed 1 h prior to heat tolerance assessment. The correlation was significant for females but not for males (Figure 2A). The regression slope, representing the change in HKDT per °C change in field temperature, was 0.36 min/°C for females and 0.18 min/°C for males. In addition, HKDT was overall higher for females than for males at any given field temperature with a difference of 5 min at the intercept. The maximal difference in mean HKDT measured across all temperatures was 23 min for females and 12 min for males. The relation between mean Trecovery and the average microhabitat temperature preceding cold assays revealed a significant positive relationship for both females and males (Figure 2B). The increase in recovery temperature per °C change in field temperature were 0.09 and 0.07°C for females and males, respectively. The largest difference in Trecovery found across all days was 3.3°C for females and 3.4°C for males.
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FIGURE 2. Scatter plot showing the mean (A) heat knockdown time in minutes, and (B) chill coma recovery temperature (Trecovery) of females (circles) and males (triangles), as a function of the average microhabitat temperature 1 h prior to assay start. At eight sampling times, females were collected for metabolomic fingerprints simultaneously with individuals used for the thermal assays (blue circles). Black points are data points with no metabolomic fingerprints associated. Solid (female) and dotted (male) lines represent regressions between field temperature and thermal tolerances. Bars are standard errors of the mean.


For the days where females were collected for metabolomic fingerprinting, the HKDT and Trecovery varied markedly across the thermally variable day (day 5), and less so on the thermally stable day (day 4) (Supplementary Figure 2). Thus, the correlation between the field temperature and heat tolerance of the females collected only at the time points used for metabolomic profiling was strong and highly significant (R = 0.94, p = <0.001). The relationship between field temperature and Trecovery of females collected on day 4 and 5 was also positive and directional, however, not significant (R = 0.52, p = 0.19).



Metabolomic Profiling


Description of the Quantified Metabolites in the Samples

The full scan monitoring allowed us to identify and quantify 33 metabolites with the quadrupole GC-MS platform (Supplementary Table 3; and see raw metabolite concentrations in Supplementary Table 4). We quantified 13 free amino acids, five sugars, six polyols, six metabolic intermediates, and three other metabolites. Xylitol and ethanolamine concentrations were below the quantification limit (i.e., below the lowest concentration of the calibration curve) in many samples and were therefore excluded from the quantitative profiling. The most abundant metabolites across all sampling times and days were phosphoric acid, proline, glutamate, and tyrosine.



Effects of Collection Time on Metabolic Fingerprints

Individual metabolite concentrations for each sampling time are displayed in Figure 3. We observed that a large number of metabolites varied in concentrations across collection times on day 5. There was a significant effect of “time of day” on the levels of eight metabolites (Supplementary Table 5). Conversely, the metabolite concentrations varied less on collection day 4, though there was a significant effect of “time of day” on concentration for seven of these (Supplementary Table 5). To examine whether the concentration levels varied similarly across collection times for the two collection days, we ran 2-way ANOVAs for each metabolite. Six metabolites varied distinctively across the four collection times for the 2 days, and these are depicted as the interaction between collection day and time on Figure 3. Finally, the sugars glucose, fructose, and galactose and the polyol glycerol occurred in larger concentrations in individuals collected on day 5.
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FIGURE 3. Individual metabolite concentrations (nmol mg–1 dry mass) measured in whole-body extracts of female N. groenlandicus collected from the field at four consecutive time points (morning, midday, afternoon, and evening) during day 4 (blue) and day 5 (red). Each point represent mean concentration (n = 8) and bars are standard errors of the mean. Differences between concentrations (log-transformed) and collection days (d), collection times (t), and the interaction between day and time (d:t) was investigated using 2-way ANOVAs and significance p-values are shown on each plot if significant. The metabolites are classified from A to E in the header according to functional group; A, amino acids; B, sugars; C, polyols; D, metabolic intermediates; and E, other metabolites.


Between-class PCAs were run separately on the metabolite concentrations from individuals sampled on day 4 (Figure 4A) and day 5 (Figure 4B). PC1 and PC2 cumulated 80 and 83% inertia on day 4 and 5, respectively; thus, on both days, the first two PCs explained most of the between-class variation. All classes showed a clear-cut separation meaning that metabolomic fingerprints differed among the different sampling times. The separation appeared stronger on day 5 (Figure 4B) than on day 4 (Figure 4A). Monte-Carlo randomization tests confirmed differences in metabolomic profiles among classes on day 5 (p < 0.001) and day 4 (p = 0.026) and the significance levels underpins that metabolomic profiles differed more markedly between sampling times on the thermally variable day 5 compared to on the less thermal variable day 4, as evidenced by much lower ellipses overlap.
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FIGURE 4. Between-class Principal Component Analyses (top) and metabolite correlations to PC1 (bottom) based on GC-MS quantification of metabolites from whole-body extracts of female N. groenlandicus sampled in the field at four consecutive sampling time points (8:00 am, 12:00 pm, 4:00 pm, 8:00 pm) on (A) the thermally stable sampling day (day 4) and (B) the thermally variable sampling day (day 5). Lines represents individual sample positions respective to centroids (n = 8).




Effects of Low Daily Thermal Fluctuations on Metabolic Fingerprints

On day 4, which was characterized by low temperature variation, the metabolomic profiles of individuals collected in the morning and evening differed from the profiles from midday and afternoon along PC1 (Figure 4A). Further, the metabolic fingerprints of individuals collected during midday and afternoon separated along PC2.

The metabolites most positively correlated to PC1 were the sugars galactose and glucose (Figure 4A). These two sugars were more abundant in individuals sampled in the morning and evening compared to those sampled at midday and afternoon. Lactic acid and citrulline were the metabolites that were most negatively correlated to PC1, and they were more abundant in individuals sampled at midday and afternoon. The polyol glycerol-3-phosphate and succinic acid had the highest positive associations with PC2 (Supplementary Figure 3) and were characterized by higher concentrations in individuals sampled in the morning and afternoon. Only one metabolite, glucose-6-phosphate, were negatively associated with PC2 and thus more abundant in the morning.



Effects of High Daily Thermal Fluctuations on Metabolic Fingerprints

On day 5, metabolomic profiles of individuals collected in the morning separated strongly from individuals sampled in the afternoon (Figure 4B). These two collection times were also the two thermal extremes of the day (i.e., the lowest and highest temperatures of the day, see Figure 1 and Supplementary Table 1); this observation suggests that PC1 explained metabolic changes correlated to high diel thermal variation. Further, the metabolic fingerprints of the individuals collected at these time points separated from the fingerprints of individuals collected at midday and in the evening along PC2.

The metabolites that were positively associated with PC1 on day 5 were phenylalanine, glutamic acid, citric acid, and to a lesser extent other amino acids, including valine, leucine, serine, and alanine (Figure 4B). These were more abundant in individuals sampled in the morning compared to individuals from the other collection times. The metabolites that were most negatively correlated to PC1 were succinic acid, fumaric acid, glyceric acid and ornithine. Further, negative correlations included several polyols (adonitol, glycerol-3-phosphate, arabitol) whose concentrations were higher in individuals collected in the afternoon than in the morning. The sugars fructose, glucose and galactose, and the amino acids isoleucine and lysine, as well as succinic acid and glycerol were positively associated with PC2 (Supplementary Figure 3), and were thus more abundant in individuals sampled in the evening. Negative associations were few, but the most negatively associated metabolite was the sugar glucose-6-phosphate which was more abundant in the morning and afternoon.





DISCUSSION


Diel Variations in the Thermal Tolerance of Field-Sampled Insects

In our study, we showed a linear relationship between ambient microhabitat temperature and measures of both cold and heat tolerance of field-collected specimens of N. groenlandicus. Given the temperatures observed in the field during summer in Narsarsuaq includes subzero night temperatures and peak day temperatures above 40°C (Sørensen et al., 2019; Bahrndorff et al., 2021b) we advocate that the ability to withstand and remain active at high temperatures and recover fast from low temperature coma is ecologically important, especially for a univoltine species such as N. groenlandicus. This allows the species to, e.g., forage and mate in a transient environment and short summer season. Thus, our results point to plasticity in thermal tolerances being of strong importance for survival of insects in this region. Recently, the heat hardening capacity of N. groenlandicus has been examined in the laboratory, showing that heat tolerance can be increased within 45 min when the insects are exposed to high temperatures (Sørensen et al., 2019). It was also found that the heat hardening effect was reverted within 2 h when the insects were returned to cooler temperatures. Our results are consistent with these former observations, and the rapid adjustments that we observed in both heat and cold tolerance from field-sampled N. groenlandicus additionally support the assumption that hardening responses are important for coping with rapid changes in ambient temperature in the field. This is in contrast to the slower hardening responses observed in some temperate insect species and indicates that high thermal variability of the environment can be a selective agent for rapid plastic responses (Dahlgaard et al., 1998; Bahrndorff et al., 2009; Alemu et al., 2017).

Interestingly, the adjustments occurred not only at extreme temperatures, but also at temperatures that are not considered as stressful or sub-lethal to the species. The body temperatures experienced by N. groenlandicus, like other insect species, might differ from the temperatures measured in the shade due to behavioral thermoregulation (e.g., Stevenson, 1985; Kearney et al., 2009), such as seeking microhabitat temperatures that deviate from air temperatures (Stevenson, 1985; Böcher and Nachman, 2001; Danks, 2004; Kearney et al., 2009). However, as sampled individuals are collected in the same microhabitat as where air temperatures are measured, we do argue that the difference between air and body temperatures is likely to be minor. The adult life-stage of N. groenlandicus seemingly has a high preferred body temperature of approximately 30°C (Böcher and Nachman, 2001) and an extreme thermal tolerance breadth spanning from critical lower limits (CTmin) of −3.4°C to critical upper thermal limits (CTmax) of 48.5–52°C (Böcher and Nachman, 2001; Sørensen et al., 2019; Bahrndorff et al., 2021b). Thus, only the lowest temperatures recorded in the field approximated sub-lethal conditions for the species. Typically, hardening responses are described as being induced by stressful conditions (Angilletta, 2009). For example it has been described from laboratory and field studies performed on Drosophila spp. that hardening temperatures ca. 10–15°C above optimal rearing temperatures are needed to induce adaptive increases in heat tolerance, and cause upregulation of heat shock proteins (Sørensen et al., 2003; King and MacRae, 2015). Here, despite exposure to temperatures well within their thermal comfort zone, we show that heat and cold tolerance changed daily in N. groenlandicus. This finding might represent an evolutionary adaptation to the extreme climatic variations of arctic environments, but may also suggest that temperature variation act in concert with changes in air humidity and/or other climate variables to affect thermal tolerances as found for several other polar and sub-polar species (Block et al., 1994; Hodkinson et al., 1996; Benoit et al., 2009; Everatt et al., 2015).

Another important discovery was that the patterns of plastic changes in cold tolerance were similar for males and females, while distinct patterns were seen for heat tolerance for the two sexes (Figure 2). Females had a higher HKDT (+5 min HKDT) compared to males and tended to exhibit a stronger plasticity for that trait when field temperatures varied. Often, studies on thermal plasticity in insects find that the variation in upper thermal limits is constrained, and less plastic, compared to lower thermal limits (reviewed by Hoffmann et al., 2013; see also Chown, 2001; Overgaard et al., 2011; Alford et al., 2012). This is likely resulting from the difficulty of insects to seek shelter from cold temperatures, thus resulting in a stronger selection pressure for plasticity of cold tolerance (Hoffmann et al., 2013). Our findings suggest that the selection pressure for cold tolerance may have been similar in male and female N. groenlandicus because no differences were observed in Trecovery. Conversely, heat stress is often countered by behavioral thermoregulation in ectotherms, for instance by seeking shadow or migrating below-ground (Huey and Tewksbury, 2009; Kearney et al., 2009). The higher heat tolerance and plasticity for this trait in females could be explained by the univoltine life history and the short arctic summers requiring females to seek out warm temperatures to rapidly complete their life cycle (Bahrndorff et al., 2021a). Further, our results indicate a trade-off between heat and cold tolerance. Thus, individuals sampled at middays and afternoons are overall more heat tolerant and less cold tolerant compared to individuals sampled during mornings and evenings. Similar results have been found for thermal tolerance of the fruit fly Drosophila melanogaster kept under natural and semi-natural conditions (Overgaard and Sørensen, 2008; Schou et al., 2015). A consequence might be maladaptive plastic responses to environmental cues, as climatic conditions are prospected to become more unpredictably variable in the future (Kingsolver and Huey, 1998; Huey et al., 1999; Manenti et al., 2014).



Daily Thermal Variations and Metabolic Fingerprints

The separation of the metabolic fingerprints from field-sampled N. groenlandicus was much stronger when individuals were collected during the thermally variable day (day 5), as compared with the less temperature variable day (day 4). This finding supports our hypothesis that microhabitat environmental conditions have a strong impact on diurnal changes of the physiology of adult N. groenlandicus. It also suggests that the observed diurnal variation in metabolic fingerprints cannot be explained by circadian clock regulations alone because similar patterns would be expected on the two collection days if that was the case.

On the less variable day, the average temperature prior to testing the insects was rather similar for the four collection periods (maximal temperature difference of 4.9°C; Figure 1). The measured changes in metabolite concentrations on this day were thus mostly independent of temperature, and rather reflected adjustments in energetic metabolism over the day or circadian regulated responses independent of temperature. This assumption is supported by the grouping pattern of the metabolomic profiles of individuals collected at the four different time points of day 4. Metabolomic profiles in the morning and evening were more similar and separated from those of individuals collected on the midday and afternoon. This pattern may reflect that the activity of the individuals was higher during midday and afternoon and in turn increased the energetic needs and metabolism in general. Consistently, sugars (glucose, fructose, galactose), some metabolic intermediates (citric and fumaric acid), and a range of free amino acids (phenylalanine, valine, serine, glutamine, and tyrosine), all being important substrates for glycolysis and Krebs cycle, varied in rhythmic patterns on both day 4 and 5 (Figure 3). These patterns might constitute circadian clock mechanisms that are regulated independently of temperature, humidity and other variable abiotic factors as seen, e.g., in D. melanogaster (Rhoades et al., 2018).

On the temperature variable day, the pattern of separation was markedly different than the one reported for day 4. The groups separating the strongest and explaining most of the variation in the data belonged to the individuals collected in the morning and afternoon, representing the time points with the lowest and the highest temperatures of day 5. Throughout this day, the sugars fructose, glucose and galactose, occurred in higher quantities compared to day 4 and especially fructose and glucose accumulated 2–3 fold in the evening in the individuals sampled on day 5, despite the temperature not being different from the temperature on day 4 at this time point (Figures 1, 3). Typically, sugar accumulation is associated with cold shock responses (Jagdale et al., 2005; Lalouette et al., 2007; Michaud and Denlinger, 2007; Overgaard et al., 2007; Holmstrup et al., 2010; Teets et al., 2011) and seasonal preparation for diapause (Koštál et al., 2001; Watanabe, 2002; Vasquez et al., 2019). Sugars have osmoprotective properties that may play important protective roles in cold tolerance possibly through stabilization of cell membranes and macromolecular structures even at low concentration (Gekko and Timasheff, 1981; Yancey, 2005; Koštál et al., 2016) or by maintaining haemolymph osmolality despite low [Na+] and [K+] due to cold exposure (MacMillan et al., 2015). Thus, sugars might be accountable for the higher cold tolerance observed in individuals on days characterized by large temperature amplitude.

Polyols accumulated during the warmest periods of the days and especially inositol, fluctuated on day 5. Accumulation of the polyols mannitol and sorbitol in whiteflies and aphids with daily warm peaks has been associated with increased heat tolerance under natural and semi-natural conditions (Hendrix and Salvucci, 1998; Wolfe et al., 1998; Salvucci et al., 2000). This could indicate that polyols contribute to regulation of heat tolerance in N. groenlandicus.

It is possible that oscillations of sugars and polyols were affected by temperature-dependent activity patterns such as feeding, mating and general metabolism, and this might confound the effects of temperature and humidity alone on thermal tolerance. Foraging or feeding rates are partly governed by upper and lower activity thresholds of organisms (Everatt et al., 2013). Our own unpublished data on the activity of N. groenlandicus show that the species is virtually inactive at temperatures below 15°C and activity peaks at 35–40°C. This might suggest that feeding is constricted to the warmest periods of the day (typically between 20 and 30°C at the given study site). Nysius species feed on phloem sap and plant seeds (Böcher, 1972; Broadle et al., 1986; Böcher et al., 2015; Tiwari and Wratten, 2019; Maharjan et al., 2020), and therefore ingest large quantities of sucrose, which is produced by photosynthesis in plants. In other hemipteran phloem-feeders, sucrose is hydrolyzed to glucose and fructose when ingested and rapidly converted to trehalose or polyols, which are less toxic compounds to store in the hemolymph at high concentrations (Becker et al., 1996; Hendrix and Salvucci, 1998). Thus, there might be a direct link between feeding behavior and sugar and polyol levels. For instance, trehalose concentrations increased more in the afternoon/evening on the warm day when feeding rates are expected to be higher (Figure 3).

Additionally, selective feeding on protein- and lipid rich diets impact on thermal tolerance in several insect species. For instance, the dung beetle Thorectes lusitanicus has been found to selectively supplement its diet with acorn, and experiments showed that beetles that were fed on acorn had a hemolymph supercooling point that was 5°C lower than individuals fed on cow-dung (Verdú et al., 2010). The shift was associated with alterations in hemolymph cryoprotectant content. Likewise, Rho and Lee (2017) showed that the beetle Tenebrio molitor selectively chose a carbohydrate rich diet at cold and warm temperatures, opposed to a more balanced protein-carbohydrate diet at intermediate temperatures. Switches in feeding preference with cold stress have also been found for Drosophila species (Brankatschk et al., 2018; Strassburger and Teleman, 2018). These aspects should be examined further in future studies.

Whether the oscillations of sugars and polyols constitute protective responses rather than consequences of altered energetic metabolism or temperature-dependent feeding is not evident from our results. However, the contrasting patterns of sugar and polyol oscillation may indicate that polyols are converted to sugars during the coldest times of the thermally variable day, maybe as a protective response. It might also explain the negative trade-off observed between heat and cold tolerance in this study. However, this is speculative and should be examined further in future studies along with common garden experiments revealing the importance of circadian rhythm regulation of N. groenlandicus behavior and physiology.




CONCLUSION

Here, we showed that thermal tolerance was correlated with ambient microhabitat temperature in the Greenlandic seed bug, N. groenlandicus. Thus, we show that hardening responses observed under constant laboratory conditions in a previous study (Sørensen et al., 2019) occur also in field settings for this species. Interestingly, we found that the plastic adjustments of thermal tolerance occurred at relative benign temperatures contrasting experimental evidence from laboratory studies on primarily model species, suggesting that these responses occur at sub- or supra lethal temperatures. Thus, plasticity of thermal tolerance is likely affected by multiple factors under natural conditions and constitute an example of evolutionary adaption to the extreme and variable Arctic and sub-Arctic habitats of N. groenlandicus. Further, we showed that field heat hardening causes increased heat tolerance and reduced cold tolerance and vice versa with cold acclimation, suggesting a trade-off. GC-MS investigation of field collected individuals revealed candidate metabolites that are regulated according to thermal and other abiotic and biotic conditions that vary on a diurnal basis. Distinct metabolic fingerprints associated with temperature on the thermally variable day (day 5) were not observed at the thermal stable day (day 4). This suggests that our results cannot be explained by circadian clock regulated mechanisms alone, but that these metabolites are partly regulated by temperature variability (or variation in correlated environmental or physiological variables) and constitute important physiological mechanisms controlling diurnal variability in thermal tolerances in the species. The strong plastic responses observed in heat and cold tolerance and in the metabolomic profiles in our study suggests ongoing strong selection for plasticity in this highly fluctuating polar environment. The genetic architecture of these traits are mainly investigated in model organisms where studies on D. melanogaster suggest significant heritable variation for plasticity of thermal stress tolerance traits and metabolite profiles (Gerken et al., 2015; Hangartner and Hoffmann, 2015; Ørsted et al., 2017; Rohde et al., 2021).
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Ongoing anthropogenic climate change has increased attention on the ecological and evolutionary consequences of thermal variation. Most research in this field has focused on the physiology and behavior of diploid whole organisms. The thermal performance of haploid gamete stages directly tied to reproductive success has received comparatively little attention, especially in the context of the evolutionary ecology of wild (i.e., not domesticated) organisms. Here, we review evidence for the effects of temperature on sperm phenotypes, emphasizing data from wild organisms whenever possible. We find that temperature effects on sperm are pervasive, and that above normal temperatures in particular are detrimental. That said, there is evidence that sperm traits can evolve adaptively in response to temperature change, and that adaptive phenotypic plasticity in sperm traits is also possible. We place results in the context of thermal performance curves, and encourage this framework to be used as a guide for experimental design to maximize ecological relevance as well as the comparability of results across studies. We also highlight gaps in our understanding of sperm thermal performance that require attention to more fully understand thermal adaptation and the consequences of global change.

Keywords: climate change, fertility, heat stress, postcopulatory selection, spermatogenesis, spermatozoa, thermal adaptation, thermal plasticity


INTRODUCTION

Global climate change is expected to have broad effects on the biodiversity of Earth, and our knowledge about how organisms will respond to ongoing environmental disturbance still needs considerable improvement (IPCC, 2014). Many studies have measured the thermal performance and lethal heat thresholds of species to examine the ecological and evolutionary impact of rising global temperature, with the ultimate goal of making inferences about how population processes will be affected (summarized in Seebacher et al., 2014; Gunderson and Stillman, 2015; Sinclair et al., 2016; Pinsky et al., 2019; Buckley and Kingsolver, 2021). However, these studies tend to focus on diploid adult or sub-adult individuals. Far fewer studies have focused on how sublethal temperatures impact reproductive cells, even though they have direct influence on fertility and fitness. For example, a recent study on 43 Drosophila species showed that male sterility temperatures better predict species global distributions than the upper lethal temperatures of adults (Parratt et al., 2021). This result emphasizes the significant role male gametes can play in shaping ecological pattern and process, and their likely importance in dictating how biodiversity will react to global warming.

Sperm are one of the only cell types that are released into a foreign environment after maturing, traveling through and interacting with the external physical environment and/or the female reproductive tract (Pitnick et al., 2009, 2020). During the life cycle of sperm, from development in the testis to egg fertilization, sperm may experience a wide range of environmental conditions including variation in temperature, pH, ionic state, and viscosity (Reinhardt et al., 2015). Here we focus on temperature, one of the most significant environmental factors relevant to environmental adaptation and climate change that could impact sperm traits and their ability to fertilize. In general, studies of temperature-dependent sperm performance are concentrated on model organisms used for medical or domestic breeding purposes, and therefore lack ecological and evolutionary context (Reinhardt et al., 2015; Lüpold and Pitnick, 2018; Walsh et al., 2019). From these studies, we know the impact of thermal stress on sperm traits can include morphological and behavioral changes, decreased sperm count and longevity, and increased DNA damage (Cameron and Blackshaw, 1980; Foldesy and Bedford, 1982; Flowers, 1997, 2015; Blanckenhorn and Hellriegel, 2002; Reinhardt et al., 2015; Parrish et al., 2017; Peña et al., 2021). Therefore, as thermal niches of populations diverge, we expect the temperature-dependence of sperm performance to undergo adaptive evolutionary change in concert with other aspects of organismal performance. However, considerably less is known about ecologically relevant sperm thermal biology in wild populations. This is slowly changing, however, and exciting results are beginning to emerge.

Here, we review empirical evidence for how temperature, and especially high temperature, affect sperm traits. We focus on data from wild animal populations whenever possible, but include data from plants and domesticated organisms when appropriate. We also attempt to place data within the “thermal performance curve” framework (Huey and Kingsolver, 1989). Thermal performance curves describe how rates of biological processes change with temperature, and are applicable to everything from enzymatic catalysis to population growth rates (Angilletta, 2009; Somero et al., 2017). The crux of thermal performance curves is that they are unimodal and asymmetrical: performance peaks at a temperature closer to the heat tolerance limit than to the cold tolerance limit (Figure 1A). This means that organisms tend to live at body temperatures close to their heat thresholds, making them vulnerable to warming (Deutsch et al., 2008; Huey et al., 2009). Data on sperm thermal traits are rarely discussed within the performance curve context (Figure 1B), but we believe doing so is beneficial for understanding the evolutionary ecology of sperm traits. Throughout, we attempt to synthesize emerging patterns from the available data, and also highlight gaps in our understanding that require greater attention.
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FIGURE 1. Thermal performance curves. (A) Hypothetical thermal performance curve. CTmin: critical thermal minimum, the cold tolerance limit. CTmax: critical thermal maximum, the heat tolerance limit. Set point range (Tset): also known as the preferred temperature range, this is the target range of body temperatures ectothermic organisms seek out in a thermally variable environment. Topt: thermal optimum, the temperature at which performance is maximized. (B) Relative thermal performance (maximum value set to 100%) of ejaculated sperm velocity (Atlantic cod, Gadus morhua, Purchase et al., 2010), developmental sperm length (bruchid beetle, Callosobruchus maculatus, Vasudeva et al., 2014), sperm number (bruchid beetle, C. maculatus, Vasudeva et al., 2014), and male fertility (red flour beetle, Tribolium castaneum, Sales et al., 2018).


Our review includes morphological and performance aspects of sperm phenotypes. We apply the term “performance” broadly, including any aspect of sperm-related phenotypes (number, percent motility, velocity, and fertilization success) that is not explicitly morphological.



HOW TEMPERATURE AFFECTS SPERM TRAITS

Temperature can affect sperm traits in many ways, both pre- and post-ejaculation (Figure 2). Below, we step through examples of how temperature can affect sperm traits at different stages of the sperm life cycle.
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FIGURE 2. Stages at which temperature could impact sperm traits.



Pre-ejaculate Thermal Effects

Male developmental temperature plays an important role in testis development (Blanckenhorn and Henseler, 2005; Sales et al., 2021), which could subsequently affect sperm traits (Blanckenhorn and Hellriegel, 2002; Vasudeva et al., 2014; Sales et al., 2021; but see Iglesias-Carrasco et al., 2020). In yellow dung flies (Scathophaga stercoraria), individuals produced the longest sperm after undergoing development at either intermediate or high temperature (Blanckenhorn and Hellriegel, 2002). In the pseudoscorpion (Cordylochernes scorpiodes), fewer sperm were produced and fertility declined when reared at higher temperature (Zeh et al., 2012). The effects of heat stress can also vary across development stage, and male fertility may be more sensitive to heat during testicular development relative to earlier developmental stages. For example, red flour beetles (Tribolium castaneum) exposed to heat shock during the pupa and immature adult stage when testis are developing had to decreased testis volume, sperm number, sperm viability, and fertility; conversely, heat shock during an earlier larval stage had no effect on reproductive traits (Saxena et al., 1992; Sales et al., 2021).

Studies capable of isolating the effect of temperature on sperm through effects on testis development are rare (Sales et al., 2021). This is because many studies maintain males at their developmental temperature through sexual maturity, at which point sperm analysis occurs. As a result, it is not possible to disentangle effects that emerge due to testis development from direct effects on spermatogenesis or stored sperm. Regardless of the specific mechanism, studies often find that pre-ejaculate temperatures affect sperm traits. For instance, fewer and shorter sperm were produced by bruchid beetles (Callosobruchus maculatus) reared until sperm analysis at the highest and lowest experimental temperatures (Vasudeva et al., 2014), while field crickets (Gryllus bimaculatus) produced the most sperm when they developed at high temperature (Gasparini et al., 2018). In Trinidadian guppies (Poecilia reticulata), sperm length and swimming velocity were lowest for males reared until sperm analysis in the warmest treatment groups (Breckels and Neff, 2013, 2014).

Once males have reached sexual maturity, the temperature they experience can greatly affect sperm. For example, adult boar (Sus scrofa domestica) exposed to high temperature produce sperm with higher levels of DNA damage (e.g., decreased DNA integrity), more morphological abnormalities, and lower motility than sperm from boar housed under normal or cooler thermal conditions (Cameron and Blackshaw, 1980; Flowers, 1997, 2015; Parrish et al., 2017; Peña et al., 2021). Similar effects occur in bull (Bos taurus; Cheng et al., 2016; Morrell, 2020), ram (Ovis aries; Rathore, 1970; Küçük and Aksoy, 2020), zebra finch (Taeniopygia guttata; Hurley et al., 2018), and chicken (Gallus gallus domesticus; Karaca et al., 2002). Such studies in wild endotherms are rare. To the best of our knowledge, the only applicable data come from the African lion (Panthera leo). Male lions with darker and thicker manes have higher body and testicular temperature and produce more morphologically abnormal sperm than lions with blonde manes (West and Packer, 2002).

Studies that increase testicular temperature specifically have also found large impacts on ejaculated sperm traits. For example, raising the testis temperature of laboratory rats to core body temperature by sealing the testis into the abdomen leads to a significant decrease in sperm motility and male fertility (Foldesy and Bedford, 1982). Negative effects are also observed in experiments in which the scrotum is insulated to increase temperature. For example, scrotal insulation studies in livestock and humans have found decreased sperm concentration, motility, and viability, as well as increased morphological abnormalities and DNA damage (Vogler et al., 1993; Abdelhamid et al., 2019; Garcia-Oliveros et al., 2020; Shahat et al., 2020).

The above examples focus on endotherms, but heat exposure after maturity also has a dramatic effect on ectotherm sperm traits. For instance, male red flour beetles (T. castaneum) produced 75% less sperm and had decreased sperm viability after exposure to a simulated heatwave (Sales et al., 2018, 2021; Vasudeva et al., 2021). Similar effects on sperm number and motility occur in field crickets (G. bimaculatus; Gasparini et al., 2018). In Brown trout (Salmo trutta), males exposed to warmer temperature showed no change in the proportion of motile cells, but produced significantly slower sperm (Fenkes et al., 2017). In some organisms, temperatures do not need to be much higher than “normal” for sperm development to be affected. For example, in the coral (Acropora digitifera), adults produced significantly fewer sperm during spawning after experiencing only a 2°C elevation of water temperature above ambient for 1 month (Paxton et al., 2015).

These effects can have subsequent repercussions for reproduction. For example, in the flesh fly (Sarcophaga crassipalpis), males became completely infertile after heat shock, and very few sperm were found in females mated to heat shocked males (Rinehart et al., 2000). Similar findings have been shown in red flour beetles (T. castaneum; Sales et al., 2018, 2021) and C. elegans (Aprison and Ruvinsky, 2014; Poullet et al., 2015). Trans-generational effects of temperature exposure have also been found in field crickets (G. bimaculatus), where adult males that experienced a warm treatment produced lower quality sperm and offspring with lower survival rate compared with cool treated males (Gasparini et al., 2018).

Though lacking information on specific sperm traits, several additional studies have found that male fertility is affected by temperatures they experience after maturity. For example, in many fruits flies (Drosophila), heat stressed males produce significantly fewer offspring, and the effect increases with the duration of heat exposure (David et al., 2005). Although these males were usually able to regain fertility through time, many were permanently sterile after exposure to prolonged or more extreme heat stress (Jørgensen et al., 2006; Sutter et al., 2019; van Heerwaarden and Sgrò, 2021). Similar effects of heat on male fertility have also been shown in Diamondback Moths (Plutella xylostella; Zhang et al., 2013). Male sterility after heat exposure was likely caused by a change in sperm traits, since normal mating behavior was observed in these studies (Jørgensen et al., 2006; Zhang et al., 2013; Sutter et al., 2019). In response to heat-induced male sterility, females may engage in mating with more males to maintain their own fecundity. By accumulating stored sperm through multiple mating, females can potentially restore their fecundity to normal levels (Drosophila pseudoobscura; Sutter et al., 2019; red flour beetles, T. castaneum; Vasudeva et al., 2021).

It is worth noting that male reproductive traits seem to be more sensitive to heat than female reproductive traits, based on studies in which the effects of temperature can be inferred for both sexes. In field crickets and flour beetles, heat treatments that affected males sperm traits did not affect female egg number (Paxton et al., 2015) or reproductive output (Sales et al., 2018, 2021). Furthermore, in the nematodes C. elegans and C. briggsae, infertility after heat stress is mainly due to defective sperm function (Prasad et al., 2011; Aprison and Ruvinsky, 2014; Poullet et al., 2015; but see Janowitz and Fischer, 2011). More work is required to determine the generality of these findings.

Overall, the evidence indicates that high temperatures can have major consequences for sperm quality and performance. Indeed, this is highlighted by the many thermoregulatory mechanisms that organisms have evolved to protect sperm from heat. For example, most mammals maintain testis temperatures 1–6°C below core body temperature, facilitated by morphological and physiological specialization in the testicles (Cowles, 1958; Rommel et al., 1992; Pabst et al., 1995; Thundathil et al., 2012).

In ectotherms, thermoregulation is primarily behavioral. Taxa have a target range of body temperatures (the preferred temperature range, Tpref) that they seek out within their habitats. Tpref is expected to evolve in concert with other physiological adaptations to temperature such that animals prefer body temperatures that confer high physiological performance (Huey et al., 1999; Angilletta et al., 2006). Classic early papers in reptiles contended that Tpref evolution is tied to the thermal dependence of testis health in males (reviewed in Dawson, 1975). For example, exposing mature males to temperatures 1–2°C above Tpref led to testicular tissue damage in the lizards Urosaurus ornatus, Sceloporus virgatus, and S. graciosus (Licht, 1965). Similar results were found using cultured testicular tissue from the lizards Anolis carolinensis and Uma scoparia (Licht and Basu, 1967). These observations highlight that thermoregulation plays a central role in the ecology and evolution of temperature-dependent sperm performance and warrants further attention within that context.



Post-ejaculate Thermal Effect: Direct Effect on Mature Sperm Cells

After ejaculation, the temperature of the environment has a direct effect on sperm performance (reviewed in Alavi and Cosson, 2005; Revathy and Benno Pereira, 2016). For example, the sperm of external fertilizers may experience a wide range of ambient temperatures before reaching the eggs (Chirgwin et al., 2019; Walsh et al., 2019). Several studies have shown increased sperm velocity and/or flagellar beat frequency at higher water temperatures (Kupriyanova and Havenhand, 2005; Lahnsteiner and Mansour, 2012; Fenkes et al., 2017; Iglesias-Carrasco et al., 2020). That said, studies that include a wide range of test temperatures usually find that velocity is maximized at intermediate temperatures, consistent with a thermal performance curve (Alavi and Cosson, 2005; Purchase et al., 2010; Lahnsteiner and Mansour, 2012).

In contrast, high temperature tends to decrease sperm longevity, likely due to increased metabolic rates that rapidly deplete finite energy reserves (Schlenk and Kahmann, 1938; Alavi and Cosson, 2005; Bombardelli et al., 2013). For example, southern hake (Merluccius australis) sperm longevity was greatest when incubated at 4°C and decreased progressively with incubation at 10 and 15°C (Effer et al., 2013; but see Kekäläinen et al., 2018; Lymbery et al., 2020). The consequences of variation in environmental temperature for sperm performance can translate to fertilization success. For example, fertilization capacity decreases significantly if ejaculated sperm are exposed to heat in multiple sea urchin species (Rahman et al., 2009).

Exposing ejaculated sperm to heat may also have trans-generational effects. In European whitefish (Coregonus lavaretus), offspring sired by heat exposed sperm were smaller and had poorer swimming ability (Kekäläinen et al., 2018). Conversely, positive effects have been found in mussels (Mytilus galloprovincialis), where offspring survival rate was higher when sired by heat exposed sperm (Lymbery et al., 2021). These trans-generational effects may be caused by epigenetic changes or selection on sperm haplotypes (Lymbery et al., 2020, 2021). However, the underlying mechanisms are far from clear and need further testing.

Fertilization success changes with water temperature in external fertilizers, although it is difficult to determine the relative contribution of sperm and egg to this pattern. For instance, in tube worms (Galeolaria caespitosa), the thermal performance curve for fertilization rate shows maximum fertilization success at 21°C, which is the typical water temperature in their native habitat during summer (Kupriyanova and Havenhand, 2005). In a different study, fertilization rates of three-spined sticklebacks (Gasterosteus aculeatus) were lowest when gametes were exposed to the higher of two temperatures (Mehlis and Bakker, 2014).

Temperature also affects sperm performance in internal fertilizers, and high temperature in particular tends to result in negative effects (Monterroso et al., 1995; Chandolia et al., 1999). For example, the motility of boar (S. scrofa domestica) sperm decreased by 32% when incubated at 40 versus 38.5°C, the latter temperature closer to body temperature (Calle-Guisado et al., 2017; Gong et al., 2017). In New Zealand white rabbits (Oryctolagus cuniculus), sperm motility and metabolic activity decreased significantly after incubation above body temperature for 3 h (Sabés-Alsina et al., 2016). Available evidence is broadly consistent in ectotherms (Sales et al., 2018). For example, decreased motility and velocity of ejaculated sperm at high temperature has been observed in lizards (Rossi et al., 2021) and snakes (Tourmente et al., 2011).

An important consideration when analyzing the performance of ejaculated sperm in internal fertilizers is the influence of the female reproductive tract. The female reproductive system interacts with sperm and influences sperm performance and fertilization success by dictating the physical and chemical environment that sperm experience (Pitnick et al., 2009; Rosengrave et al., 2009; Sasanami et al., 2013; Lüpold and Pitnick, 2018; Rossi et al., 2021). Though rarely studied, available evidence suggests this interaction is important for sperm thermal performance. For example, oviductal fluid extracted from females reduced the negative effect of high incubation temperature on sperm in spiny lava lizards (Tropidurus spinulosus). Specifically, sperm incubated at high temperature with oviductal fluid had significantly higher motility and velocity compared to those without oviductal fluid (Rossi et al., 2021).

That said, protection provided by the female likely only goes so far. Ejaculated sperm stored within the female reproductive system can still be effected by temperature. In the spiny lizard example, the performance of sperm incubated with oviductal fluid still decreased at high temperature (Rossi et al., 2021). Indirect evidence for limits on female capacity to buffer sperm from high temperature damage is found in a study of the red flour beetle (T. castaneum). They found that heat exposure dramatically reduced female fertility; however, that was only true if females were mated beforehand. Females mated after heat exposure did not experience reduced fertility. Though not conclusive, this pattern is consistent with high temperature negatively affecting sperm after insemination (Sales et al., 2018; Vasudeva et al., 2021). If sperm are influenced by female body temperature after insemination, female thermoregulation will also play a key role in the ecology and evolution of sperm performance, especially in species with long-term female storage.




IS PHENOTYPIC PLASTICITY IN SPERM TRAITS ADAPTIVE OR NOT?

Phenotypic plasticity refers to the ability of a genotype to express different phenotypes based on environmental conditions (Pigliucci, 2001). If plasticity occurs in a manner that improves performance, it is considered adaptive (Huey et al., 1999; Wilson and Franklin, 2002). Adaptive phenotypic plasticity is thought to be an important mechanism that can help organisms cope with temperature fluctuations (Somero, 2010; Seebacher et al., 2014; Gunderson and Stillman, 2015).

Explicit tests of adaptive phenotypic plasticity in sperm traits are rare, but there is compelling evidence that it can occur. Perhaps the best evidence comes from a study of red flour beetles (T. castaneum). Male beetles were acclimated to either standard or warm conditions, and were then mated to standard-reared females under the male acclimation temperature. After mating, females were move into either standard or warm conditions to reproduce. The results showed that females were able to produce significantly more offspring when their post-mating temperature matched male acclimation temperature. In other words, sperm performance was greatest under temperatures to which males were acclimated (Vasudeva et al., 2019). However, adaptive sperm thermal plasticity has not been supported in some other studies. In brown trout (S. trutta) and European whitefish (C. lavaretus), adult males acclimated to warm temperatures did not produce sperm with improved thermal tolerance or relative motility under warm temperatures (Fenkes et al., 2017; Kekäläinen et al., 2018). Similarly, no adaptive plasticity has been found in response to either rearing or adult acclimation temperature in mosquitofish (G. holbrooki; Adriaenssens et al., 2012; Iglesias-Carrasco et al., 2020).

Another approach to inferring adaptive plasticity is to compare the direction of plastic phenotypic change to the direction of evolutionary phenotypic change under the same conditions (Ghalambor et al., 2015). Interestingly, two studies that have compared evolutionary and plastic responses of sperm traits to temperature within the same taxa found that they occur in opposite directions: decreased sperm length was the plastic response to heat, while increased sperm length was the evolutionary response to heat (Breckels and Neff, 2013; Vasudeva et al., 2019). This suggests that some plasticity in temperature-dependent sperm traits could be maladaptive, and evolution acts to overcome that maladaptive response (Ghalambor et al., 2015).

Phenotypic plasticity is typically underlain by changes in gene regulation, and temperature-dependent transcript plasticity has been shown when individuals or their ejaculated sperm experience heat stress. For example, male domesticated bulls (B. taurus) produce sperm with an increased abundance of transcripts for heat shock protein genes hsp60 and hsp70 after exposure to heat (Cheng et al., 2016). In contrast, lower levels of hsp90 but not hsp70 mRNA were found in ejaculated sperm of mussels (M. galloprovincialis) after ejaculated sperm were exposed heat, though no phenotypic changes in sperm motility were observed (Lymbery et al., 2020). Whether differences in transcript abundance were due to gene regulation, degradation of specific RNAs, and/or changes in translation remain unclear (Lymbery et al., 2020). Heat-induced changes in transcript profiles, particularly for hsp genes, could imply an adaptive response since these genes code for molecular chaperones that maintain cellular function under thermal stress and are important in sperm development and function (Huang et al., 2000; Dun et al., 2012; Meccariello et al., 2014). However, further studies will need to be done to establish any adaptive significance.



EVIDENCE OF EVOLUTIONARY DIVERSIFICATION IN SPERM THERMAL PERFORMANCE

From an evolutionary perspective, sperm traits are expected to be selected to maximize fertilization success under prevailing environmental conditions (Pitnick et al., 2009; Reinhardt et al., 2015). This view has been supported by studies on sperm morphology. For example, in many species, sperm length co-evolves with different aspects of female reproductive tract (Miller and Pitnick, 2002; Pitnick et al., 2009; Breckels and Neff, 2013). However, we know relatively little about adaptive divergence in sperm physiological traits with respect to abiotic environmental factors such as temperature (Reinhardt et al., 2015). From our review of the literature, there seems to be a correlation between adult thermal tolerance and the heat tolerance of sperm production and/or post-ejaculate performance. For example, several studies have compared sperm thermal performance between two or three species with divergent thermal niches and have found that performance at high temperature is greater in the warmer niche species (Rahman et al., 2009; Tourmente et al., 2011; Lahnsteiner and Mansour, 2012; Poullet et al., 2015; Revathy and Benno Pereira, 2016).

Of course, evolutionary adaptation cannot be inferred from two-species studies (Garland and Adolph, 1994). More compelling evidence comes from studies of divergence in male thermal sterility thresholds. For example, male whole-organism heat tolerance, a proxy for thermal niche, highly corelates with male sterility temperature across many Drosophilinae fly species (Figure 3; David et al., 2005; Parratt et al., 2021; van Heerwaarden and Sgrò, 2021). In addition, male fertility limits were found to correlate strongly with geographic distribution (and thus thermal environment) across many Drosophila species, providing further evidence for adaptive divergence in temperature-dependent male reproductive traits (Parratt et al., 2021). Interestingly, in almost every species, male fertility thermal (heat) limits (FTL) are lower than the adult heat limits (Figure 4), indicating that male fertility is more sensitive to heat than the whole organism (David et al., 2005; Jørgensen et al., 2006; Parratt et al., 2021; van Heerwaarden and Sgrò, 2021).
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FIGURE 3. Association between adult critical thermal maximum (CTmax) and male fertility thermal limits (FTL50) among 10 Drosophila species. Red line represents the fitted phylogenetic generalized least squares (PGLS) model fitted using the R package nlme (R2 = 0.59, t = 5.59, d.f. = 10, p < 0.001). CTmax and FTL50 data from van Heerwaarden and Sgrò (2021). Phylogenetic information from Finet et al. (2021).
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FIGURE 4. Male fertility is more sensitive to heat than adult thermal tolerance. Box plot showing male fertility thermal limits (FTLs) and critical thermal maximum (CTmax) from 10 Drosophila species (data from van Heerwaarden and Sgrò, 2021). Boxes include the interquartile range, the whiskers span the range of the data, and the thick bars indicate the median values. Each point refers to data for a single species.


At the population level, divergence in sperm morphological traits is commonly reported (Kuramoto, 1996; Pitnick et al., 2003; Hettyey and Roberts, 2006; Minoretti and Baur, 2006; Kustra et al., 2019). Data on population-level divergence in environment-dependent performance is much more limited. For example, Green et al. (2019) found evidence of adaptive sperm evolution in response to local salinity conditions in two invasive populations of round goby (Neogobius melanostomus). Sperm from the high salinity population had greater sperm motility under high salinity conditions than those from the low salinity population (Green et al., 2019). Few studies have tested for intraspecies divergence in sperm thermal performance, but examples do exist. Sperm from a low latitude (i.e., warmer climate) population of Drosophila subobscura were less affected by heat than those from a high latitude population (Porcelli et al., 2017). Similarly, intraspecific variation in the heat sensitivity of fertility is largely consistent with habitat temperature in D. melanogaster (Rohmer et al., 2004) and the nematodes C. briggsae and C. tropicalis (Prasad et al., 2011; Poullet et al., 2015).

For sperm traits to evolve under different thermal regimes, there must be genetic variation in the traits among individuals. Individual-level variation in sperm thermal performance has been reported in Atlantic cod (Gadus morhua), where a genotype by temperature interaction was shown for sperm swimming speed (Purchase et al., 2010). Similarly, individual variation in sperm trait thermal plasticity has been reported in domesticated animals that experience scrotal insulation (Vogler et al., 1991; Barth and Bowman, 1994). Individual variation in sperm performance opens the door for temperature-dependent sperm competition. Furthermore, if adult thermal traits are genetically linked to sperm thermal traits, selection via sperm competition could increase rates of thermal adaptation when habitat temperatures change. Although rarely tested in animals, temperature selection on the gamete level has been applied in plants. For example, pollen selection has been shown to increase chilling tolerance in chickpea (Cicer arietinum; Clarke et al., 2004) and heat tolerance in maize (Zea mays L.; Mohapatra et al., 2020).

Laboratory experimental evolution experiments have shown that sperm traits can rapidly evolve under divergent thermal regimes, though these experiments are rare. In the two studies we are aware of, evolution under warm temperature led to a decrease in sperm length over time in guppies (8 generations, Breckels and Neff, 2013) and in red flour beetles (over 50 generations, Vasudeva et al., 2019). Whether the evolutionary response of sperm length is adaptive, or is simply linked with other adaptive traits, remains unclear. In contrast, laboratory selection experiments in Drosophila found no evidence for evolution in male fertility thermal limits, and heat-induced infertility often leads to population extinction (van Heerwaarden and Sgrò, 2021).



IMPLICATION UNDER GLOBAL CLIMATE CHANGE

The evidence reviewed above has obvious implications for the ability of species to tolerate anthropogenic global change. High temperatures can have strong negative effects on sperm performance. Importantly, these effects can develop at temperatures not far above normal body temperatures, and far below the lethal body temperatures of mature adults that are often used to model susceptibility to warming (Figure 4). The ability of sperm traits to rapidly evolve under high temperatures does provide some hope for adaptation to rapid climate change. So too does the potential for adaptive thermal plasticity in sperm traits. However, the relative dearth of studies that have investigated questions of thermal evolvability and adaptive plasticity in sperm traits leaves us with much to learn before we can draw any solid conclusions.

One approach that could greatly increase our understanding of how climate change and sperm thermal performance interact is greater integration of ecologically meaningful temperature data into experimental design. The conditions that organisms and sperm are experimentally exposed to should reflect what they experience in the wild, as well as what they may experience in the future (Helmuth et al., 2010; Sunday et al., 2014; Buckley et al., 2018). In many of the papers described above, habitat-specific environmental or, more importantly, body temperature data were not presented nor discussed with respect to experimental treatments. As a result, it is difficult to interpret the results in an ecological context. Studies that use unrealistically high treatment temperatures could be biased toward finding a negative effect of warming, pushing organisms above the thermal optimum of their thermal performance curve. Similarly, studies that use unrealistically cool temperatures could incorrectly predict that warming will increase sperm performance if they span temperatures below the thermal optimum of the thermal performance curve. Ideally, experiments will occur across a wide range of temperature such that a thermal performance curves can be estimated and ecologically relevant temperatures can be mapped onto that curve. Then, one can predict the effects of warming within populations and estimate relative vulnerability to warming among taxa (Huey et al., 2009).

Furthermore, treatments should subject experimental units (individuals or sperm) to ecologically relevant thermal fluctuations, not just constant temperatures. Constant-temperature treatments are common in physiological experiments (Gunderson et al., 2016), but exposure to more ecologically relevant fluctuating temperatures often elicit different physiological responses (Colinet et al., 2015; Marshall and Sinclair, 2015; Marshall et al., 2021). Only when ecologically relevant thermal data are more consistently incorporated into studies of sperm thermal physiology will we be able to determine how close wild organisms are to experiencing sperm performance detriments, how great performance detriments may be when temperatures change, and how the effects of warming may differ geographically and taxonomically.



CONCLUSION

The weight of evidence makes it clear that temperature has a profound effect on sperm traits. These effects can manifest at many points in the life cycle of sperm and the tissues that produce and support them. Given the thermal sensitivity of sperm combined with the fact that they are so directly tied to reproductive fitness, we expect sperm traits to be under intense selection as species adapt to new thermal environments. Studies on the evolution of temperature-dependent sperm traits are relatively rare, but the data available suggest that divergence is common and may often be adaptive. Furthermore, experimental evolution experiments demonstrate that sperm traits can evolve rapidly when thermal conditions change.

Most studies of temperature-dependent sperm performance measured traits at only two or three temperatures, making inferences about thermal performance curve difficult or impossible. However, studies that applied a wide range of temperature treatments often found the classic thermal performance curve response for traits related to both morphology and performance (Figure 1B). Moving forward, we recommend that the thermal performance curve framework be used as a guide to design studies of thermal effects on sperm traits. Doing so will allow us to better understand the full spectrum of thermal effects on sperm and elucidate the ecological and evolutionary consequences of sperm phenotypes, as is the case for whole-organism thermal performance (Sinclair et al., 2016). In addition, application of the thermal performance curve perspective may help resolve inconsistencies observed among studies. For example, whether a study finds that warming increases, decreases, or has no effect on a trait of interest will depend on whether the treatment temperatures chosen fall on the rising (left), falling (right), or plateau section of the traits thermal performance curve. Ultimately, greater integration of sperm thermal responses to a wide range of ecologically relevant temperatures will be crucial to predict the effects of global warming on sperm and the subsequent consequences for reproduction and population processes.
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Groups TL (mm) PL (mm) BW (mm) Body mass (g)

Tacc1s (N =9) 54.7+£15 17.9+0.6 99+05 1.3+0.1
Taccos (N = 10) 46.7 £1.3 14.8+£0.3 76+0.3 0.7 +£0.07
Tacc1g VS Tacc2s ta7) = 3.96; P < 0.001 ta7) =4.13; P < 0.001 t(17) = 3.66; P < 0.001 t7) = 4.76; P < 0.001

Values shown are means + s.e.m. for total body length (TL), partial length (PL), body width (BW) in millimeter (mm) and body mass in grams (g). We tested differences
with unpaired t test at a 0.05 significance level. T values and the corresponding degrees of freedom are also shown, all parameters are significantly different between
acclimation groups.
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Significant effects are in bold. Linear, quadratic, and cubic trends in thermal performance are presented for prior temperatures at embryogenesis, and contrasted between

temperatures, in Figure 2.
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Effect

Critical sustained swimming speed in a flume (marginal R? = 0.76, conditional R2 = 0.80)2
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Intercept

Length

Observation

Dev.temp (warm)
Test.temp

Test.temp?

Dev.temp x Test.temp
Dev.temp x Test.temp?
Individual variance
Mother variance
Residual variance
Adjusted repeatability?

Estimate (+ s.e.)

0.07 (0.06)
—0.34 (0.05)
0.06 (0.02)
—0.14 (0.08)
0.07 (0.004)
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0.35

<0.001
0.002
0.18

Responses and length were centered and scaled to unit variance, and test temperature was centered prior to analysis. Significance of effects was estimated using a
log-likelihood ratio test on nested models; in models where a two-way interaction was significant, we did not test the significance of an involved main effect (see section

“Materials and Methods” for more details). Estimates significant at the p < 0.05 level are bolded.

aMarginal R? describes the proportion of the total variance that is explained by the fixed effects in the model whereas conditional R? describes the proportion of total

variance that is explained by the combined fixed and random effects in the model.

b Repeatability was estimated as the proportion of the remaining variance (not explained by the fixed effects) that was attributable to differences in indlividual intercepts.
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Effect

Critical sustained swimming speed in a flume (marginal R2 = 0.41; conditional R2 = 0.72)2
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Responses and length were centered and scaled to unit variance, and test temperature was centered prior to analysis. Significance of effects was estimated using a
log-likelihood ratio test on nested models; in models where a two-way interaction was significant, we did not test the significance of an involved main effect (see section

“Materials and Methods” for more details). Estimates significant at the p < 0.05 level are bolded.

aMarginal R? describes the proportion of the total variance that is explained by the fixed effects in the model whereas conditional R? describes the proportion of total

variance that is explained by the combined fixed and random effects in the model.

b Repeatability was estimated as the proportion of the remaining variance (not explained by the fixed effects) that was attributable to differences in indlividual intercepts.





