Too hot to fear? Temperature modulates metabolic response of ectothermic prey to predation risk.
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Abstract
1. Rising temperature may affect individual performance, e.g. due to metabolism modification. Another stressor affecting metabolism is predation pressure, commonly present in freshwater environments, but rarely integrated into temperature-related studies. Non-native species that evolved under harsh climatic conditions are likely to perform better at elevated temperature than their native counterparts, saving more energy resources for antipredator responses compared to more temperature-sensitive native counterparts. However, this could be further modified by the organism size, as metabolic rate scales with body mass. 
2. We investigated interactive effects of temperature, predation risk and body mass on metabolic rate of two amphipod species with different evolutionary history: Gammarus pulex (Gammaridae), a common native taxon in European freshwaters, and Dikerogammarus villosus (Gammaridae), a non-native species in Western and Central Europe, originating from the Ponto-Caspian region. Using intermittent flow-through respirometry, we measured their oxygen consumption rate (a proxy for metabolic rate) along body mass gradient at different temperatures (15 versus 24 oC) and in the presence or absence of fish kairomones (Eurasian perch, a common predator for both amphipod species). 
3. We discovered species-specific effects of temperature on body-mass scaling of metabolic rate. The metabolic rate of D. villosus was unaffected by temperature. In contrast, metabolic rate increased with temperature in small, but not in large individuals of G. pulex. Furthermore, metabolic rate of both species increased in the presence of predation risk at 15 oC, but not at 24 oC.
4. Our results showed that both amphipod species have a limited ability to adapt their metabolism to rising temperatures, except small G. pulex. Assuming that the higher metabolic rate enhances prey defence ability, the lack of metabolic response to predator kairomones of both species at the elevated temperature may lead to an imbalance in predator-prey interactions with ongoing global temperature increase. 
5. We showed that increased temperature is challenging to both native and non-native amphipods, and temperature effect on the native species depends on its size. Moreover, our study demonstrates that temperature modifies the effect of other common environmental factors, such as predation risk, on amphipod metabolism. Thus, taking these additional factors into account, as well as considering full species size ranges due to size-depended thermal sensitivity, will improve our understanding of the true ecological consequences of global warming in freshwater ecosystems. 
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Introduction
Rising temperature accelerates biochemical reactions, which may affect the performance of ectotherms, including their growth (Ma et al., 2017; Huang et al., 2021), fecundity (Ma et al., 2017), muscle efficiency (Sapolsky, 2002; James, 2013), and nervous system reactivity (Sapolsky, 2002; James, 2013). Equally, accelerated metabolism can lead to rapid depletion of energy reserves and increased synthesis of reactive oxygen species, which, if unneutralised, can damage key cellular structures and reduce overall body condition (Monaghan, Metcalfe & Torres, 2009; Lushchak, 2011). Temperature and body mass interact to influence metabolic rate, and other biological and environmental factors mediate this interaction (Czarnołȩski et al., 2008; Glazier & Gjoni, 2024; Tan et al., 2019). 
Predation risk modifies metabolic rate (Jermacz et al., 2020b; Gjoni, Basset & Glazier, 2020; Glazier et al., 2020b). However, its effect on metabolic scaling is poorly understood, particularly in relation to temperature (Glazier, Borrelli & Hoffman, 2020a). On the other hand, metabolism is a crucial factor driving anti-predatory reactions. Prey may increase their metabolic rate under predation risk to enhance their vigilance and muscle efficiency (Jermacz et al., 2020b; Glazier et al., 2020a). Such a short-term physiological response enhances the effectiveness of a subsequent behavioural defence, but also generates costs due to increased energy use and oxidative damage (Jermacz et al., 2020b). By contrast, prey may limit their behavioural activity and related metabolic rate to avoid detection (Glazier et al., 2011, 2020a). Predation is a ubiquitous risk for terrestrial and aquatic species and should be considered when analysing the consequences of other factors, such as global warming.
Climate change has enabled non-native species to invade regions that were previously thermally inappropriate (Doherty & Macdonald, 2023; Gu et al., 2023). However, evidence that differences in metabolic responses between non-native and native species to global warming affect biological invasions is currently limited (Becker et al., 2016; Da Silva et al., 2021). As with temperature, the effect of predation risk on prey metabolism varies with different body size (Gjoni et al., 2020; Glazier et al., 2020b). Therefore, predicting the combined impact of these stressors is challenging, especially when considering species of different origins and evolutionary histories. 
To assess the interactive effects of temperature and predation risk on metabolic scaling, we exposed two amphipod species, native Central European Gammarus pulex and non-native Ponto-Caspian Dikerogammarus villosus, to chemical signals of perch at 15 and 24 °C. These temperatures reflect natural, non-stressed thermal conditions in a temperate river (15 oC), as well as thermal conditions that occur during a heatwave (24 oC) that have become more and more frequent and prolonged during the past decades (Marszelewski et al., 2022). These species belong to different genera of the family Gammaridae and are characterised by specific evolutionary histories, which may have implications for their thermal response and invasiveness. Dikerogammarus villosus has evolved under a series of geological events associated with high salinity fluctuations. In addition, the Ponto-Caspian region is exposed to large temperature and oxygen level fluctuations due to its continental climate and estuary environment (Rewicz et al., 2014). Thus, D. villosus seems well adapted to thrive under unstable conditions, which facilitates its invasiveness. The other species, G. pulex, is a common native amphipod in continental European freshwater ecosystems (Holdich & Pöckl, 2007). Its introduction to Northern Ireland, where it replaced local G. duebeni celticus, showed that it also has an invasive potential (Kelly et al., 2006). However, D. villosus showed a higher functional response (Dodd et al., 2014) and more efficient intraguild predation (MacNeil & Platvoet, 2005) placing this species in the same trophic position as a small fish. Furthermore, D. villosus invaded a higher number of locations and much wider range compared to G. pulex, indicating the stronger invasive potential of the former (Kelly et al., 2006; Rewicz et al., 2015).
Depending on the thermal tolerance, an increase in temperature due to global warming may increase or decrease invasiveness. Superiority in thermal tolerance among tested species is unclear. According to Rewicz et al., (2014), D. villosus exhibits thermal tolerance similar to the majority of native European freshwater amphipods, tolerating temperatures close to 30 oC which naturally occur in its native region. However, there is experimental evidence that the physiological performance of D. villosus may be more limited by temperature increase than that of other amphipods, including G. pulex (Verberk et al., 2018). Namely, the performance of D. villosus might be limited by temperatures near only 20 oC (Maazouzi et al., 2011). Therefore, the question of the effect of temperature on the native and non-native amphipod physiology remains open.
Kliknij lub naciśnij tutaj, aby wprowadzić tekst.In ectotherms, metabolic rate should increase with temperature, while inhibition of this effect indictates the onset of physiological constraints compromising the animal performance. In accordance to this, we predicted that (1) invasive D. villosus will respond to a higher temperature to a greater extent than native G. pulex, indicating the greater tolerance of the former. Moreover, in accordance with metabolic-level boundaries hypothesis, stating that a rising temperature increases the overall metabolic level and decreases its scaling slope (Glazier, 2020), we predicted that (2) the metabolic rate of large amphipods would be less affected by the higher temperature than that of smaller individuals due to physiological constraints. 
We also hypothesised that temperature, modifying amphipod metabolic rate, would affect their anti-predator response. We predicted that (3) amphipods would increase their metabolic rate in response to predation cues to improve their anti-predator reactions, but (4) this effect would be reduced or disappear at the higher temperature due to physiological constraints, and (5) anti-predator response of D. villosus would be less affected by the higher temperature than that of G. pulex.


Material and methods
(a) Model systems
[bookmark: _Hlk195100041]We collected individuals within a wide size range to ensure statistically relevant scaling analyses. Dikerogammarus villosus (mass range of tested individuals: 10.4-156.5 mg) were collected from the Włocławski Reservoir (52.617735, 19.328536), located on the Vistula River, Poland, and G. pulex (mass range of tested individuals: 5.7-98.7 mg) from the Gwda River (53.541755, 16.952950), Poland, in the summer of 2022, when the water temperature in each water body was 22°C and 20°C respectively. After collection, both species were gradually acclimated (1°C per day) to either 15 °C or 24 °C and kept at constant temperature in a climate-controlled room for 2 weeks under predation-free conditions. The Vistula River, in comparison to Gwda, is distinguished by a higher mean annual temperature, as well as a greater frequency of days with temperatures approaching or exceeding 24 °C (Supplementary material). During acclimation and oxygen consumption measurements, amphipods were kept in aerated tap water. 
(b) Experimental setup
[bookmark: _Hlk167357557]To estimate amphipod oxygen consumption as as a proxy for metabolic rate, we used intermittent flow-through respirometry (Svendsen, Bushnell & Steffensen, 2016). Each of five respiratory sets  consisted of four borosilicate glass chambers (inner diameter: 7 mm; length: 20 mm) connected to four-channel peristaltic pump providing an internal (closed) water circulation system. Each set was submerged in own 120-L bath with oxygen-saturated water (Figure 1). The total volume of each chamber with connecting tubes was 18 ml. Each chamber was connected to an additional external (open) water circulation system, flushing chambers for 1 min at 5 min (hereafter: measurement cycle) intervals via automatic flushing pump, using oxygenated water from the baths to avoid oxygen depletion. Thus, the exposure consisted of 5-min measurement cycles (with water circulating in the closed system witin the chamber) interrupted by 1-min flushing periods when fresh oxygenated water (with predation signals, if present in the treatment) was supplemented to the chamber from the bath. Oxygen concentrations in each chamber were measured at 5-s intervals using sensors (O2 Flow-Through Cell FTC-PST3, PreSens - Precision Sensing GmbH, Germany) connected to a four-channel meter (OXY-4 SMA G3, PreSens). Sensors were placed on gas-impermeable tubes connecting the chambers to the pump. To control for microbial respiration, one randomly selected chamber in each set was left empty. The water temperature in each bath was maintained at 15 or 24°C (±0.1°C) with a water cooler/heater (Teco TK500, Ravenna, Italy) and was constantly sterilised by a UV filter to minimise microbial respiration. 
Prior to placement in the chambers, amphipods were isolated from other individuals in 100-ml vessels and starved for 24 h (Gjoni et al., 2020). Individuals with visual symptoms of parasite infection, as well as gravid females were removed from the experiment, as these factors can affect the amphipod response to temperature and their metabolic rate (Rachalewski et al., 2018; Glazier et al., 2020a). Each amphipod was then placed in an individual respirometry chamber for 1 h. The oxygen consumption by the amphipods placed in the chambers was recorded for 1h (10 measurement cycles, i.e. 10 consecutive measurements per each individual). The rate of oxygen consumption was calculated based on a decrease in oxygen concentrations during the last 3 min of each cycle and averaged across 10 cycles per individual. To simulate the presence of predators, a mesh cage containing five Perca fluviatilis (5-6 cm in total length), or an empty cage for control, was placed in each bath. The predator species was selected due to its omnivorous diet, which includes amphipods, as well as its co-occurrence with both prey species tested (Rakauskas, Smilgevičienė & Arbačiauskas, 2010). The perch were placed in the cage 48 h before the measurement of amphipod oxygen consumption. During this period, the perch were fed daily with twenty amphipods of the same species as those tested in the respirometry chambers. The chambers were filled and then periodically flushed with water from the bath, thus the amphipods in the predation risk treatment were exposed to fresh predator kairomones during the entire experimental period. After 1 h, the amphipods were carefully removed from the chambers, placed on a sieve, dried using paper towels and weighed to 0.1 mg. The number of replicates was 51-55 per treatment. Experimental treatments were randomly assigned to respirometry sets.
Data analysis
 Within each respirometry set, the oxygen decrease in the empty chamber was subtracted from that measured in each treatment chamber with amphipods to control for the effect of microbial oxygen consumption. We calculated the mean values of oxygen consumed by amphipods over the 10 consecutive measurements.
To linearize the relationship between amphipod body mass and oxygen consumption, we log10-transformed both. Then we fitted general linear model with a Gaussian probability distribution to model the amphipod oxygen consumption as a function of temperature (15°C or 24°C), predation risk (absent or present) and amphipod species (D. villosus or G. pulex) as categorical explanatory variables, body mass as a continuous covariate, and all possible interactions between these factors using the “lm()” function from “stats” package (R Core Team, 2024) in R software. We started with a full factorial model and performed stepwise model simplification based on the Akaike information criterion (AIC). We retained a more complex model when its AIC was lower by 2 or more than that of a simpler model (Burnham & Anderson, 2004). For significant effects showed by the model, we performed post-hoc pairwise LSD comparisons with a sequential Bonferroni correction using the “emmeans” package (Lenth et al., 2024). Specifically, for significant effects of categorical variables and their interactions, we compared group means with “emmeans()“ function. For significant interactions between body mass and the other variables, we first compared slopes with the ”lstrends()” function. Then, for those regression lines that did not differ significantly from each other in slope, we compared their intercepts with the ”emmeans()” function. All analyses were carried out using R version 4.3.3 (R Core Team, 2024). 
Results
The effect of temperature on amphipod metabolic scaling with body mass was species-specific, as shown by a 3-way temperature * amphipod species * body mass interaction (Table 1, Fig. 2). Namely, in G. pulex at 24 oC, the increase in metabolic rate with body mass was slower than at 15 oC (Fig. 2A) and than in D. villosus at 24 oC (Fig. 2B) (differences between the slopes: P = 0.010 and P < 0.001, respectively). In consequence, small G. pulex at 24 oC showed a higher metabolic rate than at 15 oC and compared to D. villosus, while no differences were observed for large individuals (Fig. 2A, B). Metabolic rate of D. villosus did not depend on temperature (Fig. 2C), and there were no differences between the species at 15 oC (Fig. 2D). 
Changes in oxygen consumption by both species in response to predation risk depended on temperature irrespective of body size, as shown by a predation risk * temperature interaction (Table 1). Specifically, oxygen consumption increased in the presence of predation risk at 15°C (Figure 3a; difference between the treatment means with vs without predation risk: P < 0.001), but not at 24°C (Figure 3b).  
Discussion 
We discovered that the metabolic rate of the invasive D. villosus remained constant within the two temperatures studied (including that typical for heatwaves). In contrast, the metabolic rate of the native G. pulex followed the metabolic-level boundaries hypothesis, predicting that a rising temperature increases the overall metabolic level, but decreases its scaling slope (Glazier, 2020). Accordingly, metabolic rate increased with temperature in small, but not in large G. pulex individuals. Reduced sensitivity of metabolism to elevated temperature may result from physiological constraints as well as interactions with external environmental factors. One of such additional factors can be predation risk: Glazier et al. (2020b) showed that the body-mass scaling slope of metabolism of Gammarus minus originating from habitats experiencing predator pressure was lower than that of individuals from predator-free habitats. This is because fish predators pose the highest threat to, and limit metabolic rate of the largest individuals in the population. In our study, both amphipod species were collected from habitats with large assemblages of benthivorous fish. However, as D. villosus has one of the most effective anti-predator defences among native and invasive amphipods and is avoided by predators when other prey are present (Jermacz & Kobak, 2018), we may assume that D. villosus experienced a relatively lower predation pressure than G. pulex at locations from which we sampled them for our study. If so, D. villous would have been relatively more affected by intrespecific cannibalism, which consists in the impact of large individuals on the smallest ones, leading to opposite trends compared to fish predator impact. Thus, effects of temperature and predation pressure in the environment would act in line with each other, leading to a reduction of the metabolic scaling slope. In contrast, the effects of temperature and development among cannibalistic conspecifics might act in opposite directions, resulting in no change in the scaling slope for D. villosus. 
Altered metabolic scaling of G. pulex due to rising temperatures may alter the body-size structure of its populations, as at elavetaed temperature metabolic rate increases more slowly with body mass, potentially leading to slower growth (Ohlberger, 2013). Therefore, as a result of global warming, individuals with large body mass may become less abundant, altering the ecological role of native amphipods as detritivores, competitors, predators, and prey (Sentis et al., 2024). Nevertheless, to mitigate negative effects of suboptimal thermal conditions, animals may also migrate to cooler habitats (Vander Vorste et al., 2017). However, such a strategy can be associated with higher predation risk, reduced food resources or competition with other individuals avoiding suboptimal temperatures. When the possibility of habitat change is limited, for example due to thermal homogenisation caused by high hydrodynamics, organisms may exhibit behavioural modifications aimed at reducing energy expenditure and securing accumulated resources. For example, when the temperature exceeds the thermal optimum, ectothermic species often reduce their activity (Jermacz et al., 2020a). Such a modification allows them to secure accumulated energy, but also limits food acquisition. Therefore, behavioural responses to suboptimal temperatures may help survive unfavourable periods, but do not eliminate completely long-term negative consequences.
Previous studies on D. villosus response to elevated temperature suggested a limited possibility of its metabolism adjustment above 20°C (Maazouzi et al., 2011). Our results are in line with previous experiments. Nevertheless field observations from the D. villosus collection site, as well as those from its native region show the ability of this species to tolerate temperatures close to 30°C (Rewicz et al., 2014). The comparison between experimental results and field observations suggests that the limited metabolic response to temperature increase does not have negative ecological consequences and, despite reduced metabolic plasticity, D. villosus is able to function within a wide temperature range. This wide temperature tolerance may be explained by effective physiological and behavioral adaptations that limit metabolic energy expenditure under suboptimal thermal conditions (Becker et al., 2016).
Despite different responses to temperature, both species responded similarly to predation risk, increasing their metabolism at the lower temperature and not changing metabolic rate at the higher temperature. Allocating more energy to various activities, including defence reactions, requires heightened metabolism, which is a common physiological reaction driving behavioural response to predation risk (VonElert & Pohnert, 2000; Weber, 2003; Schoeppner & Relyea, 2009; Glazier et al., 2020a). The lack of metabolic response to predation cues at the higher temperature may result from several non-exclusive mechanisms: 
First, an increase in temperature may increase the energetic cost of core metabolic processes, limiting the energy available for additional activities, such as predator-avoidance behaviours. However, this explanation only applies to G. pulex in our study, as the metabolism of D. villosus was constant at the two temperatures. 
Second, an increase in metabolic rate under an elevated temperature may increase oxidative damage that could reduce animal performance (Jermacz et al., 2020a), including anti-predatory defence (Janssens & Stoks, 2013, 2014). Therefore, organisms may be unable to accelerate their metabolism when their antioxidant defence is insufficient to balance reactive oxygen species synthesis. However, D. villosus is resistant to oxidative damage induced by predation risk at the temperatures tested here (Jermacz et al., 2020b a). Thus, sensitivity to oxidative damage is unlikely explain the observed temperature-dependent metabolic response of D. villosus to predation risk.
Third, decreased oxygen availability at higher water temperatures may have limited both species’ metabolic responses to predator cues. This is because ecthotherms, especially the largest individuals or those with the highest oxygen demand, suffer from physiological constraints that affect their ability to extract oxygen from the poor oxygen environment. However, the water used in these experiments was constantly oxygenated, so this scenario seems unlikely.
 Fourth, both species may have modified their defensive strategies from active avoidance at lower temperatures to activity reduction at higher temperatures. Consequently, at higher temperatures, the predation risk may not increase metabolism. Such modification of defensive behaviours may reflect a trade-off between the resources invested in defence and its effectiveness under warmer conditions, in which predator-prey encounters tend to become more frequent (Allan et al., 2015; Marangon, Goldenberg & Nagelkerken, 2020).
Fifth, temperature-enhanced metabolic rates may maximise anti-predatory performance as a side effect, meaning that any further increase would not improve anti-predatory defence reactions. However, due to the comparable metabolic rates of D. villosus at both temperatures, this mechanism does not explain the species’ lack of metabolic response to predator cues at the higher temperature. 
Sixth, high temperatures may disturb the chemical sensors of animals, which could reduce their detection of predator kairomones (Roggatz et al., 2022). These six mechanisms could individually or collectively explain the temperature-dependent metabolic response of the native species to predator cues, whereas the response of the non-native species is only consistent with the explanations based on disruption of chemical communication, and/or a change in defence strategy.
Assuming that the lack of metabolic response to predator kairomones has a negative impact on anti-predator defence efficiency, global warming may lead to an imbalance in predator-prey interactions, thus increasing amphipod mortality. Such a scenario is likely when predators have a higher thermal tolerance than their prey (Pintanel et al., 2021). However, when prey and predator have similar thermal tolerances, elevated temperatures may reduce their interaction (Meehan & Lindo, 2023) as both species are forced to compensate for the effects of suboptimal temperature, for example by reducing activity (Jermacz et al., 2020a). Small perch, such as those used in our studies, prefer a temperature of 27°C and their metabolic performance is maximised under such conditions (Christensen, Svendsen & Steffensen, 2020). Thus, our results suggest a mismatch between the thermal performance of perch and both amphipod species, which is likely to increase predator impact at elevated temperatures. In the short term, the impairment of amphipod defences could benefit predators that need to balance the increased cost of their increased metabolism (Pennock et al., 2021). However, prolonged exposure to elevated temperatures, combined with reduced defence capabilities, may increase prey mortality and thus disrupt the ecological balance through reduced energy transfer between trophic levels.

Conclusion
We found that both non-native D. villosus and native G. pulex are vulnerable to raised temperatures, but their thermal sensitivity is mediated by body size. Dikerogammarus villosus showed limitation in metabolic response to temperature increase across the size range, whereas only large individuals of G. pulex  were similarly limited. Both species are likely to suffer from reduced anti-predatory defences in the warming world. Thus, the further invasion of D villosus is likely to be subject to constraints due to increased temperature and predation pressure.
We show that considering additional extrinsic and intrinsic factors, such as predation impact or individual size, as well as their interactions with temperature, is crucial for understanding true costs of climate change. This phenomenon is likely to disrupt predator-prey interactions, drive biological invasions, modify the outcomes of interspecific competition, and affect size structures of populations by differential impact on individuals of various sizes. 
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Table 1. The general linear model results for the effects of amphipod species, predation risk, temperature and amphipod mass (continuous covariate, log10-transformed) on amphipod metabolic rate (log10-transformed). Significant effects are in bold. Table shows simplified statistical models after removing the highest order non-significant interactions.
	Effect
	df
	MS
	F
	P

	Species (S)
	1
	2.386
	102.154
	<0.001

	Predation risk (P)
	1
	0.112
	4.776
	0.029

	Temperature (T)
	1
	0.202
	8.661
	0.003

	Body mass (M)
	1
	10.034
	429.326
	<0.001

	S × M
	1
	0.210
	8.9646
	0.003

	S × P
	1
	0.021
	0.910
	0.341

	S × T
	1
	0.123
	5.279
	<0.001

	P × M
	1
	0.002
	0.072
	0.788

	T × M
	1
	0.055
	2.330
	0.128

	P × T
	1
	0.297
	12.178
	<0.001

	S × T × M
	1
	0.113
	5.835
	0.028

	Error
	412
	0.023
	
	


MS – mean square
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Fig. 1. Experiemental setup.
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Fig. 2. Relationship between metabolic rate and body mass of: (a) D. villosus at 15 oC versus 24oC; (b) G. pulex at 15 oC versus 24oC; (c) D. villosus (Gammaridae) versus G. pulex (Gammaridae) at 15 oC; (d) D. villosus versus G. pulex at 24 oC. Points represent raw data, lines represent fits from the general linear model, shaded areas correspond to 95% confidence intervals for a significant species x temperature x body mass interaction (Table 1). The inserted tables represent results of pairwise LSD comparisons with sequential Bonferroni corrected p-values. Significant differences in slopes and intercepts (not applicable if slopes are significantly different) are in bold.
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Fig. 3. Relationship between metabolic rate and body mass of amphipods (pooled data of both species) exposed in the presence or absence of predation risk at 15 oC (a) or 24 oC (b). Points represent raw data, lines represent fits from the general linear model, shaded areas correspond to 95% confidence intervals for a significant temperature x predation risk interaction (Table 1). The inserted tables represent results of LSD pairwise comparisons with sequential Bonferroni corrected p-values. Significant differences in slopes and intercepts are in bold.
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