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Temperature variability alters the stability and thresholds for collapse of interacting species

Introduction

Climate change is altering climate extremes and variability of environmental conditions [START_REF] Easterling | Climate Extremes: Observations, Modeling, and Impacts[END_REF], yet much of the focus on the impacts of climate change on wild populations remains on how shifts in average conditions will affect dynamics and distributions [START_REF] Pecl | Biodiversity redistribution under climate change: Impacts on ecosystems and human well-being[END_REF][START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF]. Yet as average temperatures shift, both temperature variability and the frequency of extreme events, such as marine heat waves, are changing [START_REF] Easterling | Climate Extremes: Observations, Modeling, and Impacts[END_REF][START_REF] Cai | Increasing frequency of extreme El Niño events due to greenhouse warming[END_REF][START_REF] Holbrook | A global assessment of marine heatwaves and their drivers[END_REF][START_REF] Frölicher | Marine heatwaves under global warming[END_REF]. Changes in temperature variation and extremes can have profound impacts on individuals and populations, as temperature affects their rates of metabolism, consumption, somatic growth, reproduction, and survival [START_REF] Pansch | Heat waves and their significance for a temperate benthic community: A near-natural experimental approach[END_REF][START_REF] Vasseur | Increased temperature variation poses a greater risk to species than climate warming[END_REF]. These processes underpin the productivity and resilience of populations and ecosystems [START_REF] Svensson | In situ warming strengthens trophic cascades in a coastal food web[END_REF], on which ecosystem services, such as fisheries yields [START_REF] Dee | Functional diversity of catch mitigates negative effects of temperature variability on fisheries yields[END_REF], and population resilience depend. While the potential impacts of temperature variability and extremes have been demonstrated, and in some cases pose was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 20, 2020. . https://doi.org/10.1101/2020.05. [START_REF] Yvon-Durocher | Five Years of Experimental Warming Increases the Biodiversity and Productivity of Phytoplankton[END_REF].102053 doi: bioRxiv preprint a greater risk to species than increases in mean temperature [START_REF] Pansch | Heat waves and their significance for a temperate benthic community: A near-natural experimental approach[END_REF][START_REF] Vasseur | Increased temperature variation poses a greater risk to species than climate warming[END_REF][START_REF] Helmuth | Beyond long-term averages: making biological sense of a rapidly changing world[END_REF], predicting the importance of temperature variability and extremes for populations, communities, and the ecosystem functions and services they support remains challenging. First, temperature can have both direct and indirect effects that create complex feedbacks and dynamics [START_REF] Rijnsdorp | Resolving the effect of climate change on fish populations[END_REF]. Directly, temperature affects species through physiological performance. But temperature can also impact species indirectly, as shown for warming [START_REF] Gilbert | A bioenergetic framework for the temperature dependence of trophic interactions[END_REF][START_REF] O'connor | Theoretical predictions for how temperature affects the dynamics of interacting herbivores and plants[END_REF], by increasing or decreasing important resources or prey species (in turn affecting consumers and predators), changing competitive abilities (altering prey abundance distributions), and altering feeding rates and top-down control (affecting prey) [START_REF] Frances | Warming drives higher rates of prey consumption and increases rates of intraguild predation[END_REF][START_REF] Lurgi | Novel communities from climate change[END_REF][START_REF] Shurin | Warming shifts top-down and bottom-up control of pond food web structure and function[END_REF][START_REF] Yvon-Durocher | Five Years of Experimental Warming Increases the Biodiversity and Productivity of Phytoplankton[END_REF]. Second, even without shifts in mean temperatures, temperature variability can alter mean vital rates because of non-linear relationships between temperature and processes including growth, reproduction, and mortality (Fig 1; [START_REF] Ruel | Jensen's inequality predicts effects of environmental variation[END_REF]). As a result, the responses of populations to increasing temperature variability and extremes induced by climate change, especially in a community context, remains a key research frontier in marine population dynamics, community ecology, and fisheries science. Directly, temperature variability can impact populations of species in a variety of ways, including by altering the rates of fundamental processes that determine population size, extinction risk, and productivity. Increases in the frequency or duration of exposure to extreme temperatures can induce physiological shock leading to depressed somatic growth or lower survival [START_REF] Roitberg | Cold snaps, heatwaves, and arthropod growth[END_REF][START_REF] Pörtner | Climate Change Affects Marine Fishes Through the Oxygen Limitation of Thermal Tolerance[END_REF]. Temperature variability and extremes above cold or warm events, in contrast to mean temperature conditions, can also alter environmental cues that induce or suppress reproductive cycles leading to skip spawning [START_REF] Rideout | Skipped spawning in female iteroparous fishes[END_REF], development [START_REF] Pauly | Hatching time in spherical, pelagic, marine fish eggs in response to temperature and egg size[END_REF][START_REF] O'connor | Temperature control of larval dispersal and the implications for marine ecology, evolution, and conservation[END_REF], or hatching [START_REF] Pauly | Hatching time in spherical, pelagic, marine fish eggs in response to temperature and egg size[END_REF] that change the number of offspring (i.e. recruitment in fish) or cause reproductive failure. Theory and empirical work shows species' performance responds non-linearly and asymmetrically to was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 20, 2020. . https://doi.org/10.1101/2020.05. [START_REF] Yvon-Durocher | Five Years of Experimental Warming Increases the Biodiversity and Productivity of Phytoplankton[END_REF].102053 doi: bioRxiv preprint environmental temperature, including intrinsic growth rates and other fitness proxies. This relationship is known as a thermal performance curve (TPC) [START_REF] Vasseur | Increased temperature variation poses a greater risk to species than climate warming[END_REF][START_REF] Neuheimer | Tolerance limit for fish growth exceeded by warming waters[END_REF][START_REF] Deutsch | Impacts of climate warming on terrestrial ectotherms across latitude[END_REF]. Because of this nonlinearity, changes in temperature variance can affect demographic rates differently than changes in mean temperature alone, due to non-linear averaging and Jensen's inequality ( i.e., that the mean of a concave function is smaller than the concave function of a mean, and vice versa for convex functions, see Fig. 1; put in an ecological context reviewed in [START_REF] Ruel | Jensen's inequality predicts effects of environmental variation[END_REF]). This also means that if species are well-adapted to the mean conditions, such that their thermal optimum is close to the average environmental temperature (i.e., in the concave part of the thermal performance curve), then increases in temperature variation around the mean are predicted to reduce a species' performance (e.g., growth rate) [START_REF] Roitberg | Cold snaps, heatwaves, and arthropod growth[END_REF][START_REF] Paaijmans | Temperature variation makes ectotherms more sensitive to climate change[END_REF][START_REF] Estay | Beyond average: An experimental test of temperature variability on the population dynamics of Tribolium confusum[END_REF]. These impacts scale from individuals to population growth rates [START_REF] Pickett | Jensen's Inequality and the Impact of Short-Term Environmental Variability on Long-Term Population Growth Rates[END_REF][START_REF] Bernhardt | Nonlinear averaging of thermal experience predicts population growth rates in a thermally variable environment[END_REF]. Similarly, nonlinear TPCs suggest that higher frequency or duration of exposure to temperature extremes, rather than longer-term temperature averages, shape growth and mortality [START_REF] Stillman | Heat waves, the new normal: Summertime temperature extremes will impact animals, ecosystems, and human communities[END_REF] due to species' asymmetric responses to higher temperatures and extremes [START_REF] Roitberg | Cold snaps, heatwaves, and arthropod growth[END_REF]. Collectively, these nonlinear responses and intermittent exposures to thermal extremes suggest that temperature variability can alter population dynamics in complex ways not explained by warming of average temperatures alone [START_REF] Pansch | Heat waves and their significance for a temperate benthic community: A near-natural experimental approach[END_REF][START_REF] Bernhardt | Nonlinear averaging of thermal experience predicts population growth rates in a thermally variable environment[END_REF][START_REF] Schulte | Thermal performance curves, phenotypic plasticity, and the time scales of temperature exposure[END_REF].

Simultaneously, temperature can indirectly affect populations through species interactions, thus community and ecosystem responses to temperature variability are complex to predict. Species interactions mediate how temperature impacts a population's growth, biomass, and dynamics. Because species that interact can respond differently to temperature [START_REF] Dell | Systematic variation in the temperature dependence of physiological and ecological traits[END_REF][START_REF] Dell | What Do We Learn from the Weather ?[END_REF], speciesspecific thermal performances can alter interspecific interactions and resulting population dynamics. For instance, if temperature increases prey growth while predators net growth increase less (e.g., due to increased metabolism for larger bodied-species, [START_REF] Ohlberger | Temperature-driven regime shifts in the dynamics of size-structured populations[END_REF][START_REF] Lindmark | Temperature-dependent body size effects determine population responses to climate warming[END_REF]), prey can outgrow was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 20, 2020. . https://doi.org/10.1101/2020.05.18.102053 doi: bioRxiv preprint predation windows raising survival [START_REF] Rudolf | Trophic structure alters consequences of environmental warming[END_REF]. This suggests that if prey thrive directly in response to temperature variation when predators are heat suppressed, prey may flourish in response to heatwaves, and vice versa. Understanding the consequences of temperature variability for marine communities therefore requires considering species interactions, because some species benefit from variable temperatures while others lose (Fig. 1).

However, the effects of both temperature variability (or extremes) and species interactions are rarely accounted for in studies of how climate change impacts community dynamics and ecosystem functioning. On one hand, lab studies that quantify the impacts of temperature variability on individuals and populations often focus on the direct physiological effects on performance (e.g., [START_REF] Vasseur | Increased temperature variation poses a greater risk to species than climate warming[END_REF][START_REF] Bernhardt | Nonlinear averaging of thermal experience predicts population growth rates in a thermally variable environment[END_REF][START_REF] Schulte | Thermal performance curves, phenotypic plasticity, and the time scales of temperature exposure[END_REF]), with few considering both variation and interactions (but see [START_REF] Pansch | Heat waves and their significance for a temperate benthic community: A near-natural experimental approach[END_REF][START_REF] Vázquez | Ecological and evolutionary impacts of changing climatic variability[END_REF][START_REF] Post | Ecology of climate change: the importance of biotic interactions[END_REF]). On the other hand, most experimental and theoretical studies investigating warming effects on species interactions and their indirect effects do so under different levels of average temperature conditions (e.g., [START_REF] Frances | Warming drives higher rates of prey consumption and increases rates of intraguild predation[END_REF][START_REF] Rudolf | Trophic structure alters consequences of environmental warming[END_REF]), with less emphasis on variability and extremes (but see e.g., [START_REF] Pansch | Heat waves and their significance for a temperate benthic community: A near-natural experimental approach[END_REF]). However, when demographic rates depend non-linearly on temperature and interacting species differ in their thermal responses, we anticipate that the net effect of these processes can lead to unexpected outcomes for population dynamics and stability. Indeed, the net effect of temperature variability could be more positive or negative than considering either effect in isolation.

In this paper, we examine how different temperature regimes impact the dynamics of interacting predators and prey, with a focus on multiple types of temperature variability, including increases in temperature variability associated with climate change. We theoretically investigate when considering the combined direct and indirect effects of temperature variability ("net effect") alters predictions for population productivity, stability, and trajectories through was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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2) How do these effects depend on the predator's and prey's TPCs relative to the temperature variability regime, and relative to one another?

3) What are the net versus direct effects of temperature variability on these properties when species interact, and when are direct versus net effects acting in opposite directions? 4) How do effects of temperature variability compare to and/or modify the effects of increasing mean temperatures?

We hypothesize that the extent to which the effects of temperature variability shift predictions about population growth, size, and stable coexistence beyond warming average conditions will depend on the 1) thermal variability regime, 2) strength in species interactions, and 3) overlap in TPCs of interacting species (Fig. 1). We motivate our theoretical investigation with a marine predator-prey system, though the model applies more generally to predator-prey systems experiencing both temperature variability and rising temperatures.

Methods

Model

We model a predator-prey system in which a subset of key parameters depend upon temperature. In line with prior investigations of how temperature affects community dynamics [START_REF] Vasseur | A mechanistic approach for modeling temperaturedependent consumer-resource dynamics[END_REF][START_REF] Binzer | Interactive effects of warming, eutrophication and size structure: Impacts on biodiversity and food-web structure[END_REF][START_REF] Sentis | Temperature-size responses alter food chain persistence across environmental gradients[END_REF][43] (2)

Here, ݎ is the temperature-dependent intrinsic growth rate of the prey population, ܭ their carrying capacity, ܶሺݐሻ is temperature at time t, ݉ the density-independent mortality in the predator, and ݂ denotes the Holling type II functional response of the predator:

݂൫ݔሺݐሻ, ݕሺݐሻ, ܶሺݐሻ൯ ൌ ൫்ሺ௧ሻ൯௫ሺ௧ሻ ൫்ሺ௧ሻ൯௫ሺ௧ሻାଵ . (3) 
Here ܽ denotes attack rate, which depends on temperature; ݄ is handling time; and ܿ is conversion efficiency.

In the absence of temperature effects, this Rosenzweig-MacArthur model has three equilibria: joint extinction, extinction of the predator with the prey at carrying capacity, and a coexistence equilibrium. The coexistence equilibrium is defined by:

ݔ כ ൌ ሺିሻ , ݕ כ ൌ ቀ1 െ ௫ כ ቁ ሺ݄ܽݔ כ 1ሻ, (4) 
which requires that ܽܭሺܿ െ ݄݉ሻ ݉. We use this equilibrium to set the starting conditions, in terms of the populations levels (abundances), to provide consistent initial conditions under which there are no transitory dynamics in the absence of temperature-dependence.

We focus on understanding how temperature variability influences population dynamics via impacts to the predator and the prey species. Particularly, we model how both the attack rate (a) of the predator [44] and the intrinsic growth (r) of the prey [START_REF] Vasseur | Increased temperature variation poses a greater risk to species than climate warming[END_REF] depend on temperature. Following current theory and empirical studies, we assume ݎሺܶሻ and ܽሺܶሻ follow unimodal nonlinear relationships, with maxima at ܶ כ and ܶ כ , respectively (Fig. 1). Although the shape of thermal performance curves (TPCs) will vary among species, populations, and life stages, TPCs are generally considered to have a steep, negative drop-off in performance above optimal
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We focus on the temperature-dependence of these two parameters, attack rate a and prey growth rate r, but recognize that temperature also could influence other parameters in our model (e.g., carrying capacity K, handling time h, and mortality rate m) [44,49]. We choose to examine the temperature dependence of a and r because these are the parameters for which we have the most unequivocal information (see [50]). For example, carrying capacity may also vary with temperature [49], but that parameter is not mechanistic in the Rosenzweig-MacArthur model.

That is, K may be determined by many factors including primary productivity, nutrient supply, and habitat availability, and temperature may affect each of these in different and complex ways that are more likely linked to exogenous factors that this model does not incorporate.

Simulations

The way in which temperature variability affects growth and attack rates depends on the distribution of temperatures to which species are exposed and the species' TPCs. Because TPCs for a prey and its predator are likely to differ (Fig. 1), we explore how overlap of TPCs and their relation to temperature distributions affect population dynamics for both species. Thus, we conduct several simulations that combine and vary both: the temperature regime and how species' TPCs relate to one another. For each simulation, we examine how the temperature regime influences average temperature-dependent demographic rates (r and a), long-run population means for both predator and prey, and the equilibrium type (either extinction or coexistence with either fixed densities or cycling dynamics). Here, we define 'long-run' predator was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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Temperature regimes

Scenarios of temperature regimes for means and variability

The temperature regimes we consider are (1) temperature variability of different amplitudes, but constant mean temperature ('variability-only'), (2) increasing mean temperature, but no variability ('warming-only'), (3) increasing mean temperatures and constant temperature variability of different amplitudes ('warming-and-constant variability') and ( 4) both increasing mean temperatures and increasing temperature variability ('warming-and-increasing variability').

We generate the temperature variability and warming regimes as follows. In the variability-only regime, temperatures oscillate linearly between a maximum ܶ ௫ and minimum ܶ , completing one cycle per time period (see SI) to reflect seasonality. In this scenario, increases in temperature variability do not affect the mean temperature ܶ ത . In the warming-only regime, temperatures increase linearly from ܶ to ܶ ௫ over the course of the simulation. To facilitate comparison, all warming-only scenarios share the same ܶ ത , such that the variability-only and warming-only regimes have the same overall distribution of temperatures for a given ܶ and ܶ ௫ . We generate these regimes for different sets of ܶ and ܶ ௫ , which we refer to as "amplitudes." Finally, the warming-and-variability scenarios combine the linear warming and linear oscillation effects with different amplitudes, where both warming and variability share a specified amplitude (see SI).
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Scenarios with stochastic events driving temperature variability

In addition to the deterministic temperature changes in the form of seasonal variation, warming, or both, we also simulate temperature variability that is stochastic, to test the sensitivity of our results. We examine two types of stochastic temperature changes (see SI section 1.2). First, we examine major "events" modeled after El Niño; when such an event occurs, the temperature shifts up during a given year. Second, we examine smoother stochastic variability in the form of a Gaussian process with squared exponential covariance function, allowing for both variance and autocorrelation to increase through time. In both cases, we add these stochastic temperature deviations on top of our baseline scenario of oscillating (seasonal) temperatures -enabling us to focus solely on the two types of variability rather than the combination of variability and warming.

Examining how predator-prey TPC overlap and trophic structure modulates effects of temperature

To investigate the extent that TPC overlap between predator and prey species determines the impact of temperature on each population and their coexistence, we systematically vary the extent of TPC overlap between predator and prey species for each temperature scenario. For each temperature regime, we consider a range of configurations of species' TPCs, defined by the offset ܶ כ െ ܶ ത (in degrees Celsius) between each species' optimal temperature and the mean environmental temperature (see Fig. 1). Specifically, we consider cases where the TPCs for the predator and prey have offsets of the same magnitude but opposite sign, so that the location of both TPCs is defined in terms of the prey offset (as in Fig 1). When that offset is zero, the predator and prey TPCs overlap exactly. Table S1 defines parameters for these simulations.
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Calculating direct effects versus net effects of temperature via species interactions

To quantify the importance of accounting for species interactions when studying the effects of temperature variability, we contrast the direct and net effects (direct plus indirect) of temperature variability on the predator population. For each combination of temperature regime and species' TPCs, we track the predator population for three simulations, with growth and attack rates set to (i) ݎሺܶ ത ሻ and ܽሺܶ ത ሻ; (ii) ݎሺܶ ത ሻ and ܽሺܶሻ; and (iii) ݎሺܶሻ and ܽሺܶሻ; rates defined either at the actual temperature ܶ or at the mean temperature ܶ ത ignoring variability. Thus, simulation (1) ignores all effects of temperature variability, simulation (2) ignores the effects of variability on prey growth, and simulation (3) examines the effects of temperature variability on both species. We define the net effect of temperature variability as the difference in long-run predator population between simulations (3) and (1), while the direct effect is defined by the difference between simulations (2) and (1).

Results
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Effects of temperature variability on long-run populations

Increases in temperature variability produce either stable coexistence, predator-prey cycles, or extinctions (Fig. 2), depending on the difference in predator and prey TPCs and parameters relating to species interactions (predator conversion efficiency and attack rate) (Figure 1; Figure S1). When TPCs for predator and prey coincide (i.e., are identical), variable temperatures can drive the predator extinct from an equilibrium that is stable under conditions without temperature variability (Figure 2b; Fig S1). For higher parameter values of predator conversion efficiency (ܿ ൌ 0.3 in Fig. 2a versus ܿ ൌ 0.1 in Fig. 2b), however, increasing temperature variability can stabilize the system, causing a shift from cyclic dynamics (limit cycle) to a stable equilibrium point (fixed point) (Fig 2a). The opposite effects can arise when the TPCs for the two species are offset so that the prey's temperature optimum is higher. Specifically, when peak attack rates are high, variability can save the predator from extinction, if the prey has a much higher optimum temperature than the predator, or destabilize an otherwise stable equilibrium by inducing cyclic dynamics when the difference in TPCs between predator and prey is less (Fig. 2c). Even when variability does alter the type of equilibrium that arises, equilibrium population levels can be driven up or down.

The presence of a second prey species with different thermal affinities from the first prey increases the parameter space with stable coexistence (Fig. S5). Predator feeding on an alternative prey with TPC at mean temperature stabilizes dynamics and prevents extinction, especially when the original prey has a much lower optimal temperature than its predator (negative prey TPC offsets, cf. Fig. 2 and Fig. S5) and for predators with low conversion efficiency (Fig. S5).
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Direct versus net effects of temperature variation

Including indirect effects can qualitatively change the impact of temperature variability on populations (Fig. 3; Fig. S2). The true, 'net', effect on long-run population levels can differ from that suggested by studying the direct effect alone, both in terms of direction of the response (Fig. 3) and effects on the stability of predator-prey dynamics (Fig. S2). In other cases, the direct effect of temperature variability may imply an unstable equilibrium, but after accounting for indirect effects, the equilibrium remains stable (Fig. S2).

Effects of increased temperature variability versus increased temperature mean

The effects of increasing mean temperature on long-run population sizes without shorterterm variability are qualitatively different than those of variability without warming, even for an identical distribution of temperatures experienced during the simulation (Fig. 4). For example, increasing mean temperature on predator and prey with completely overlapping TPCs can drive the predator extinct (Fig. 4, red lines) as higher temperatures eventually lead to extended periods of low attack rates (which asymptote towards 0). In contrast, variability with the same distribution of temperatures can lead to a stable coexistence (Fig. 4 Accounting for stochastic variation in temperature does not change our qualitative conclusions (Figure S6). While moderate stochastic temperature changes knock population trajectories out of asymptotic convergence to equilibrium levels, they do not qualitatively change the means of the long-run population trajectories in response to temperature (Fig. S6)
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Discussion

Increases in temperature variability can influence populations of interacting species in ways not predicted by considering increases in mean temperatures or the direct physiological effect of temperature variation alone. First, a focus on mean temperature alone misses the highly non-linear responses of species' demographic rates to changes in temperature [52]. Temperature variability, by directly creating complex nonlinear demographic responses, can alter both the viability and stability of populations in either direction (Fig. 2). Second, the net effect of temperature variability when species interact can 4differ from that predicted by the direct effect of temperature on a single species, and even be of opposite sign (Fig. 3). Thus, ignoring indirect effects and making predictions about population dynamics solely from individual demographic rates (e.g. growth) may create erroneous expectations, somethings in the opposite direction (Fig. 3; Fig. S2). This highlights the importance of considering temperature effects in contexts with both intra-and inter-specific interactions. Third, results depend on the differences in predator and prey TPCs (i.e., if the predator TPC is optimized at a higher, identical, or lower temperature than its prey). Finally, results from our model show ignoring temperature variability could overpredict negative impacts of warming on population and community trajectories. Even under warming temperatures, temperature variability results in periods in which temperatures return to a range under which species can grow (Fig. 4), though our results show that the predator populations may still eventually collapse as warming intensifies (Fig. 4d). These findings have important implications for natural communities as temperature variability is predicted to increase further due to global warming.
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Similar insights can be gleaned about the effects of variability on average rates for interacting predator and prey species. Temperature variability is likely to lower average attack rates when the temperature distribution is centered near the peak of the predator's TPC (Fig. 2 when TPC offset is around 0), whereas it results in higher average attack rates at lower temperatures (Fig. 2 when TPC offset is large and positive), such that temperature variation occurs in the convex part of the predator's TPC. Temperature variability in these ranges of the TPC thus promotes predator persistence by resulting in sufficiently high attack rates on average.

In fact, simulations using the average predator attack and prey growth rates that arise under variable temperatures yield similar overall patterns of stability and coexistence (see Fig. S3 and SI section S1.3 for details).

Importantly, our results demonstrate that understanding how a particular temperature regime affects predator populations requires knowledge of temperature dependencies of both species and was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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The difference in TPCs of interacting species dramatically alters the response of ecological communities to variation in temperature (Fig. 2 &3). Large differences in temperature optima from ܶ ത lead to predator extinction, regardless of which species has the higher optimum temperature. If prey have lower temperature optima, predator extinction occurs at even lower levels of temperature variability for the same magnitude of TPC offset, compared to if the predator has the lower temperature optimum. The rapid decline of the TPCs above a species' optimum explains this result. Average growth for the prey (or attack rate for predator) is substantially lower when temperature vary above that species' optimum temperature compared to below (i.e. if the temperature optima is shifted downward rather than upward by the same amount). If the prey has a lower temperature optimum than the predator, high temperature variability results in prey population depletion by increasing predator attack rates much more than prey growth rates, eventually leading to predator extinction. These results are consistent with findings from other contexts showing that imbalances in temperature sensitivities of species metabolism and ingestion have important consequences for community dynamics. For example, for invertebrates, metabolism increases faster than ingestion [START_REF] Rall | Temperature, predator-prey interaction strength and population stability[END_REF][START_REF] Iles | Toward predicting community-level effects of climate: Relative temperature scaling of metabolic and ingestion rates[END_REF], which can lead to starvation, and theoretical analyses indicate that this increases population stability but also the risk of starvation and extinction of predators [START_REF] Gilbert | A bioenergetic framework for the temperature dependence of trophic interactions[END_REF][START_REF] Vasseur | A mechanistic approach for modeling temperaturedependent consumer-resource dynamics[END_REF].
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Comparing the effects of temperature variability with those of warming mean temperatures reveals their different impacts on species coexistence and stability, even when the distribution of temperatures under the two regimes is identical. When temperatures warm, long-run predator populations suffer much more than if the same magnitude of temperature change is experienced in a cyclical fashion (Fig. 4). Warming eventually drives predator attack rates to low levels, leading to population declines from natural mortality and a predator population that is not viable.

Prey growth also slows, but with reduced predation, the prey population persists. In contrast, under a variability-only scenario, periods of low attack rates are intermixed with stretches of higher attack rates, such that the predator population can survive. Consistent with that intuition, adding variability to a temperature regime with warming can prolong the existence of the predator population, though in other parameterizations variability can accelerate collapse.

We designed our models to quantify the effects that temperature variability can impose on interacting species. However, these models include several simplifying assumptions. Our models assume only the net population growth rate of prey and the attack rate for predators are affected by temperature, but carrying capacities [START_REF] Kratina | Warming modifies trophic cascades and eutrophication in experimental freshwater communities[END_REF], conversion efficiencies [START_REF] Imsland | The interrelation between temperature regimes and fish size in juvenile Atlantic cod (Gadus morhua): Effects on growth and feed conversion efficiency[END_REF], mortalities [START_REF] Dell | Systematic variation in the temperature dependence of physiological and ecological traits[END_REF][START_REF] Savage | Effects of body size and temperature on population growth[END_REF], and handling times [44, [START_REF] Dell | Systematic variation in the temperature dependence of physiological and ecological traits[END_REF][START_REF] Uszko | Effects of warming on predator-prey interactions -a resource-based approach and a theoretical synthesis[END_REF] may also depend on temperature. We also include thermal sensitivity in phenomenological rather than explicitly mechanistic forms. More realistic models (e.g., size-structured, age-structured, or individual-based models) could parse out how maturation, fecundity, mortality, individual growth, and consumption simultaneously respond to thermal regimes in different individuals or size-classes when species interact. For example, accounting for both the temperature-dependent processes underlying body growth and for within-population size structure have proven important for understanding how both consumer populations [START_REF] Ohlberger | Temperature-driven regime shifts in the dynamics of size-structured populations[END_REF] and food chains [START_REF] Lindmark | Size-based ecological interactions drive food web responses to climate warming[END_REF] vary with temperature. However, while this has been was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 20, 2020. . https://doi.org/10.1101/2020.05.18.102053 doi: bioRxiv preprint addressed in studies of warming of mean temperatures [START_REF] Ohlberger | Temperature-driven regime shifts in the dynamics of size-structured populations[END_REF][START_REF] Lindmark | Size-based ecological interactions drive food web responses to climate warming[END_REF][START_REF] Van De Wolfshaar | Population feedback after successful invasion leads to ecological suicide in seasonal environments[END_REF], it remains to be done for increasing temperature variability. Both the complex responses to increasing temperature variability and the importance of accounting also for indirect temperature effects via interacting species that we demonstrate suggest that predicting how temperature variability would impact size-structured food webs cannot be done a priori. Our study thus calls for addressing temperature variability effects in food webs with approaches accounting for bioenergetics processes and the size-dependence of species interactions.

We demonstrate that the presence as well as the form of temperature variability influence species persistence and coexistence and interact with the effects of warming mean temperatures.

Future work could consider the following additional complexities in predicting the effects of temperature dynamics on interacting species in particular systems. First, thermal variability with autocorrelation (e.g., persistent heatwaves) can induce not only prolonged shifts in growth but also mortality, even leading to mass mortality, for instance from oxidative stress shaped by temperature maxima rather than mean temperature [START_REF] Pörtner | Climate Change Affects Marine Fishes Through the Oxygen Limitation of Thermal Tolerance[END_REF]. Mass mortality events may be induced by short-term exposure to high temperature, and the threshold temperature for mortality can decrease with greater exposure duration [START_REF] Crisci | Temperature anomalies and mortality events in marine communities: Insights on factors behind differential mortality impacts in the NW Mediterranean[END_REF], whereas high-frequency variability can also reduce negative effects, such as coral bleaching [START_REF] Safaie | High frequency temperature variability reduces the risk of coral bleaching[END_REF]. Second, the impacts of these short-term events are likely to depend on the species' generation time, relative to time scale of the perturbation. For instance, short-lived species may suffer high mortalities if exposed to unfavorable climate conditions occurring during its short lifespan, compared to longer-lived organism that may better buffer against short-term events. Third, acclimatization [START_REF] Temple | The thermal dependence of fast-start performance in fish[END_REF][START_REF] Grigaltchik | Thermal acclimation of interactions: Differential responses to temperature change alter predator-prey relationship[END_REF], or short-term evolutionary responses [48,[START_REF] Geerts | Rapid evolution of thermal tolerance in the water flea Daphnia[END_REF] to temperature changes could result in inaccurate predictions from models based on historical observations or experiments that are conditional on the environmental history was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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Finally, climate change in the sea is more than warming, variability, and frequency of extreme temperatures. It also encapsulates changes in dissolved oxygen, pH, surface irradiance, salinity, and circulation dynamics --biophysical changes that are often correlated with temperature fluctuations (IPCC 2019). We chose to focus on temperature dynamics for several reasons. First, there has been a long history of documenting short and long-term variation in ocean temperature either in situ or using satellite reconstruction. In contrast, for other biophysical changes, such widespread and high-resolution data collection and reconstructions are more isolated, sporadic or only recently developed. Second, temperature impacts on physiology and population dynamics have long been a focus in fisheries ecology. Thus, we focus on variation in temperature to quantify how variability in abiotic stressors can alter dynamics with the acknowledgment that other stressors and variability therein are also central in shaping populations and communities and may exhibit independent and multiplicative stresses on communities in unpredictable ways. Here we show that the inherent complex direct and indirect responses of populations and communities to gradual linear temperature changes that characterizes climate warming versus the non-linear and extreme changes that characterize climate variability is challenging. This challenge requires that, before including additional and important complexities, we deeply understand the interplay of climate warming and variability.

Conclusions
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Here we find that shifts in temperature variability can destabilize, stabilize or lead to predator collapses, depending on interaction strengths and differences in thermal performance between predators and prey. Our results also show that impacts on species' growth from concurrent changes in variability with warming can change predictions from considering warming alone.

Counterintuitively, temperature variability can help a population that would otherwise go extinct due to warming, when warming negatively impacts population growth, and some forms of variability can offset these effects. In other cases, however, ignoring increases in temperature variability associated with climate change leads to underestimation of predator extinction risks.

Our results contribute to a growing understanding of how temperature variation will alter life in the oceans, though the theoretical results extend more generally to other predator-prey systems facing variability. Our findings call for future studies advancing the theory on increasing temperature variation in foodwebs. In particular, we encourage accounting for within-species structure and variation in TPCs, as well as testing this in experimental studies in interacting species (over temperature ranges large enough for the non-linear responses to matter). Moving beyond a focus on mean temperatures alone, to advance our understanding of the consequences of temperature variation in complex ecosystems, can improve our ability to inform management responses that are robust to future climates with increasing variability and extremes.
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Figure 1. Nonlinear responses to temperature. A
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