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Introduction

Changes in temperature can fundamentally transform how species interact, causing wholesale shifts in ecosystem dynamics and stability. Yet we still have a limited understanding of how temperature-dependence in physiology drives temperature-dependence in species-interactions. For predator-prey interactions, theory predicts that increases in temperature drive increases in metabolism and that animals respond to this increased energy expenditure by ramping up their food consumption to meet their metabolic demand. However, if consumption does not increase as rapidly with temperature as metabolism, increases in temperature can ultimately cause a reduction in consumer fitness and biomass via starvation.



Methods

Here we test the hypothesis that increases in temperature cause more rapid increases in metabolism than increases in consumption using the California spiny lobster (Panulirus interruptus) as a model system. We acclimated individual lobsters to temperatures they experience sacross their biogeographic range (11, 16, 21, or 26°C), then measured whether lobster consumption rates are able to meet the increased metabolic demands of rising temperatures.



Results and discussion

We show positive effects of temperature on metabolism and predation, but in contrast to our hypothesis, rising temperature caused lobster consumption rates to increase at a faster rate than increases in metabolic demand, suggesting that for the mid-range of temperatures, lobsters are capable of ramping up consumption rates to increase their caloric demand. However, at the extreme ends of the simulated temperatures, lobster biology broke down. At the coldest temperature, lobsters had almost no metabolic activity and at the highest temperature, 33% of lobsters died. Our results suggest that temperature plays a key role in driving the geographic range of spiny lobsters and that spatial and temporal shifts in temperature can play a critical role in driving the strength of species interactions for a key predator in temperate reef ecosystems.
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Introduction

To predict the ecological consequences of global change, we require a mechanistic understanding of how changes in temperature cascade from changes in animal physiology to changes in animal ecology. However, our mechanistic understanding of temperature-dependence in ecology remains incomplete. One way to measure the effects of temperature in ecology is to measure how the strength of interactions between two species changes as temperature changes. Here we consider temperature dependence in predator-prey interactions and define interaction strength as the the effect of one individual of a predator has on one individual of a prey species per unit time (Laska and Wootton, 1998). It is well established that increases in temperature typically increase the strength of predator-prey interactions (Rall et al., 2010; Kordas et al., 2011), which has the potential alter ecosystem dynamics and stability (Vasseur and McCann, 2005; Vucic-Pestic et al., 2011; e.g., Gilbert et al., 2014). However we are still unpacking the physiological mechanisms underlying temperature-dependent predation (Biro and Stamps, 2010; Warne et al., 2019). Resolving this incomplete link between temperature-dependence in physiology and predation can allow us to better predict how natural and human-induced shifts in temperature are likely to alter the strength of interactions between species to shift ecosystem stability, function, and services (Chiabai et al., 2018).

For ectotherms, the leading hypothesis for why predation rates increase with temperature is that rising temperatures increase an animal’s basal metabolism, and that this increase in metabolism with temperature creates a caloric demand that an animal can only meet by increasing their consumption rates (Brown et al., 2004). However, metabolism and consumption may not increase at the same rate with with temperature. If metabolism increases more rapidly with temperature than consumption increases, animals may spend the majority of the calories they consume maintaining homeostasis rather than allocating new calories to growth or egg production as temperatures rise (Vucic-Pestic et al., 2011; Rall et al., 2012; Huey and Kingsolver, 2019). Such a calorie deficit would be a mechanistic explanation for potential negative consequences of global warming on natural ecosystems (Huey and Kingsolver, 2019). Yet very few studies have simultaneously studied the effects of temperature on animal metabolism and predation rates to explicitly link metabolism to predation and resolve whether predation rates change sufficiently rapidly to meet metabolic demand at temperature extremes (Sohlström et al., 2021).

Much of what ecologists know about the link between temperature, metabolism, and predation comes from tests of the metabolic theory of ecology (MTE), which predicts that predation rates should increase with temperature at the same rate as basal metabolism increases with temperature (Gillooly et al., 2001; Brown et al., 2004; Clarke, 2004). Meta-analysis testing the prediction suggests that while predation rates do systematically increase with temperature, the rate at which predation increases with temperature differs substantially from the predictions of metabolic theory (Englund et al., 2011; Rall et al., 2012; Bruno et al., 2015; Lindmark et al., 2022). These tests further our understanding of scaling relationships, but do not directly correlate an animal’s metabolism with its predation rate and thus offer little insight into whether rising temperatures cause calorie deficits. Instead, they examine how predation rates scale across taxa that live in different temperatures and compare this scaling to the rate at which metabolism scales across taxa that live in different temperatures (but see Lindmark et al., 2022). To understand whether and how metabolism and predation are connected we require studies that carefully measure animal bioenergetics and link an individual predator’s metabolism to its predation rate.

Ecologists thinking about temperature-dependence in predator metabolism typically focus on standard metabolic rate as a predictor of predation rates (Vucic-Pestic et al., 2011). Standard metabolic rate, which describes an organism’s baseline energy expenditure at rest excluding digestion, reproduction, and growth (Hulbert and Else, 2000), should explain some of an animal’s demand for food because animals must at minimum meet these demands to survive. In practice, resting metabolic rates are commonly measured in lieu of standard metabolic rates because of the logistical challenges of measuring animals over several days (Eliason and Farrell, 2016). However, additional components of animal metabolism are also important, because the act of predation must feed the calories required for an animal’s basal metabolism as well as the energy need to grow, reproduce, forage and digest food (predation) (Biro and Stamps, 2010). Individuals with higher standard or resting metabolic rates also tend to have higher maximum metabolic rates (Killen et al., 2016), which expands their energetic capacity that can be invested in prior listed vital performances. Therefore, measuring standard or resting metabolic rate alone may underestimate the bioenergetic demands that fuel predation intensity and behavior. Instead, we predict an animal’s absolute aerobic scope (AAS) – the difference between the maximum metabolic rate (MMR) that sets the upper limit for AAS and resting metabolic rate (RMR)– to predict predator consumption rates (e.g., Auer et al., 2015). Absolute aerobic scope represents the overall capacity for the cardio-respiratory system to supply oxygen for activities beyond resting metabolic rate, and can be positively correlated with a variety of performance measures such as locomotion (Killen et al., 2007), feeding capacity (Auer et al., 2015), and ability to recover from exercise or stress events (Marras et al., 2010).

In this study we link temperature-dependence in physiological responses to temperature-dependence in predator-prey interactions in a model predator – the California spiny lobster, (Panulirus interruptus, hereafter spiny lobster). On the west coast of North America, spiny lobsters are both an important predator in nearshore southern California ecosystems (Tegner and Levin, 1983; Robles, 1987; Eurich et al., 2014) and an economically valuable fisheries species (California Spiny Lobster Fisheries Management Plan, 2016). Spiny lobsters occupy a thermally heterogeneous environment, with temperatures ranging from approximately 9 to 30°C across their geographic range (effectively Point Conception, CA to Magdalena Bay, Baja California, Mexico) and seasonal fluctuations as large as 11.5°C in our focal region the Santa Barbara Channel (Aristizábal et al., 2016). To link physiology to predation, we measured a suite of physiological traits to explore possible drivers of predation rates that extend beyond resting metabolic rate. Specifically, we aimed to address the following questions: (i) How does temperature alter lobster resting metabolic rate and aerobic scope? (ii) How does temperature alter lobster predation rates? and (iii) How effectively does variation in metabolism predict variation in predation?



Materials and methods

We examined how temperature affects metabolic and predation rates of lobster using the following four steps: (i) we acclimated lobsters to one of four ecologically relevant temperatures (11, 16, 21, 26°C), (ii) we measured lobster resting and maximum metabolic rates using aquatic respirometry, and (iii) we measured lobster consumption rates of a mussel prey, Mytilus californianus.


Animal collection, husbandry, and acclimation

We collected 24 male lobsters (carapace length = 70.00 - 81.04 mm, wet mass = 302 – 466 g; Table S1) using Self Contained Underwater Breathing Aparatus (SCUBA) from nearshore kelp forests and rocky reefs in Santa Barbara county, CA. We maintained lobsters under a natural photoperiod (12 light:12 dark cycle) in tanks (76 cm L x 75 cm W x 30 cm H) divided by a perforated barrier with one lobster per half tank, each of which we stocked with one 6x8x16” and one 6x8x8” cinder block for shelter. We kept lobsters at ambient temperature (11°C) with flow-through filtered seawater for at least six days, during which we fed each individual with mussels (Mytilus spp.) ad libitum.

Our goal was to test the relationship between metabolism and predation at a range of temperatures consistent with the geographic distribution of spiny lobster. We therefore selected four experimental temperatures at which to acclimate lobsters: 11, 16, 21, and 26°C. The 11, 16, and 21°C treatments represent seasonal minimum, mean, and maximum temperatures in the coastal waters of the Santa Barbara Channel (Figure 1), while 26°C represents the near-maximum temperature approaching the southern end of the species range in Mexico (Table S2).




Figure 1 | Temporal Variation in Bottom Temperature. Monthly bottom (4.5 m depth) temperatures at Mohawk Reef (34.396290, -119.731297) in Santa Barbara, CA compiled from 2005-2017. Vertical dashed lines represent three of four treatment temperatures (11, 16, 21°C). Data Source: Santa Barbara Coastal Long-Term Ecological Research group.



For treatments above ambient temperature (16, 21, 26°C), we heated flow-through seawater using Titanium heating tubes (Finnex, Chicago, IL, 500W) to maintain steady temperature at 16, 21, and 26°C in flow-through aquaria. For the one treatment consistently below ambient temperature (11°C), we chilled seawater to 11°C using a titanium chiller (AquaEuro Systems, Gardena, CA, ½ HP Max-Chill Titanium Chiller), which fed into an 80-gallon header tank. We distributed chilled water throughout experimental tanks via a partial recirculating system. We recorded temperature and sustained temperature using thermostats on regulating devices (chiller for 11°C, INKBIRD ITC-308 temperature Seabird controllers, Shenzhen, China). We recorded temperature at least twice a day using secondary measurements with a digital aquarium thermometer with a submersible probe. To manipulate temperature, we gradually acclimated lobsters by modifying the temperature by no more than 2°C day-1, well within daily temperature fluctuations experienced by lobsters in natural conditions. Once the target temperature was achieved, we held lobsters at stable focal treatment temperatures for 18-28 days. Aquarium water was fed from the salt water flow through conditions maintained by the Marine Science Institute of UC Santa Barbara. Due to aquaria space limitations, we ran temperature treatments in two separate rounds: (i) June 2018 – December 2018 (11 & 21°C treatments), and (ii) January 2019 – June 2019 (16 & 26°C treatments).



Measuring temperature-dependence in lobster metabolism

We used intermittent-flow respirometry (Svendsen et al., 2016) to measure oxygen consumption rates (MO2; mg O2 L-1 min-1) of temperature-acclimated lobsters. We submerged respirometers in a filtered seawater bath which was either heated or chilled to our experimental temperatures. To measure oxygen consumption rates, we placed lobsters in 17.9 L watertight plastic respirometers connected via tubes to two submersible pumps (Eheim, Deizisau, Germany, Universal 600 Aquarium Pump), which created both a flushing loop and a recirculation loop. We measured dissolved oxygen (DO) continuously in the recirculation loop using a fiber optic oxygen sensor (Firesting, PyroScience, Aachen, Germany). To limit movement throughout the trial, we provided lobsters with footholds (polystyrene eggcrate) at the bottoms of the respirometers and covered the seawater bath with shade cloth. We measured DO continuously in 23 min long cycles for the 16, 21, and 26°C treatments (8 min flush + 15 min measurement) and in 33 min long cycles for 11°C treatment (8 min flush + 25 min measurement). We calibrated our oxygen sensors before each trial using a 2 point calibration (0 was generated using sodium sulfite, 100% air-saturated water was generated using seawater vigorously aerated with an airstone). It was necessary to increase the measurement phase at the coldest temperature to capture sufficient declines in DO such that estimating MO2 was possible. DO within the respirometers did not drop below 80% air saturation for all experiments. To account for any background microbial respiration, we recorded at least one blank cycle (2 min flush + 10 min measurement) both before and after each trial.

To avoid increases in metabolism due to digestion (McCue, 2006), we fasted lobsters for 72 h prior to respirometry trials. We measured maximum metabolic rate and resting metabolic rate for each individual by first performing a standardized chase procedure to induce exhaustion. Here, we removed lobsters from their holding tanks for a 30 s air exposure, then hand-chased lobsters underwater for 30 s, repeating the process three times. This chase procedure was followed by a one min air exposure to ensure exhaustion (Norin and Clark, 2016) which we considered to be the point at which the animal ceased tail flapping, a common escape response (Bouwma & Herrnkind, 2009). We then transferred lobsters to the respirometers and quickly sealed them inside (<30 s). Lobsters were left in the respirometers overnight for 24 h, allowing them to return to resting levels of MO2.



Estimating lobster metabolic rates

We quality-controlled our metabolism data by visually examining all slopes of oxygen concentration over time. During some measurements, lobsters displayed periods of apnea, particularly at 11°C, discernable as extended periods with no change in oxygen concentration (McGaw et al., 2018). We excluded these periods from the slope measurement for MO2 (see Table S3). Only measurements that exhibit linear declines in mg O2 L-1 min-1 with an r2 > 0.85 for at least two minutes were used in the analysis.

We then calculated mass-specific and background respiration-corrected MO2 values using the equation:

 

where m1 and m2 are the rates of O2 decline (mg O2 L-1 min-1) over time during the measurement phase when a lobster is present and absent, respectively, V1 and V2 are the water volumes in the respirometer (L) when the lobster is present and absent, respectively, and M is the wet body mass of the lobster (kg). Body size (mass) of lobsters was constrained within a narrow range and did not have significant influence on metabolic rates. Therefore, using isometric metabolic scaling to express mass-specific metabolism is appropriate in our study. We calculated the rate of O2 decline attributable to background microbial respiration (m2) by averaging the MO2 values from blank measurements conducted both before and after an individual lobster’s trial. We estimated resting metabolic rate (mg O2 kg-1 min-1) as the lowest 15th percentile of measurements taken throughout the 24 h trial (Fitzgibbon, 2010; Fitzgibbon et al., 2014; Chabot et al., 2016; Twiname et al., 2020). Within the 24 h measurement period, the lobsters reached low and stable MO2 levels. While others have estimated standard metabolic rate in crustaceans off of<24 hours of MO2 measurements (Fitzgibbon et al., 2014; Twiname et al., 2020), it is possible that additional time in the respirometer would reveal even lower basal MO2 levels. As such, we termed this resting metabolic rate (RMR), not standard metabolic rate (SMR), though it is likely our estimates of RMR are only slightly elevated compared to true SMR. We estimated maximum metabolic rate as the fastest rate of linear O2 decline over a 60 s interval (Little et al., 2020), with an r2 greater than 0.90. We calculated absolute aerobic scope (AAS) as the difference between maximum metabolic rate and resting metabolic rate (AAS = MMR – RMR) for each lobster and factorial aerobic scope (FAS) as MMR/RMR.



Measuring temperature-dependence in lobster predation rates

The importance of prey density in modifying predator foraging behavior has a rich history in ecology (Holling, 1959). For example, shifts in a predator’s foraging behavior can affect the stability of predator–prey dynamics (DeAngelis et al., 1975), spatial distribution of predators (Meer and Ens, 1997), food chain length (Schmitz, 1992), and the strength of species interactions in complex food webs (Novak and Wootton, 2008). The functional response describes how the number of prey a predator eats increases as the density of prey increases (Stier et al., 2013); it represents mechanisms underlying the predator-prey interaction; thus, quantifying changes in the functional response with temperature is a natural way to test hypotheses and develop insight into how variation in temperature drives variation in predator-prey interactions. Estimating the functional response rather than simply measuring predation rates at a single prey density allows researchers to compare and model temperature-dependence in predator feeding rates across species and ecosystems.

To determine how increases in temperature altered lobster predation, we estimated the functional responses of temperature-acclimated lobsters by measuring the predation rates of each individual lobster on a common prey, Mytilus californianus (Robles, 1987) at five densities presented in sequential trials (5, 10, 20, 30, 60 mussels). We collected all mussels from shore-level rocks at Arroyo Burro Beach, in Santa Barbara, CA (34.403942°N, -119.742992°W). We constrained mussel sizes to 3.0-4.5 cm shell lengths, which is a preferred size for lobsters within our experimental size range (Robles et al., 1990). To standardize initial hunger levels of each individual, we fed lobsters ad libitum for 24 h then fasted them for 72 h prior to each trial. We introduced mussels to lobster holding tanks between 12:00 and 15:00, then removed and counted remaining intact mussels 24 h later. We replicated feeding assays three times per lobster at each of the five prey densities.  Five lobsters (one at 11°C, one at 16°C, three at 21°C) molted during the feeding assays and stopped eating for 15-27 days during this period, as is common behavior in spiny lobsters (Lindberg, 1955). We maintained these individuals on the same feeding assay schedule and later repeated trials in which they did not feed. These repeated trials were substituted for any trials in which lobsters naturally fasted pre- and post-molt.

We modeled a type II functional response to estimate the per capita lobster feeding rate, F, as a function of prey density, N, F = αN/(1+αhN), where α and h describe a predator’s attack rate and handling time, respectively (Holling, 1959). In this model lobster consumption increases with prey density at lower densities, then eventually saturates. To estimate the functional response parameters (α and h) we used a Bayesian hierarchical model. Specifically, our model simultaneously estimated the relationship between mussel density and consumption rate at the population level (e.g. across all lobsters in the experiment), at the level of each temperature treatment (11, 16, 21, 26 °C), and for each individual lobster across replicated trials.

We assumed that the number of prey consumed (C) in trial (i) was binomially distributed given the number of prey offered (Ri) and the proportion of prey consumed (Pi). We estimated the proportion of prey consumed according to a type II functional response (Bolker, 2008),

Ci ~ Binomial (Ni, Pi)

 

where αL,k is the attack rate (predator-1 hr-1) of lobster L in temperature treatment T, and hL,T is the handling time (hours) of lobster L in temperature treatment T. Throughout the model hierarchy, we used diffuse, non-informative, normally distributed priors on the attack rate and handling time parameters and implemented the model in JAGS (Plummer, 2003). For more details on our Bayesian modeling approach see Text S1.



Estimating temperature sensitivity of metabolism and consumption

To assess changes in the thermal sensitivity (e.g. temperature dependence) of measured rates between the experimental temperatures, we calculated Q10, the factor by which a reaction rate changes over 10°C, as,

 

where R is a reaction rate (e.g., resting metabolic rate) and T is temperature (°C). However previous work has shown that Q10 may be temperature dependent (Gillooly et al., 2001). Therefore, we also fit phenomenological and mechanistic models to our rate data to provide direct comparison to theoretical predictions.

The metabolic theory of ecology predicts that biological rates, such as RMR, should increase exponential with temperature according to the Arrhenius equation. Furthermore, MTE hypothesizes that consumption rates should scale with metabolic demand, such that consumption increases with temperature at the same rate as metabolism (~0.6-0.7 eV (Gillooly et al., 2006; Allen and Gillooly, 2007). Following previous work (Gillooly et al., 2001; Rall et al., 2012), we therefore fit the Arrhenius equation to both the data on lobster RMR and max consumption rates, such that

 

Where k is Boltzmann’s constant (8.617 x 10-5 eV K-1), T is temperature (Kelvin), T0 is 273.15 and sets the intercept of the temperature relationship, and Ea is the activation energy of the reaction. To express all temperatures in °C, we allowed  , where Tc is temperate in °C (Gillooly et al., 2001). We linearized eq. 4 and estimated the parameters (i0, Ea) using linear regression. In the case of Cmax, we resampled with replacement 50 draws from the posterior estimate for 1/h 1000 times to bootstrap the median and 95% CI’s of the relationship.

Unlike resting metabolic rate, previous work reveals that MMR should increase with temperature to a maximum before declining. Similarly, since RMR increases with temperature exponentially, absolute aerobic scope (MMR – RMR) should also follow a unimodal relationship with temperature. Therefore, to estimate the relationship between MMR or AAS and temperature we fit quadratic functions using regression approaches. We used simple linear regression to estimate the relationship between FAS and temperature.

To determine whether increasing predation rates could keep pace with increasing metabolic demand at higher temperatures, we then asked whether the effects of temperature on metabolism and the effects of temperature on predation scaled similarly.



Data analysis

We performed all analyses using R v3.6.3 and the following packages: nlme, tidybayes, R2jags, and rjags.




Results

As we increased temperature, lobster metabolism and predation rates increased. At the three lower temperature treatments (11, 16, 21°C) all lobsters survived, but acclimation to the hottest temperature (26°C) caused 33% mortality. Metabolism, and predation rate were correlated, but metabolism increased with temperature at a slower rate than predation. Below we detail how temperature affected lobster metabolism, and predation.


Temperature increased lobster metabolism

Increases in temperature had positive effects on lobster metabolism. Overall, resting metabolic rate increased by approximately 330% from the lowest to the highest temperature ( Q10SMR(11−26°C) = 2.65, Figure 2A; Table S4). Maximum metabolic rate and absolute aerobic scope increased to maxima at 21°C and declined to 26°C (Figures 2B, C; Table S5). Factorial aerobic scope (FAS) decreased with increasing temperature ranging from 14.5 ± 7.60 at 11°C to 4.80 ± 0.67 at 26°C (mean ± SE) (Figure 2D). However, there was substantial among individual variation in how lobsters’ metabolism responded to increases in temperature, with some animals exhibiting the capacity to maintain high aerobic scope at the lowest and highest temperatures while others had almost no aerobic scope.




Figure 2 | Temperature Effects on Lobster Metabolism. (A) Resting metabolic rates (RMR), (B) maximum metabolic rates (MMR), (C) absolute aerobic scopes (AAS = MMR – RMR), and (D) factorial aerobic scopes (FAS = MMR/RMR) measured for individual lobsters (light gray points) at 11, 16, 21, and 26°C (n = 6 for all treatments except 26°C, where n = 4). Colored points represent treatment means and bars are equal to 95% confidence intervals. Gray dots represent jittered raw data. Lines and gray shading are the mean ± 95% CI’s for fitted models. See Methods for details on the models fit to each rate.





Warming temperatures increase predation rates

Increases in temperature caused increases in lobster consumption rates across mussel densities (Figure 3). When mussels were at their maximum density, consumption rates increased 9.6-fold from the lowest (11°C) to the highest (26°C) temperature. Lobster predation was near zero in many of the trials in the coldest temperature treatment. In contrast, no fewer than two mussels were ever consumed by lobsters across all other temperature treatments when mussels were at maximum density.




Figure 3 | Temperature Effects on Lobster Functional Responses. Type II functional responses fit using a Bayesian hierarchical framework. Gray curves represent individual lobsters and colored curves represent treatment means (left to right: light blue = 11°C, dark blue = 16°C, light red = 21°C, dark red = 26°C). Solid gray regions highlight the 95% credible intervals estimated at the treatment level.



Similar to lobster metabolic responses to temperature, consumption rates varied widely among individuals within a given temperature treatment. For example, some individual lobsters ate more than twice as much as other lobsters within the same temperature treatment (Figure 3; Figure S1). One lobster individual in the 16°C exhibited anomalously high consumption rates that may have been linked to molting. Therefore, this lobster individual was dropped from the primary analysis (see Figure S3 for more details).

The differences in the lobster functional response with temperature were largely driven by increases in maximum consumption rates (e.g. 1/h; Figure 4). On average, the maximum consumption rate of lobsters was lowest at 11°C, similar at 16 and 21°C, and reached a maximum at 26°C (Figure 4). Attack rates were lower at the 11°C treatment that the other temperatures (Figures S1, S2). However, we found little evidence for variation in attack rates between 16 and 26°C.




Figure 4 | Temperature Effects on Lobster Maximum Consumption Rates. Median estimates of maximum consumption rates (Cmax) for each individual lobster (gray points in background) and lobsters in each temperature treatment (colored points). Colored points represent treatment medians ± 95% CI’s. Black line and surrounding shading are the median ± 95% CI of the bootstrapped regression relationship between temperature and maximum consumption rate fit to the treatment-level posterior estimates. Individual median estimates (gray points) are jittered for clarity.





Variation in predator metabolism predicts variation in predator feeding

Nearly all metabolic rates were positively correlated with predation rates. Lobster resting metabolic rate, maximum metabolic rate, and absolute aerobic scope exhibited positive relationships with maximum consumption rates across temperature (Figure 5). The 11°C-acclimated lobsters had consistently low resting metabolic rates and maximum metabolic rates, small absolute aerobic scopes, and low maximum consumption rates (Figure 5). However, for the other temperature treatments, lobsters exhibited substantial among individual variation in temperature dependence (Figure 5). For example, one 11°C-acclimated lobster exhibited a below-average resting metabolic rate, but an above-average maximum metabolic rate and absolute aerobic scope as compared to other individuals within that treatment. With low maintenance costs (resting metabolic rates) and a large remaining energy budget (absolute aerobic scope, factorial aerobic scope), this individual was able to maintain consumption rates similar to those observed in warmer temperature treatments (Figure 5, denoted by arrows). On the contrary, one 26°C-acclimated lobster had the highest resting metabolic rates, but a below average maximum metabolic rate, absolute aerobic scope, and maximum consumption rate compared to other individuals within the 26°C treatment (Figure 5, denoted by arrows).




Figure 5 | Metabolism Effects on Foraging Across Temperatures. Median posterior estimates for the maximum consumption rate (Cmax) of each individual lobster plotted as a function of the individuals (A) resting metabolic rate, (B) maximum metabolic rate, (C) absolute aerobic scope and (D) factorial aerobic scope across temperatures. Gray error bars are the 95% CI’s of the median estimate from the posterior distribution. Lines and gray shading are mean linear trends and 95% CI’s from simple linear regressions fit to the median estimates of Cmax. Density plots show the distribution of metabolic traits (x-axis) and Cmax (y-axis) for each treatment. We provide an example of an individual we characterized as an overperformer (IV10; 11°C treatment) and as an underperformer (IV19; 26°C treatment) as compared to treatment means.





Activation energies fall within the range predicted by metabolic theory of ecology

While metabolism and predation were both affected by temperature, the effects of temperature on metabolism were weaker than the effects of temperature on predation. The scaling exponent of lobster resting metabolic rates fell at the upper end of the range predicted by metabolic theory of ecology (MTE-predicted: 0.6-0.7 eV; Observed: EaSMR = 0.77 ± 0.09 (Gillooly et al., 2006; Allen and Gillooly, 2007). However, the scaling exponent of maximum consumption rates was substantially higher than measured in resting metabolic rate or predicted by the metabolic theory of ecology (EaC = 1.33 [1.26 – 1.42], X̅ [95% CI], Table S4). Thus, the resting metabolic rate of lobsters increased with temperature ~60% slower than maximum consumption rate increased with temperature, challenging the theoretical prediction that temperature drives proportional increases in resting metabolic rate and predation.




Discussion

Whether temperature-dependence in feeding rates match or mismatch with temperature-dependence in metabolic rates is key to anticipating the impacts of warming on ecosystem stability and dynamics (Lindmark et al., 2019). Here we offer one of the few integrative studies that explicitly link temperature-dependence in metabolism with temperature-dependence in predator-prey interactions. Our results indicate that metabolic, and predation rates increase as functions of temperature, but show that predation rates increased at a faster rate with temperature than metabolism. This capacity to maintain high foraging rates as temperatures increased suggests that some species may not immediately suffer from a bioenergetic meltdown caused by declining energy intake and increased energy expenditure. Yet at the coldest temperatures lobsters were barely ate, and at the hottest temperatures lobsters had high mortality, which highlights the existence of thermal limits. Below we discuss the similarities and differences of our results from existing research on temperature-dependence, speculate further on the link between metabolism and predation, and offer insights into how our findings may have implications for lobster biogeography and ecology.


Linking temperature-dependence in spiny lobsters to temperature-dependence in other systems

Temperature-dependence of spiny lobsters has both similarities and differences with existing theoretical and empirical literature on temperature-dependence in other systems. For example our study adds to a plethora of evidence that have shown increases in temperature cause increases in consumption rates (Englund et al., 2011; Rall et al., 2012; Sohlström et al., 2021; Lindmark et al., 2022). Overall, increases in maximum consumption rates as temperatures increase typically increase the capacity of predators to limit prey populations (Vasseur and McCann, 2005), though the population dynamic consequences in this system remain unclear without a better understanding of the relative impacts of temperature on other key demographic parameters for both lobsters and their mussel prey (e.g., population growth rate or dispersal).

Temperature-dependence in predation rates in other systems are usually driven by simultaneous decreases in handling times and increases in attack rates as temperatures warm. However, in spiny lobsters we found that increases in temperature had very limited effect on attack rate, but that increases in temperature caused large increases in maximum consumption rates. In other words, increases in temperature decreased the time it took lobsters to manipulate, consume, or digest mussels allowing lobsters to consume more per unit time, but temperature did not affect how long it took for lobsters to search for mussel prey. Two potential explanations exist for the lack of temperature-sensitivity in attack rate. First, thermal sensitivity can depend on prey mobility, with lower thermal sensitivity for sedentary prey (Vucic-Pestic et al., 2011). Second, searching for prey was relatively simple inside the experimental arena. This may bias laboratory attack rates, but is not particularly different from field conditions where prey such as urchins and mussels are readily available and nearby lobsters in many sites.



Should metabolism and predation be more strongly correlated?

All measures of metabolism were positively correlated with maximum consumption rates, but maximum metabolic rate was the strongest predictor. This suggests that baseline maintenance requirements may not be solely driving consumption, instead maximum capacity may also be driving consumption. Physiologists studying other processes have similarly found utility in metabolic measurements beyond resting metabolic rate (e.g. Brownscombe et al., 2017; Prystay et al., 2017; Little et al., 2020), and ecologists interested in physiological mechanisms of behavior will continue to benefit from similar diverse measurements of animal metabolism.

An outstanding question is what underlies the unexplained variation in maximum consumption rates that is not explained by variation in metabolism. In this study, the greatest source of variation in the metabolism-predation relationship was among individual variation. Such variation in temperature dependence makes it difficult to detect mean effects of temperature and suggests that in addition to environmental temperature, phenotypic plasticity, genetics (Somero, 2009; Razgour et al., 2019), behavioral diversity, or even maternal effects (e.g., egg size Régnier et al., 2012) may explain significant variation in lobster consumption rates. Future work should examine the high inter-individual variability in decapod physiological rates, particularly via longer measurements (>24 h) and ideally measuring free-ranging animals using loggers and/or telemetry (e.g., heart rate and accelerometery; McGaw and Nancollas, 2018; McGaw et al., 2018; Steell et al., 2020; McGaw and Nancollas, 2021).



Insights from temperature dependence for effects of seasonality and lobster biogeographic range

Our results also suggest that temperature plays a key role in limiting lobster foraging activity throughout seasonal temperature shifts. Such temperature-dependence helps us better understand lobster biogeography, with different mechanisms limiting lobsters at low and high temperatures. Low temperatures appear to impose an inflexible floor for lobsters, suppressing physiological function and constraining foraging activity, despite their presumed history withstanding bottom temperatures that frequently approach and even drop below 11°C (Figure 1) in the Santa Barbara Channel. These physiological limits are linked to long pauses in lobster breathing and significant reductions in metabolism. Although we did not observe mortality associated with our coldest temperature treatment, it is likely that with any further decreases in resting metabolic rate driven by decreases in temperature, intake through any prey source would be unlikely to be able to sustain tissue function and mortality or reproductive failure would ensue.

Spiny lobsters in the Santa Barbara Channel seem to be surviving near their physiological lower thermal limits from March to May in the Santa Barbara channel (Figure 1), during which they may have a low or negligible impact on prey communities. Similarly, seasonal low temperature periods, coastal upwelling, or La Niña events should then drive reductions in lobster-mussel interaction strengths at a local scale (sensu Sanford, 1999). At larger spatial scales, the per capita impact of spiny lobster on prey may decrease with increasing latitude due to decreasing mean annual sea surface temperature. Constraints of low temperature on lobster metabolic and feeding rates likely sets the spiny lobster northern range which typically stops at Point Conception where coastal regions experience longer and more frequent upwelling events than in the Santa Barbara Channel, often experiencing sustained periods below 11°C (Huyer, 1983; Watson et al., 2011). Lobsters limited function in cold water likely explains the infrequent sightings of large spiny lobster populations in the significantly cooler waters north of Point Conception, CA, with the exception of during warming events (Leising et al., 2015). As ocean water continues to warm, it is possible we will observe a persistent northward expansion of the range of generalist spiny lobsters.

Similar insights into seasonality and biogeography emerge from consideration of lobster physiology and feeding behavior at warmer temperatures. By maximizing the thermal sensitivity (Q10) of metabolism at the lowest end of their ambient temperature range lobsters have reduced maintenance costs when temperatures are too low to support active foraging but also rapidly capitalize on increases in temperature that promote sustained activity, a pattern familiar from studies in other taxa (Naya et al., 2009; Kreiman et al., 2019). As temperatures warm, lobsters are able to recover 91.4% of their maximum consumption capacity when temperatures increase from 11 to 16°C. This increase in lobster maximum consumption rates with temperature reflect faster biochemical reaction rates and increased oxygen demands.

During the spring and summer months, or high temperature periods such as El Niños, lobsters are likely to have their highest metabolic demands and will therefore also exert their strongest effects on prey populations (sensu Carr and Bruno, 2013). Although these high foraging rates at high temperatures are like coupled with disproportionate physiological costs of homeostasis. While the population genetics of lobsters is an active area of research, previous studies suggest that lobster populations are relatively well-mixed on the west coast of California and Mexico (Iacchei et al., 2013), which may influence capacity for local adaptation. We can therefore speculate that if lobsters living in the southern range respond similarly to the hottest 26°C treatment in this study, that temperatures that are persistently 26°C or higher are likely to leave lobsters with little energetic capacity to perform other critical fitness-enhancing processes, such as escaping predators, growth and reproduction. Therefore, a deeper understanding of the link between physiology and ecology of lobsters throughout their range as well as consideration of local adaptation and plasticity, will offer important insight into the likelihood of future range contractions or shifts in the ecological role of lobsters as waters warm.




Conclusion

The better we understand why animals experience temperature dependence in their physiology or ecology, the better we will be able to predict how natural and human-induced changes in temperature are likely to affect the stability and function of ecosystems. Our study provides evidence that at least some species can maintain high feeding rates to meet the higher energetic demands associated with higher temperatures. We also show how cold constraints can fully stop predators from functioning physiologically and ecologically, suggesting that the strength of predation is likely highly seasonal. Lastly, while we link temperature, metabolism, and predation, we also demonstrate that, at least for lobsters, a significant amount of temperature-dependence in predation is explained by individual variation driven by other non-metabolic biological processes that are currently unknown. Identifying these unknown forces is critical to evaluate and fully predict how temperature alters the strength species interactions, drives range shifts, and alters animal bioenergetics.
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