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ABSTRACT 
 

The Effects of Temperature on the Metabolism and Foraging Ecology of the California Spiny 

Lobster, Panulirus interruptus 

 
by 

 
Samantha Rose Csik 

 
 Temperature constrains the rates of ecological processes that drive community- and 

ecosystem-level patterns by dictating the energetic demands of individual organisms. The 

Metabolic Theory of Ecology (MTE) predicts that increases in temperature drive 

proportional increases in the standard metabolic rates (SMR) and predation rates of 

consumers, offering a framework for linking temperature-dependent physiological processes 

to predator-prey dynamics. However, while many taxa do exhibit increases in predation at 

higher temperatures, the strength of this relationship often deviates from MTE predictions. 

One reason for this may be that MTE does not consider a number of key features of 

metabolism, such as maximum metabolic rate (MMR) and aerobic scope (AS), that are 

important determinants of energetic demands and resultant behaviors. Here, we quantify how 

changes in temperature alter the metabolism (SMR, MMR, AS) and predation rates of an 

important marine predator, the California spiny lobster (Panulirus interruptus), to describe 

how temperature alters the functional role of lobsters. We show that temperature extremes 

within the species’ current thermal range impose physiological constraints that would be 

otherwise undetectable using the MTE framework alone. For example, a regional low of 

11°C reduced standard metabolic rate and aerobic scope by 70 and 38%, respectively, as 

compared to a regional high of 21°C, resulting in near cessation of predation. On the 
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contrary, an extreme thermal high of 26°C permits sustained predation to fuel elevated 

metabolic demands, however reductions in factorial aerobic scope may necessitate long-term 

fitness tradeoffs. While theoretical scaling relationships that predict proportional increases in 

metabolism and predation with rising temperature can provide a foundational null hypothesis 

for the effects of climate change on population and community dynamics, they ignore the 

variety of ways in which temperature can influence physiological performance to alter 

ecological responses. 
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I. The Effects of Temperature on the Metabolism and Foraging Ecology of 
the California Spiny Lobster, Panulirus interruptus 

INTRODUCTION 
 
 Predator-prey interactions play a fundamental role in regulating ecosystem processes 

and community structure. For example, the strength of these interactions largely determines 

the flux of energy and materials throughout an ecosystem (Gilbert et al. 2014), the 

distribution and abundance of resources (Virsten 1977), and the biodiversity and functional 

characteristics of communities (Robles 1997, Ritchie & Johnson 2009). In turn, the stability 

of populations and trophic relationships is largely dependent on these predator-prey 

interactions (Navarrete & Berlow 2006). Therefore, understanding what drives interaction 

strength is key for predicting how communities and ecosystems as a whole may change 

across both spatial and temporal scales (e.g. O’Connor 2009). A key factor underlying 

variability in predator-prey interaction strengths is temperature (Vasseur & McCann 2005, 

Petchey et al. 2010, Rall et al. 2010, Dell et al. 2011, Dell et al. 2014, Vucic-Pestic et al. 

2011, Gilbert et al. 2014). 

 The metabolic theory of ecology (MTE) posits that increases in temperature will 

increase predator consumption rates (Brown et al. 2004). More specifically, MTE proposes 

that basal or standard metabolic rate should increase exponentially with temperature, and 

that consumption rates should similarly scale exponentially with temperature to balance 

energy expenditure (Gillooly et al. 2001, Brown et al. 2004, Clarke 2004). As such, MTE 

has been frequently used as a framework for linking the physiological processes of 

organisms to higher levels of ecological organization (Enquist et al. 2003, Harte 2011, 

Warne et al. 2019), and specifically for quantifying how temperature influences energy  and 
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predation rates to modify species interaction strengths (Englund et al. 2011, Rall et al. 

2012). 

  To quantify temperature effects on predator-prey interaction strengths, we can 

consider how temperature alters the relationship between the consumption rate of a predator 

and the density of its prey. This relationship is often referred to as the functional response 

and is modeled as the per capita feeding rate of a predator, 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). Following MTE, a predator’s attack rate and maximum 

ingestion rate (1/h) should scale exponentially with temperature with a slope (i.e. activation 

energy, Ea) of 0.6-0.7 to match temperature-driven increases in metabolic rate (Gillooly et 

al. 2006, Allen & Gillooly 2007). However, meta-analyses that have quantified how 

temperature alters attack and maximum ingestion rates for a wide range of taxa have found 

that many species deviate from the predictions of MTE (Englund et al. 2011, Rall et al. 

2012, Bruno et al. 2015), suggesting that the scaling relationship between temperature and 

predation requires further investigation. 

 Using MTE to make predictions about universal temperature-dependencies of 

biological rates (e.g. predation) can be challenging because the biophysical principles on 

which it is based (West et al. 1997, Gillooly et al. 2001) simplify the many complex 

interactions that occur during aerobic metabolism (O’Connor et al. 2007, Schulte 2015). For 

example, acclimation is often overlooked in MTE (Moffett et al. 2018) but is known to alter 

key drivers of metabolic rate such as enzyme activity, mitochondrial density, and whole-

animal performance (Schulte 2015). Proponents of MTE recognize that this theory cannot 

account for all temperature-driven variation in physiological and biological rates (Gillooly et 
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al. 2001, Brown et al. 2004). However, because MTE is widely embedded within models 

that aim to predict the consequences of rising temperature on population and community 

dynamics, trophic interactions, and ecosystem processes (Savage et al. 2004, Vasseur & 

McCann 2005, McCoy & Gillooly 2008, Archer et al. 2019, Barneche & Allen 2018), it is 

becoming increasingly important to understand how temperature drives species-specific 

metabolic responses to influence their ecologies. 

 Our understanding of how temperature drives metabolism to alter predation rates 

may in part be hindered by the relatively limited number of empirical studies that explicitly 

measure metabolic performance in conjunction with predator foraging ecology. Moreover, 

when these studies are conducted simultaneously, they commonly measure standard 

metabolic rate (i.e. an organism’s baseline energy expenditure; Hulbert & Else 2000) but 

ignore a number of key features of metabolism that are also important determinants of 

energetic demands and resultant behaviors (Metcalfe et al. 2016). For example, standard 

metabolic rate (SMR) provides important information on physiological homeostatic 

demands, but beyond these baseline requirements, organisms must also grow, reproduce, 

forage for food, etc. These additional energetic demands must be met within an individual’s 

aerobic scope (AS; the difference between maximum metabolic rate, MMR, and SMR), 

which represents the overall capacity for the cardio-respiratory system to supply oxygen for 

activities beyond SMR. Larger aerobic scopes have been 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). 

Therefore, one critical way to advance the field of ecophysiology is to broaden our spectrum 
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of physiological measurements and explicitly link those to behaviors which are known 

drivers of species interaction strengths (e.g. the functional response; Warne et al. 2019). 

 A nuanced understanding of how species-specific metabolic performance varies with 

temperature to influence predation rates can be critically essential for predicting community 

dynamics and implementing management practices for harvested species. For example, the 

2012 warm event in the Northwest Atlantic led to an early and large catch of American 

lobsters which outstripped market demand and led to a price collapse (Mills et al. 2013), 

highlighting the need for flexible management that adapts with changing thermal 

environments. This of course requires the capacity to predict how temperature will alter the 

ecology of any given species. On the west coast of North America, the California spiny 

lobster, Panulirus interruptus, is both an important keystone predator in nearshore southern 

California ecosystems (Tegner & Levin 1983, Robles 1987, Halpern et al. 2006, Eurich et al. 

2014) and an economically valuable fisheries species (California Department of Fish and 

Wildlife 2016). Moreover, P. interruptus thrive in a thermally heterogeneous environment—

temperatures range from approximately 9 to 30°C, across their geographic range (effectively 

Point Conception, CA to Magdalena Bay, Baja, Mexico), and seasonal shifts of up to 11.5°C 

are common at a local scale (Aristizábal et al. 2016). 

 In this study, we examine temperature-dependent physiological processes (i.e. 

metabolism, heart rate) and link them to lobster predation rates in an attempt to describe 

how seasonal and climate change-related shifts in temperature may alter the functional role 

that P. interruptus plays as a predator in coastal subtidal systems. To do so, we measure a 

suite of physiological traits to explore possible drivers of predation rates that extend beyond 

MTE’s limited focus on SMR. Specifically, we aimed to address the following questions: (i) 
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How does temperature alter lobster standard metabolic rate and aerobic scope? (ii) How 

does temperature alter lobster functional responses (i.e. attack rates, handling times, 

maximum consumption rates)? and (iii) Does temperature drive proportional changes in both 

metabolism and predation as predicted by MTE? To test this, we measured lobster metabolic 

phenotypes (SMR, MMR, AS), resting heart rates, maximum consumption rates, and 

estimated functional responses at four ecologically relevant temperatures (11, 16, 21, 26°C). 

 

METHODS 

Animal collection, husbandry, and acclimation 

To standardize for any potential physiological differences between sexes 

(Wohlschlag 1962, Lorenzon et al. 2007), we collected only adult male lobsters (N = 24, 

carapace length = 70.00 - 81.04 mm, body mass = 302 – 466 g; Table A2) via SCUBA from 

nearshore kelp forest rocky reefs in Santa Barbara, CA. Lobsters were transported to the 

University of California, Santa Barbara, and maintained under a natural photoperiod (12 L : 

12 D cycle) in large flow-through tanks (76 cm L x 75 cm W x 30 cm H; one lobster half 

tank-1) supplied with filtered seawater at ambient temperature for at least 6 days prior to 

beginning treatment acclimations. During the initial acclimation period, lobsters were fed 

mussels (Mytilus spp.) ad libitum each day. 

We acclimated lobsters one of four experimental temperatures (n = 6 per treatment): 

11, 16, 21, and 26°C. The 11, 16, and 21°C treatments represent current seasonal minimum, 

mean, and maximum temperatures in the coastal waters of the Santa Barbara Channel (Fig. 

1), while 26°C represents the near-maximum temperature approaching the southern end of 

the species range (Table A1). Due to aquaria space limitations, we ran treatments in two 
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separate rounds: (i) June 2018 – December 2018 (11 & 21°C treatments), and (ii) January 

2019 – June 2019 (16 & 26°C treatments). 

 We gradually acclimated lobsters by modifying the temperature by no more than 2°C 

day-1. Once the target temperature was achieved, lobsters were held at that temperature for 

18-28 days. Titanium heating tubes (Finnex, Chicago, IL, 500W) were used to maintain 

steady temperature at 16, 21, and 26°C in flow-through aquaria. Water was chilled to 11°C 

using a titanium chiller (AquaEuro Systems, Gardena, CA, ½ HP Max-Chill Titanium 

Chiller), which fed into an 80-gallon buffer tank. Chilled water was distributed throughout 

experimental tanks via a partial recirculating system. We recorded temperature at least twice 

a day using a digital aquarium thermometer with a submersible probe. 

Respirometry 

 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. 

Respirometers were submerged in a filtered seawater bath which was either heated or chilled 

to experimental temperatures. For measurements, lobsters were placed in the 17.9 L 

watertight plastic respirometers connected via tubes to two submersible pumps (Eheim, 

Deizisau, Germany, Universal 600 Aquarium Pump) that created a flushing loop and a 

recirculation loop. Dissolved oxygen (DO) was continuously measured in the recirculation 

loop using a fiber optic oxygen sensor (Firesting, PyroScience, Aachen, Germany). The 

bottoms of the respirometers were covered with polystryene eggcrate, which acted as a 

foothold for the lobsters, and the seawater bath was covered in shade cloth. Both measures 

served to keep the lobsters calm throughout the trial. DO was measured continuously in 23 

min long cycles for the 16, 21, and 26°C treatments (8 min flush + 15 min measurement) 
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and in 33 min long cycles for 11°C treatment (8 min flush + 25 min measurement). 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 was 

maintained above 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. 

Measuring lobster MO2 

 To avoid postprandial increases in metabolism (McCue 2006, Secor 2008), we fasted 

lobsters for 72 h prior to respirometry trials. We measured maximum metabolic rate (MMR) 

and standard metabolic rate (SMR) for each individual by first performing a standardized 

chase procedure to induce exhaustion. Here, lobsters were repeatedly removed from their 

holding tanks for a 30 s air exposure, then chased underwater for 30 s by hand, for a total of 

three min. This chase procedure was followed by a one min air exposure to ensure 

exhaustion (Norin & Clark 2016), which we considered to be the point where the animal 

ceased tail flapping, a common escape response (Bouwma & Herrnkin 2010). Lobsters were 

then transferred to the respirometers and quickly sealed inside (<30 s). Lobsters were left in 

the respirometers overnight for 24 h, allowing them to return to resting levels of MO2. 

Measuring lobster functional responses 

 We estimated the functional responses of temperature-acclimated lobsters on a 

common prey, Mytilus californianus (Robles 1987) at five prey densities (5, 10, 20, 30, 60 

mussels). We collected all mussels from shore-level rocks at Arroyo Burro Beach, in Santa 

Barbara, CA (34.403942, -119.742992), to ensure consistent shell morphology (Robles et al. 
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1990). 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 the response of each individual, we fed lobsters to satiation 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 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.  

Measuring lobster heart rates 

 We measured the heart rates of temperature-acclimated lobsters by surgically 

implanting heart rate loggers (Star-Oddi DST milli-HRT, Gardabaer, Iceland) after all 

respirometry and feeding assay experiments. Following methods detailed in McGaw et al. 

(2017), we used a Dremel drill to shave down the carapace directly above the cardiac tissue 

until tweezers could be used to peel back the remaining thin layer of shell. A logger was 

inserted below the carapace and held in place with Surgident periphery wax (Heraues 

Kulzer, South Bend, IN). The total time for operation and securing of the logger was 

approximately 10 min. We fasted lobsters for a total of 72 h (beginning 24 h prior to 

surgery) and allowed 48 h to recover from surgery prior to testing. Heart rates (beats min-1) 

were then simultaneously recorded with MO2 for 24 h by placing lobsters inside 

respirometers while fitted with heart rate loggers. Electrocardiograms (ECGs) were recorded 
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at 6 s intervals and were used to calculate heart rate. Heart rates were recorded and stored 

every 3 min and an ECG was stored every 9 min for quality control. Due to equipment 

malfunctions, we only collected data for lobsters acclimated to 11, 16, and 21°C. 

Data Analysis 

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

tidybayes, MCMCvis, R2jags, and rjags. 

Estimating lobster metabolic rates 

We visually assessed all slopes of oxygen concentration over time for quality. 

During some measurements, lobsters displayed periods of apnea and cardiac arrest, 

particularly at 11°C. These apnea periods were excluded from the slope measurement (see 

Table A3). Only measurements that exhibited linear declines in mg O2 L-1 min-1 with an R2 

greater than 0.85 for at least two minutes were kept for analyses.  

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

equation:    

𝑀𝑂! = (𝑚" ∗ 	𝑉" −	𝑚! ∗ 	𝑉!)	𝑀#" (eqn 1) 

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 

respirometer volumes (L) when the lobster is present and absent, respectively, and M is the 

body mass of the lobster (kg). We calculated the rate of O2 decline due 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 SMR (mg O2 kg-1 

min-1) as the lowest 15th percentile of measurements taken throughout the 24 h trial (Chabot 

et al. 2016). We estimated MMR as the fastest rate of linear O2 decline over a 60 s interval 
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(Little et al. 2020), with an R2 greater than 0.90. We calculated absolute aerobic scope 

(AAS) as the difference between MMR and SMR for each lobster and factorial aerobic 

scope (FAS) as MMR/SMR. 

Estimating lobster maximum consumption rates and functional responses 

 To determine the effect of temperature on lobster predation rates, we fit a type II 

functional response to the observed data on the number of prey eaten trial-1. We used a 

Bayesian hierarchical model to estimate the functional response (𝛼 and h parameters) for (i) 

the overall population of sampled lobsters, (ii) each temperature treatment (n = 4), and (iii) 

each individual lobster (n = 22). This modeling approach allowed us to examine the effect of 

temperature on predation by lobsters (e.g. the treatment-level effect) while accounting for 

the lack of independence between feeding assay observations of an individual lobster. This 

approach also allowed for easier inclusion of prior information of biologically relevant 

probability distributions for the 𝛼 and h parameters (i.e. positive, non-zero, etc.). 

Furthermore, most practical applications of nonlinear and/or mixed models fit to ecological 

data utilize bootstrapping to estimate uncertainty in parameter estimates. We felt that a 

Bayesian approach allowed for more logical propagation of parameter uncertainty in our 

extrapolation to observational data.  

      To estimate the functional response parameters, we assumed that the number of prey 

consumed in a trial (Ci) was binomially distributed given the number of prey offered (Ni) 

and the proportion of prey consumed (Pi). We estimated the proportion of prey consumed in 

a trial according to a parameterization of a type II functional response (Bolker 2008). 

Therefore, 
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𝐶$ 	~	Binomial	(𝑁$ , 𝑃$) 

𝑃$ =	 !
"#,%
&!'	)#,%	*+

 (eqn 2) 

where 𝛼j,k is the attack rate (prey consumed predator-1 hr-1) of lobster j in treatment k, and 

hj,k is the handling time (hours) of lobster j in treatment k. Traditionally, functional response 

experiments account for prey depletion using Rogers random predation formulation of the 

functional response (Rogers 1972). However, we did not account for prey depletion in our 

analysis, as there is no practical way to implement the random predation equation with 

random effects (McCoy et al. 2011).   

At all levels of the hierarchy, we used diffuse, non-informative, normally distributed 

priors on the attack rate and handling time parameters. Attack rates and handling times 

cannot be less than 0 and attack rates in a type II functional response cannot be greater than 

one. Therefore, priors on attack rates were logit-transformed and priors on handling times 

were log-transformed. Priors on the treatment and individual level variances was drawn 

from uniform distributions that ranged [0, 10]. We implemented our model using JAGS 

(Plummer 2003), which uses Markov Chain Monte Carlo [MCMC] methods to estimate 

parameters. We ran three chains for 500,000 iterations with a burn-in of 250,000 and thinned 

the chains to retain every 10th iteration. To ensure model convergence we visually assessed 

mixing of the model chains and confirmed using the Gelman-Rubin Convergence diagnostic 

(𝑅9) (Gelman & Rubin 1992). 

      Lobster maximum consumption rates (C) were calculated from data collected during 

the highest density feeding assays (# available prey = 60 mussels) as the total number of 

mussels consumed out of 60 mussels in the 24 h-long trial. 
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Estimating lobster resting heart rates 

 ECGs were visually assessed for quality (i.e. captured clear QRS signals, i.e. 

heartbeat pulses) and cross-checked with associated quality index values (QI; 0 = worst, 3 = 

best) and heart rate recordings to ensure reliability. First, subsets of heart rates were 

manually estimated using the R-R interval of the QRS pulses and compared to the outputs 

generated by the logger’s on-board algorithm. We found that while the majority (76.3%) of 

reliable heart rate estimates had a QI score of 0 (see Bjarnason et al. 2019 for similar results 

in Atlantic cod), there were both cases in which higher scores (QI = 1, 2, or 3) were 

associated with reliable estimates and cases where scores of 0 were associated with poor 

heart rate estimates. These erroneous recordings were often associated with two common 

types of anomalous data: (1) In some cases, ECGs appeared irregular (i.e. inconsistent 

signals) and corresponded to atypical heart rate recordings that were much higher or lower 

than the treatment average. This is presumably a result of insufficient contact between the 

logger’s electrodes and cardiac tissue (see methods in McGaw et al. 2017), and such 

recordings were removed from analyses. (2) Alternatively, arrested cardiac function was 

evident from a cessation in R wave signals in some ECGs. Biologically unrealistic heart 

rates (>250 bpm; Maynard 1960, McGaw et al. 2017) were always associated with these 

occurrences and were manually replaced with “0.” We estimated resting heart rates (fH) for 

individual lobsters as the lowest 15th percentile of heart rates recorded throughout the 24 h 

trial period (see Prystay et al. 2017 for a similar approach to calculating fH). 
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Estimating temperature sensitivity of metabolism and consumption 

 We estimated the thermal sensitivities (i.e. temperature dependence) of lobster 

metabolism and functional responses using two different approaches: (1) We calculated Q10, 

the factor by which a reaction rate changes over 10°C, as, 

𝑄"% =	
&,
&!

("%℃/*,#*!) (eqn 3) 

where R is a reaction rate (e.g. SMR, maximum consumption rate) and T is temperature 

(°C). This allowed us to assess changes in the thermal sensitivity of measured rates between 

any of our experimental temperatures. (2) We estimated the activation energies (the 

minimum amount of energy required for a reaction to occur) following Englund et al. 

(2011), which models reaction rates (R) according to the Arrhenius equation, 

𝑅 = 𝑒#,-(-*) (eqn 4) 

where k is Boltzmann’s constant (8.617 x 10-5 eV K-1), T is temperature (Kelvin), and Ea is 

the activation energy of the reaction. The linearized form of the equation is obtained by 

plotting the natural logarithm of the reaction rate, R, against Arrhenius temperature (-1/kT), 

ln(𝑅) = 𝑐 +	𝐸. ?
#"
-*
@ (eqn 5) 

where c is the intercept of the regression. Estimating Ea for these metabolic and foraging 

rates allows us to directly compare our experimental results to MTE predictions, which 

hypothesize that the Ea of metabolism and foraging rates should fall between 0.6-0.7 eV 

(Gillooly et al. 2006, Allen & Gillooly 2007). Activation energies were only estimated 

across temperatures at which lobsters exhibited metabolic responses that conformed to the 

Arrhenius model (i.e. linear increases; 16, 21, 26°C; see Results).  
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RESULTS 

Temperature effects on lobster survival and physiology 

 Acclimation to the hottest temperature (26°C) affected the survival of lobsters, 

resulting in 33% mortality. All lobsters that were acclimated to the three other temperatures 

(11, 16, 21°C) survived. Increases in temperature generally had positive effects on lobster 

metabolism. On average, standard metabolic rate (SMR) increased linearly by 

approximately 110% for each 5°C increase in temperature (𝑄"%./0(!!&,2℃)= 2.65), ranging 

from 0.22 ± 0.07 mg O2 kg-1 min-1 at 11°C to 0.93 ± 0.26 mg O2 kg-1 min-1 at 26°C (mean 

± SE; Fig. 2A, Table A5). Thermal sensitivity of SMR was greatest between 16 and 21°C 

(𝑄"%./0(!2&,!℃)= 3.59) and least between 21 and 26°C (𝑄"%./0(,!&,2℃)= 1.72). Maximum 

metabolic rate (MMR) and absolute aerobic scope (AAS) similarly increased with 

temperature, but nonlinearly as unimodal functions of temperature, peaking at 21°C (Figs. 

2B & 2C, Tables A6 & A7). The thermal sensitivity of MMR was greatest between 11 and 

16°C (𝑄"%//0(!!&!2℃)= 1.94) and least between 21 and 26°C (𝑄"%//0(,!&,2℃)= 0.84). 

Factorial aerobic scope (FAS; MMR/SMR) decreased with increasing temperature ranging 

from 14.5 ± 7.60 at 11°C to 4.80 ± 0.67 at 26°C (mean ± SE). 

Metabolism varied among individuals within a given temperature treatment. For 

example, inter-individual variation in SMR at 11°C was 1.7 times greater than that observed 

among individuals at 16°C (coefficient of variation, CVSMR = 36.0% and 24.0%, 

respectively; Fig. A2). Variation in lobster MMR and AAS was greatest at 16°C, though was 

overall relatively uniform among treatments as compared to SMR (CVMMR range = 13.4 -

23.4%; CVAAS range = 16.7 - 25.4%; Fig. A2). 
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 In addition to having a strong effect on survival and metabolism, temperature was 

also a key factor in driving variation in resting heart rate. On average, resting heart rate (fH) 

increased by approximately 88.8% for each 5°C increase in temperature (𝑄"%56(!!&,!℃)= 

3.10) ranging from 16 – 121 bpm (Fig. 2E, Table A8). Thermal sensitivity was greater 

between 11 and 16°C (𝑄"%56(!!&!2℃)= 4.49) than between 16 and 21°C (𝑄"%56(!2&,!℃)= 1.71). 

Heart rates intermittently stopped, which corresponded to periods of apnea, however this 

phenomenon was most common in 11°C-acclimated lobsters where heart rates stopped in 

7.7% of recordings, as compared to less than 0.3% of the recordings for 16 and 21°C-

acclimated lobsters. 

Temperature effects on lobster foraging 

Lobster predation rates on California mussels generally increased as a function of 

increasing temperature. Maximum consumption rates increased 9.6-fold (𝑄"%7(!!&,2℃) = 

23.61) from the lowest (11°C) to the highest (26°C) temperature (Fig. 3, Table A8). Thermal 

sensitivity of lobster maximum consumption rates was greatest between 11 and 16°C 

(𝑄"%7(!!&!2℃)= 46.04) and least between 16 and 21°C (𝑄"%7(!2&,!℃)= 1.18). Zero mussels 

were consumed in 50% of ad libitum feeding assays conducted on 11°C-acclimated lobsters. 

In contrast, no fewer than two mussels were ever consumed by lobsters across all other 

treatments. The increase in lobster consumption rates at higher temperatures (16-26°C) was 

a function of decreasing handling times (i.e. faster prey manipulation, consumption, 

digestion), but there was no effect of temperature on attack rates (Figs. 4 & A1).  

 Similar to lobster metabolic responses to temperature, lobster maximum 

consumption rates on mussels varied widely among individuals within a given temperature 

treatment. Inter-individual variation in both maximum consumption rates and handling times 
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were greatest at 11°C and least at 26°C (𝐶𝑉/   = 170.5% and 34.6%, respectively; 𝐶𝑉0   = 

74.3% and 37.0% , respectively; Fig. A2). For comparison, we observed very little variation 

in attack rates within treatments (𝐶𝑉1 range = 3.3% at 11°C - 13.7% at 16°C; Fig. A2). 

Correlational analysis between metabolism and foraging across temperatures 

 Lobster SMR, MMR, and AAS exhibited moderately strong and positive 

relationships with maximum consumption rates across temperature (Table 1, Figs. 5 & A4).  

While increases in SMR and maximum consumption did generally track with increases in 

temperature, inter-individual variation in MMR and AAS made it difficult to differentiate 

distinct thermal effects across the three highest temperatures (16, 21, 26°C). Only 11°C-

acclimated lobsters had consistently low SMRs and MMRs, small AASs, and low maximum 

consumption rates (Fig. 5). 

Estimation of activation energies  

 The activation energy of lobster standard metabolic rates fell within the range 

predicted by MTE (0.6-0.7 eV; Gillooly et al. 2006, Allen & Gillooly 2007), however, the 

activation energy of maximum consumption rates was lower (𝐸../0(!2&,2℃) = 0.70 ± 0.13 

versus 𝐸.7(!2&,2℃) = 0.34 ± 0.16; mean ± SE). We found no significant effect of Arrhenius 

temperature on lobster MMR, AAS, attack rates, or handling times (Fig. A3, Table A9). 

 

DISCUSSION 

Global climate change is expected to not only increase mean ocean temperatures, but 

also cause shifts in the intensity and duration of coastal upwelling events, seasonal 

temperature extremes, and daily temperature variability across the California coast (Bakun 

1990, Sydeman et al. 2014). Changing temperatures are hypothesized to drive predictable 
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changes in the metabolic demands of ectotherms (Gillooly et al. 2001), which in turn may 

alter a variety of vital biological rates such as growth, mortality, and consumption (Brown et 

al. 2004). We explored how ecologically relevant temperatures found along a seasonal and 

geographic gradient alter the physiology and foraging ecology of the California spiny lobster 

(Panulirus interruptus), an important marine predator and fisheries species. 

Our results indicate that lobster metabolism and maximum consumption rates 

generally increase as functions of temperature, but physiological limits are set by SMR at 

low temperatures and aerobic capacity at extreme high temperatures. These limits can alter 

the functional role that lobsters play as predators both across space and through time, as well 

as their capacity for range expansion and adaptation in the face of a changing environment. 

Despite clear thermal effects on treatment means, however, we also found that the inter-

individual variation in metabolism was only loosely coupled with the inter-individual 

variation observed in consumption rates. This suggests that while temperature is a driver of 

both the physiology and ecology of lobsters, other factors may allow particular individuals 

to outperform expectations based on thermal effects alone. 

Lobster predation rates increase with temperature 

Increases in maximum consumption rates with temperature were driven primarily by 

decreases in lobster handling times, while attack rates were invariant (Fig 4 & A9). In other 

words, it took less time for a lobster to manipulate, consume, and/or digest mussels at higher 

temperatures, though the time it took for a lobster to search out each mussel did not change. 

Previous meta analyses have similarly found increases in consumption rates with 

temperature across a wide range of taxa (Englund et al. 2011, Rall et al. 2012). However, 

these trends are often driven by simultaneous decreases in handling times and increases in 
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attack rates (but see Barrios-O’Neill et al. 2019). One plausible explanation for why we only 

found a temperature effect on lobster handling times is that the thermal sensitivity of attack 

rates can depend on the mobility of prey. For example, Vucic-Pestic et al. (2011) showed 

that attack rates by beetles on flightless, but mobile Drosophila increased with temperature, 

but remained constant when beetles foraged on more sedentary Alphitobius larvae. Because 

lobsters commonly forage on largely sedentary or slow-moving prey that often aggregate at 

high densities, such as mussels and sea urchins (Tegner & Levin 1983, Robles et al. 1990), it 

is likely that metabolically-driven effects on handling time (e.g. faster digestion rates at 

higher temperatures; Jeschke et al. 2002, Wang et al. 2016) will constrain predation rates 

rather than behaviorally-driven effects on attack rates. Future studies examining lobster 

foraging on more mobile prey may discover temperature-dependent attack rates.  

Temperature alters the functional role that lobsters play as predators 

Increases in lobster maximum consumption rates with temperature (Fig. 3) reflect the 

faster biochemical reaction rates and increased oxygen demands (Fig. 2A). Though a third of 

the 26°C-acclimated lobsters died during experimentation and survivors exhibited declines 

in absolute aerobic scope (Fig. 2C), surviving individuals still maintained sufficient aerobic 

capacity (Fig. 2D) to consume and digest the largest quantities of prey (Fig. 3). With 

reduced, albeit adequate, factorial scopes (average FAS!2℃ = 4.80), it is unsurprising that 

these individuals were able to maintain high levels of consumption given that the vast 

majority of taxa require an approximate doubling of their SMR in order to fuel digestion 

costs (see Secor et al. 2008 for a review of Specific Dynamic Action). It is possible, 

however, that after accounting for costs of active foraging and meal digestion that the 26°C-

acclimated lobsters will have little scope remaining to perform other critical fitness-
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enhancing processes, such as growth and reproduction. While 26°C represents a thermal 

environment more commonly experienced by southern populations of lobsters, it is unlikely 

that sustained heat events of that magnitude will occur in the Santa Barbara Channel in near 

future projections. However, we found that lobsters are plastic at the upper range of their 

thermal limits, with individuals capable of surviving under similarly thermally stressful 

environments. What tradeoffs exist in their capacity to meet SMR requirements and recover 

from stress events (e.g. predator escape, fishing capture and release events) while also 

maintaining current levels of fecundity and growth, however, remain to be determined. 

Cold temperatures appear to impose an inflexible floor for lobsters, suppressing 

physiological function and constraining foraging activity. Despite bottom temperatures that 

frequently approach and even surpass 11°C (Fig. 1) in Santa Barbara Channel kelp forests, 

lobsters had SMRs that were, on average, 69.6% lower than lobsters acclimated to the 

regional near maximum of 21°C. Further, 11°C-acclimated lobsters exhibited signs of apnea 

and bradycardia (Fig. 2E) and pauses in cardiac function. Lobsters had sufficient aerobic 

scope to digest a meal (Fig. 2D), yet they ate very little (Fig. 3 & 4). Lobster movement and 

activity within holding tanks was minimal in comparison to lobsters in other treatments 

(personal observation) and individuals consumed no mussels in 54.4% of all feeding assays, 

regardless of mussel density. These data suggest that aerobic scope is not driving 

consumption at cold temperatures, but rather, reduced SMR is setting the intake 

requirement. It is likely then that spiny lobsters in the Santa Barbara Channel are surviving 

near their physiological lower thermal limits in May and June, during which they have a low 

or negligible impact on prey communities.  
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 Given our results, it is likely that the per capita impact of spiny lobsters on prey 

changes with temporal fluctuations in temperature and across a latitudinal gradient. Seasonal 

lows, coastal upwelling, or La Niña events should drive reductions in lobster-mussel 

interaction strengths (for a similar example, see Sanford 1999) at a local scale, whereas 

seasonal highs or El Niños will increase these interaction strengths (see Carr & Bruno 2013). 

Because these changes in interaction strengths are, in part, driven by temperature-dependent 

changes in metabolic demands, it would be unsurprising to see similar changes in lobster 

foraging on other prey types, such as urchins. At larger spatial scales, the per capita impact 

of spiny lobster on prey may decrease with increasing latitude. Moreover, this lower thermal 

limit presents one constraint limiting spiny lobster range expansion northward of Point 

Conception where ocean temperatures hover, on average, around 12°C and coastal regions 

experience longer and more frequent upwelling events than in the Santa Barbara Channel 

(Huyer 1983, Watson et al. 2011). 

A lower thermal threshold allows for energy conservation at cold temperatures, but rapid 
recovery as temperatures rise 
 
 Maximizing the thermal sensitivity (Q10) of both metabolism and foraging at the 

lowest end of their ambient temperature range allows lobsters to suppress maintenance costs 

when temperatures are too low to support active foraging but rapidly capitalize on increases 

in temperature that promote sustained activity. Similar tendencies have been identified in 

temperate amphibian species (Kreiman et al. 2019) and hibernating anurans (Naya et al. 

2009), allowing them to reduce maintenance costs at low ambient temperatures, but quickly 

increase metabolic rate to exploit short windows of favorable conditions during the warmest 

hours of the day or following periods of aestivation. If we consider the approximate 

temperature range in the Santa Barbara Channel (11-21°C), we find that the thermal 
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sensitivity of lobster maximum consumption rates is ~39-fold higher at the colder (i.e. 11-

16°C) versus warmer (i.e. 16-21°C) end of this range. Put differently, an increase in 

temperature from 11 to 16°C drives much greater response in maximum consumption rate 

than does an increase in temperature from 16 to 21°C. For example, if we assume that the 

average maximum consumption rate at 21°C is the most that lobsters are capable of 

consuming in the Santa Barbara Channel region, lobsters are able to recover 91.4% of their 

maximum consumption capacity when temperatures increase from 11 to 16°C. Heightened 

thermal sensitivity of lobster MMR between 11 and 16°C as compared to temperatures at the 

higher end of their thermal range likely allows for rapid increase in aerobic scope to support 

this increase in consumption as temperatures rise. It is evident from these data that a thermal 

activity and metabolic threshold exist between 11 and 16°C which, when crossed, can 

quickly and dramatically alter the capacity of lobsters to forage. 

Lobster metabolism increases with temperature at a faster rate than consumption, contrary 
to MTE predictions 
 

The increase in lobster SMR (𝐸../0) was 2-fold stronger than the increase in lobster 

maximum consumption rates (𝐸.7) across mid to high temperatures (16-26°C; Fig A3, Table 

A9), challenging the MTE prediction that temperature drives proportional increases in 

standard metabolic rate and predation (Brown et al. 2004). We were unable to detect a 

significant effect of Arrhenius temperature on lobster attack rates (𝛼) and handling times (h), 

possibly due to high within-treatment variation among feeding assays and/or a need for 

greater replication. However, changes in maximum consumption rate must be driven by 

changes in foraging traits (𝛼, h), even if not statistically significant. Therefore, our results 

are generally consistent with findings by Rall et al. (2012), which indicate that the activation 
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energies of attack rates and handling times were lower than metabolism for a wide range of 

taxa.  

 Multiple studies suggest that this mismatch in activation energies leads to a reduction 

in consumer energetic efficiency (consumption:metabolism), and ultimately, a reduction in 

consumer fitness and biomass via starvation as temperatures rise (Vucic-Pestic et al. 2010, 

Rall et al. 2010, Rall et al. 2012). This has been used as a mechanistic explanation for the 

consequences of global warming on natural ecosystems. We, however, do not find evidence 

for lobster starvation even at our highest temperature treatment of 26°C, though our data do 

suggest that a reduction in consumer biomass may result from insufficient scope (Fig. 2D) to 

support current per capita growth rates or reproductive output. While additional research is 

necessary for quantifying fitness trade-offs, we suggest that careful consideration of aerobic 

capacity offers a potential alternative mechanism by which temperature may influence 

population dynamics, particularly at high temperatures. 

Individual variation sometimes masks temperature effects on lobster physiology and 
foraging 
 

While we have demonstrated that temperature alters the mean physiological (SMR, 

MMR, AAS, fH) and foraging (maximum consumption rates) responses of lobsters in 

relatively predictable ways (Figs. 2 & 3), a large amount of inter-individual variation 

indicates that certain individuals will over or underperform expectations based on mean 

temperature effects alone. For example, one 11°C-acclimated lobster exhibited a below-

average SMR, but an above-average MMR and AAS as compared to other individuals 

within that treatment. With low maintenance costs (SMR) and a large remaining energy 

budget (AAS, FAS), this individual was able to maintain consumption rates similar to those 

observed in warmer temperature treatments (Fig. 5, denoted by “*”). On the contrary, one 



 

 23 

26°C-acclimated lobster had the highest SMR, but a below average MMR, AAS, and 

maximum consumption rate as compared to other individuals within the 26°C treatment 

(Fig. 5, denoted by “+”). Because of its small aerobic capacity and large energy requirement 

for fueling maintenance costs, this individual may be at a particularly large risk of long-term 

reductions in fitness. Moreover, this variation challenges the MTE prediction that 

temperature always drives proportional increases in metabolism and consumption, and 

suggests that in addition to environmental temperature, genetics (Somero 2009, Razgour et 

al. 2018) or even maternal effects (e.g. egg size; Régnier et al. 2012) may contribute to 

differences in metabolic traits among individuals. 

 

CONCLUSION 

 Our study provides a more nuanced understanding of how temperature alters 

predator-prey interactions between California spiny lobster and a common prey item, the 

California mussel, as well as some of the physiological mechanisms driving those changes. 

First, we show that in the Santa Barbara Channel, lobsters exhibit plasticity in aerobic 

capacity at higher temperatures, but low SMRs at the lowest temperatures impose an 

inflexible floor that limits the ability to forage. This thermal constraint is a likely barrier 

preventing the persistence of spiny lobster populations north of Point Conception, CA, and it 

lends additional evidence to observed patterns of marine species ranges conforming closely 

with their thermal limits (Sunday et al. 2012). Knowing these thermal limits then should 

allow more accurate forecasting of spiny lobster distribution with climate-driven shifts in 

mean ocean temperatures. Second, we show that temperature alters predation rates by spiny 

lobsters which likely change both across space and through time. The capacity for lobster 
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spp. to promote algal persistence and regeneration by predating upon urchins is of interest in 

a variety of temperate systems, and particularly across the Southern California Bight 

(Tegner & Levin 1983, Lafferty & Kushner 2000, Lafferty 2004, Eurich et al. 2014). While 

qualitative models have accounted for body size effects on the capacity of lobster spp. to 

forage on urchins (Metcalf 2010, Marzloff et al. 2013), temperature is rarely incorporated. 

Doing so should provide more realistic predictions for fluctuations in lobster-urchin 

interactions with changing seasonal temperature regimes and across their geographic range. 

Lastly, we show that MTE alone cannot be used to accurately predict how spiny lobsters 

will respond to changes in temperature. A critical caveat of MTE is the prediction that 

metabolism (and therefore, consumption) should maintain its universal scaling relationship 

with temperature so long as an organism is tested within a biologically-relevant temperature 

range. We found that temperatures at the low end of the spiny lobster’s thermal range, 

despite being frequently experienced, induce a depressed metabolic state that cannot be 

modeled using the Arrhenius relationship in accordance with MTE predictions. We suggest 

that (when feasible) empirical testing should be used to determine how temperature alters 

species-specific physiological tolerances and ecological responses and is likely critical for 

best parameterizing population and community dynamics models.  
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TABLES & FIGURES 
 

 
 
Figure 1 | Temporal Variation in Bottom Temperature. Monthly bottom 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. 
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Figure 2 | Temperature Effects on Lobster Metabolism and Heart Rate. (A) Standard 
metabolic rates (SMR), (B) maximum metabolic rates (MMR), (C) absolute aerobic scopes 
(AAS = MMR – SMR), and (D) factorial aerobic scopes (FAS = MMR/SMR) measured for 
individual lobsters (light gray points) at 11, 16, 21, and 26°C (n = 6 for all treatments except 
26, where n = 4). (D) Resting heart rates at 11, 16, and 21°C (n = 3). Colored points 
represent treatment means and bars are equal to 95% confidence intervals.  
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Figure 3 | Temperature Effects on Lobster Maximum Consumption Rates. Maximum 
consumption rates during ad libitum feeding assays (i.e. when presented with 60 mussels; 
mean ± SE). Gray points represent individual assays where each lobster was tested three 
times (sample size: n = 6 lobsters for all treatments except 26°C, where n = 4). 
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Figure 4 | 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. 
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Figure 5 | Metabolism Effects on Foraging Across Temperatures. Average maximum 
consumption rates during ad libitum feeding assays for individual lobsters as functions of 
their (A) standard metabolic rate, (B) maximum metabolic rate, (C) absolute aerobic scope 
and (D) factorial aerobic scope across temperatures. One data point was omitted from panel 
D for ease of visualization (11°C: FAS = 26.712, Maximum Consumption Rate = 0.667 prey 
consumed predator-1 24 h-1). Gray bars represent SE of the three ad libitum feeding assays 
conducted for each lobster. Gray shaded region represents the 95% confidence interval. * 
denotes an individual characterized as an overperformer; + denotes an individual 
characterized as an underperformer. Density plots show the distribution of metabolic traits 
(x-axis) and maximum consumption rates (y-axis) for each treatment. 
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Table 1 | Pearson’s correlation (r) between lobster metabolic traits and maximum 
consumption rate. Maximum consumption rate was calculated for ad libitum foraging 
assays (n = 3 per lobster) and correlated with standard metabolic rate (SMR), maximum 
metabolic rate (MMR), absolute aerobic scope (AAS), and factorial aerobic scope (FAS). 
Each temperature treatment has a sample size of n = 6 lobsters, except for 26℃ which has n 
= 4.  
 
Metabolic Trait r R2 p 
SMR 0.413 0.171 0.056 
MMR 0.444 0.197 0.038 
AAS 0.372 0.138 0.088 
FAS -0.368 0.135 0.092 
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APPENDIX 
 
Figures A1 – A4 
 

 
 
Figure A1 | Functional Response Parameter Estimates. (A) Treatment-level and (B) 
individual-level attack rates (a) and handling times (h) estimated by fitting type-II functional 
responses (median ± 95% credible intervals) using a Bayesian hierarchical framework. 
Insets show temperatures (A) and individuals (B) that are indiscernible due to the scale of 
the x-axis. 
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Figure A2 | Coefficients of Variation for Parameter Estimates. Coefficient of Variation 
(CV = standard deviation / mean) estimated for metabolic traits and foraging parameters at 
each temperature treatment. 
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Figure A3 | Temperature Dependence (Ea) of Metabolism and Foraging. Arrhenius plots 
of the relationships between (A) standard metabolic rate, (B) maximum metabolic rate, (C) 
aerobic scope, (D) attack rate, (E) handling time, and (F) the number of mussels consumed 
during ad libitum feeding assays for experimental lobsters at 16°C (light blue circles), 21°C 
(light red triangles), and 26°C (dark red diamonds). Slopes represent the activation energies 
(Ea) of each parameter. Zero mussels were consumed in 50% of ad libitum feeding assays at 
11°C, so this treatment was excluded in order to compare Ea estimates to one another and to 
MTE predictions. 
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Figure A4 | Correlation Matrix for Lobster Metabolic Traits and Consumption. 
Pairwise Pearson correlations between metabolic traits (standard metabolic rate (SMR), 
maximum metabolic rate (MMR), absolute aerobic scope (AAS), factorial aerobic scope 
(FAS)) and maximum consumption rates averaged across feeding trials for each lobster (n = 
3 trials per lobster). Color intensity and size of ellipses are proportional to correlation 
coefficients. 
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Tables A1 – A10 
 
Table A1 | Ocean temperatures from La Bocana, Baja California Sur (~26.785829, -
113.709342). Data are averaged for each month across three years (2016-2018) from 3-5 
sites. Data are collected in 10-20min intervals. Data Source: Micheli Lab, Stanford 
University. 
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Table A2 | Experimental lobster measurements and trial schedule. Carapace lengths 
(CL), body mass (BM), collection dates, acclimation durations, and trial dates by 
temperature treatment. 
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Table A3 | Criteria for MO2 Slopes. Slopes were visually evaluated and discarded if they 
did not meet the R2 threshold of 0.85, were nonlinear, or if the segment was not at least 2 
minutes long. Gray-shaded segments in the examples below represent the portion of slopes 
that are kept for analyses. Non-grayed segments are discarded. 
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Table A4 | Treatment-level physiological and foraging trait estimates. Estimates of 
metabolic rate and aerobic scope (mg O2 kg-1 min-1), factorial aerobic scope, resting heart 
rate (beats min-1), maximum consumption rate from ad libitum feeding assays (mussels 
lobster-1 24h-1), attack rate (mussels h-1), and handling time (hours) for temperature-
acclimated spiny lobsters (Panulirus interruptus). Mean ±	SD are reported for all 
parameters except for attack rates and handling times, where medians are reported with 
Bayesian credible intervals in parentheses.     
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Table A5 | Standard Metabolic Rate Model Comparison. Parameter estimates evaluated 
for lobster standard metabolic rates as a function of temperature. 
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Table A6 | Maximum Metabolic Rate Model Comparison. Parameter estimates evaluated 
for lobster maximum metabolic rates as a function of temperature. 
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Table A7 | Absolute Aerobic Scope Model Comparison. Parameter estimates evaluated 
for lobster absolute aerobic scopes as a function of temperature. 
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Table A8 | Resting Heart Rate Model Comparison. Parameter estimates evaluated for 
lobster resting heart rates as a function of temperature. 
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Table A9 | Linear Mixed Model Fit for Lobster Maximum Consumption Rate. 
Parameter estimates evaluated for lobster maximum consumption rate (mussels consumed 
lobster-1 24 h-1) as a function of temperature, where treatment temperature is treated as a 
fixed effect and lobster ID is treated as a random effect. 

		 mussels	consumed	

Coefficient	 Estimate	 SE	 95%	CI	 p	

Intercept	 2.06	 2.58	 -3.00	–	7.12	 0.426	

16°C	 12.07	 3.64	 4.92	–	19.21	 0.001	

21°C	 13.11	 3.65	 5.96	–	20.27	 <0.001	

26°C	 17.61	 4.08	 9.61	–	25.61	 <0.001	

Random	Effects	
σ2	 22.07	

τ00	lobster	ID	 32.63	

ICC	 0.60	

N	lobster	ID	 22	

Observations	 67	

Marginal	R2	/	Conditional	R2	 0.432	/	0.771	
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Table A9 | Activation energy (Ea) estimates for lobster metabolism and foraging. 
Temperature dependence (Ea) of metabolic and foraging rates of experimental lobsters. 
Coefficients were estimated by fitting eqn 5 to data from 16, 21, & 26℃ treatments. 

 




