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Abstract 

To cope with prolonged frigid temperatures and limited resource availability over winter, 

Arctic char have an overwintering strategy involving reductions in activity and fasting for 

up to 10 months, to minimize energy expenditure. I characterized the effects of cold and 

starvation on Arctic char standard (resting) metabolic rate (SMR) to determine if they 

confer additional energy savings beyond those achieved through inactivity. Experimental 

fish were acclimated to 2℃ or 8℃ in combination with either feeding or starvation. 

Oxygen consumption and activity were measured simultaneously and oxygen 

consumption at zero activity (resting) was determined to examine how SMR was affected 

by temperature and feeding condition. Starvation resulted in a ~40% reduction in SMR at 

both temperatures, suggesting a similar depression of resting energy demands during food 

deprivation regardless of temperature. The SMR of fish at 2°C was ~39% lower than 

those at 8°C (Q10=2.3) in both feeding treatments, indicating typical passive slowing of 

SMR in the cold. The combination of cold and starvation resulted in a ~64% decrease in 

SMR relative to fed fish at 8°C. Thus, cold and starvation drive reductions in Arctic char 

resting metabolism independently, and additively, which is likely central to energy 

conservation over winter. 
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1.0 Introduction 

Northern environments experience extreme seasonality in temperature and 

resource availability, which can present many challenges to northern animals (Studd et 

al., 2021). Although protected underwater from extreme sub-zero temperatures, northern 

fishes must cope with frigid, near-zero, temperatures and potentially severe energy-

limitations in their aquatic habitats (McNab, 2002). Among northern fishes, several 

overwintering responses have been described that may help conserve energy, including: 

fasting, which could lead to energy savings by minimizing digestive and foraging costs; 

inactivity, which can reduce costs associated with movement; and lower metabolic rates 

due to the passive slowing effect of the cold (McNab, 2002; Shuter et al., 2012; Boyles et 

al., 2013; Speers-Roesch et al., 2018). However, the extent to which these mechanisms 

improve winter energy conservation and survival are understudied, especially in 

ectotherms such as fishes (Clarke, 2017).  

An extreme example of overwintering in the north is found in the Arctic char 

(Salvelinus alpinus) as they are the most northerly distributed freshwater fish on earth 

and encounter extreme and prolonged winters (Gilbert et al., 2016). Arctic char are 

essential to the culture, food security, and economy of the Canadian Arctic. For example, 

in Cambridge Bay, Nunavut, the annual Arctic char commercial harvest is worth over 

$1.4 million dollars, harvesting nearly 70,000kg, and employing dozens of northern 

residents. In addition, the Inuit rely heavily on this species as a subsistence resource, with 

Arctic char being the single most harvested species in Nunavut ((Day and Harris, 2013; 

Roux et al., 2019). However, the north is warming at 4 times the global rate (Rantanen, 
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2022). These changes may have a significant impact on the thermal and hydrological 

regimes that marine and freshwater fishes face (Wrona et al. 2006b; Poesch et al. 2016). 

Additionally, anadromous fish, like the Arctic char, rely on access to specific abiotic 

conditions in riverine, marine, and lacustrine environments at certain periods throughout 

their life-histories, which may make them particularly sensitive as changes in any one of 

these environments could alter their fitness (Reist et al. 2006a; Reist et al. 2006b; Jonsson 

and Jonsson 2009). As a result, scientists and decision-makers must not only consider the 

impacts of harvest but also the effects of climate change and changing environmental 

conditions. Unfortunately, despite this concern, we know very little about the seasonal 

physiology of many Arctic fish species, which presents a conspicuous knowledge gap in 

our understanding of the impacts of climate change which are expected to alter winter 

environmental regimes (Cooke and O’Connor 2010; Cooke et al. 2012; Cooke et al. 

2013; Patterson et al. 2016). Therefore, it is essential that we understand how changing 

environmental factors like temperature and food availability will impact Arctic char 

energy savings and overwintering strategies so we can help ensure the future health and 

success of Arctic char.  

In the central Canadian Arctic, Arctic char are generally anadromous: they 

migrate from lakes to the Arctic Ocean in spring, spend the summer feeding in the ocean 

at ∼6°C, and then in the fall undergo an upriver migration to their spawning and 

overwintering areas, which requires passage through rivers with temperatures that can 

range from 0 to 21°C (Gilbert et al., 2016; Harris et al., 2020a, b). While overwintering, 

Arctic char experience frigid temperatures (<2°C), can reduce their activity, and cease 

feeding for 10 months of the year (Hawley et al., 2017; Dutil, 1986). During this time, 
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they commonly lose ~30% of their energy stores, or even more in years when they are 

spawning (in the fall) (Dutil, 1986).   

A common method to understand the energy requirements and physiological 

capacities of fishes, and other organisms, is to measure their metabolic rate, which is the 

rate of energy turnover. Metabolic rate has been linked to key physiological and life-

history traits, including survival, growth, immunity, predation and reproductive output 

(Treberg et al., 2016). Metabolic rate can help predict the conditions in which fish will 

struggle or thrive since it is commonly modulated in response to changes in 

environmental and biological factors, such as temperature and food availability (Hvas and 

Oppedal, 2019). Standard metabolic rate (SMR) reflects the minimum energetic 

requirement to maintain basal homeostasis – the basic cost of life (Fry, 1971; Chabot et 

al., 2016). SMR is plastic and can vary in response to changing environments, even after 

controlling for age, size and sex (Norin & Metcalfe, 2019). For example, prolonged 

fasting in fishes can result in a substantial decrease in SMR, which is an energy saving 

response to cope with the lack of energy intake (Méndez & Wieser, 1993; Hvas et al., 

2020). Decreases in SMR can be facilitated by changes in organ size, tissue gene 

expressions or enzyme activities, and mitochondrial function in various organs (Bermejo-

Nogales et al., 2015; Cassidy et al., 2016; Méndez and Wieser, 1993; Salin et al., 2018). 

While environmental food limitation can lead to unplanned forced starvation events, 

animals may also engage in prolonged voluntary fasting as a result of environmental 

conditions that can interfere with normal feeding or digestion (e.g. low winter 

temperatures and summer heat waves combined with hypoxia) (Bogevik et al., 2010; 

Dempster et al., 2016; Stehfest et al., 2017; Wade et al., 2019). Arctic char, for example, 
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can fast for 10 months of the year as a result of unfavorable winter conditions (Dutil, 

1986). However, although fish are well adapted to respond to temporal variability in 

feeding opportunities, a long period of fasting will invariably reduce the energy available 

for growth and reproduction, and ultimately threaten survival as physiological functions 

become compromised as a result of depletion of stored metabolic fuels and other 

nutrients. Specifically, the energy lost during food-poor winters limits how often Arctic 

char can spawn because it can take them multiple years to store enough energy to spawn 

as they also need to replenish the energy they lose after each winter (Dutil, 1986). 

Nevertheless, the impact of prolonged periods of food deprivation will depend on species, 

body condition and multiple different environmental factors. Temperature is also a key 

factor to consider in energy savings, as warming drastically increases the metabolic 

demands of fish, depleting energy stores more rapidly (Brett, 1971; Eliason and Farrell, 

2016). Therefore, climate change may exacerbate the energetic challenge of seasonal 

food limitation, making fish such as Arctic char more vulnerable to naturally occurring 

extended fasting periods (Morgan et al., 2001).   

Cold temperatures and limited food availability cause many temperate fish species 

to engage in dormancy as an energy savings strategy while overwintering (Speers-Roesch 

et al., 2018). Winter dormancy in animals, such as hibernating mammals, commonly 

involves a metabolic rate depression (MRD), an active, reversible depression of resting 

cellular energy turnover that reduces an animal’s whole-animal metabolic rate to well 

below their resting or standard metabolic rate. Historically, there was controversy over 

the involvement of MRD in winter-dormant ectotherms, including fish, but there is 

increasing evidence from recent studies that MRD does not occur in winter-dormant fish, 
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at least in response to cold (Speers-Roesch et al., 2018; Reeve et al., 2022). The thermal 

sensitivity quotient (Q10) of SMR over the transition from an active to dormant state can 

be used to identify if winter-dormant fish are in a state of MRD (i.e., Q10 >3.5) or simply 

displaying passive physicochemical effects of cooling (Q10 of 2-3). Using this approach 

alongside careful measurements of SMR that controlled for significant variation in 

activity of the animal, Speers-Roesch et al. (2018) and Reeve et al. (2022) showed in four 

species of winter-dormant or winter-lethargic fish that SMR is reduced in the cold by the 

passive influences of temperature only, rather than active metabolic rate depression. 

Instead, the large energy savings associated with winter dormant come from the passive 

slowing of SMR combined with inactivity. However, in both Speers-Roesch et al. (2018) 

and Reeve et al. (2022), the experimental fish were provided with food during 

acclimations (although they did not appear to eat much). Given that food limitation is a 

key challenge that fishes face in the winter and fasting can result in depressed 

metabolism, there may be interactive effects of starvation and cold in shaping the 

metabolic phenotype of overwintering fish.   

Previous acoustic telemetry research on Arctic char has shown that during the 

winter Arctic char markedly reduce their activity and, as mentioned previously, they 

typically fast for up to 10 months of winter (Hawley et al., 2017; Dutil, 1986). In this 

study I investigated the effects of cold temperature and starvation on metabolic demands 

of Arctic char after accounting for influences of activity (i.e., the effects on SMR). My 

objective was to identify if there are additional energy savings, such as a metabolic rate 

depression, beyond that of activity reductions in Arctic char while overwintering. I 

hypothesized that cold temperatures and starvation independently reduce resting 
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metabolism. I predicted that: 1) cold temperature would passively decrease SMR (Q10 ~2-

3) independent of feeding treatment, 2) starvation would decrease resting metabolism to a 

similar extent, regardless of temperature, and so 3) cold and starvation will additively 

(i.e., independently) decrease resting metabolism. On the other hand, synergistic or 

antagonistic outcomes are possible. For example, because an animal has a certain 

minimal level of acceptable energy turnover, metabolism can only go so low; thus, it is 

possible that at some point the effect of starvation and cold could counteract one another 

(Scharf et al., 2016). Additionally, there could be a greater starvation effect at higher 

temperatures where metabolic demand is higher (Klancnik & Zorman, 2008), or a lower 

starvation effect at frigid temperatures where metabolic demand is already slowed by the 

cold, so no further metabolic suppression is required (Sullivan, 1986). To test my 

hypothesis and predictions, I recorded metabolic rate (ṀO2, mg O2 kg−1 h−1) and 

spontaneous activity of Arctic char that were acclimated for 120 days to one of four 

treatments (fed at 2℃, starved at 2℃ (winter conditions), fed at 8°C (summer 

conditions), starved at 8℃). My study will advance our basic understanding of how fish 

cope with the challenges of winter, an area of study that has received less research 

compared to other disciplines of fish biology and ecology. 

 

2.0 Methods 

2.1 Experimental animals 

Juvenile Arctic char were obtained from Aquaculture Gaspésie (Gaspé, Quebec) 

(December 2020). These Arctic char are a hatchery strain that originated from an 

anadromous population at Nauyuk Lake, Nunavut, in the central Canadian Arctic. The 
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Arctic char were transferred by truck in an insulated, well-oxygenated 400L transfer tank 

at ~4℃ to the University of New Brunswick, Saint John, where they were housed in one 

of the four experimental acclimation systems described below, at 8°C for at least four 

weeks prior to the start of the experiment.  

2.2 Experimental systems and acclimations 

After the four-week habituation period, different groups of fish were acclimated 

for 120 days to one of four food and temperature treatments: starved at 8℃ (n = 10), 

starved at 2℃ (n = 11), fed at 8℃ (n = 11), or fed at 2°C (n = 10). 2°C is a natural winter 

temperature for Arctic char, and 8℃ is a natural summer temperature. For the acclimation 

period, fish were housed in glass aquaria (90L) with four replicate aquaria per treatment 

and three to five individuals per aquarium (see Appendix Figure 1). Four aquaria were 

partially submerged in each of the four large external tanks containing recirculating 

filtered dechlorinated municipal tap water (Lake sourced, Saint John, NB). The aquaria 

within each tank were all held at a common temperature (two tanks were at 2°C, and two 

tanks were at 8°C) but the aquaria within a tank were split evenly between the feeding 

treatments. To begin the temperature acclimation, fish in the 2°C degree treatments were 

cooled at ~1°C per hour from their initial temperature of 8°C. The water in the external 

tanks was well-aerated and continuously chilled to the acclimation temperature of either 

2℃ or 8℃ (1/3 horsepower Arctica, JBJ Chillers, St. Charles, MO, USA). The external 

tanks received a slow, constant flow-through of dechlorinated fresh water to minimize 

waste accumulation in the systems. Each aquarium was supplied with a continuous, 

recirculating flow of water from the external bath. Fish in the fed treatment aquaria were 

given a daily ration of ~0.5% of the total body mass of fish within the aquarium (40A 4.0 
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mm BioTrout pellets, Bio-Oregon, Washington State, USA). Food was withheld 

completely from the starved treatment aquaria. The lights in the lab simulated an early or 

late winter photoperiod, with 10 hours of light and 14 hours of dark, including a 30-

minute simulated sunrise and sunset. After the 120 days of treatment acclimation, seven 

individuals were removed from one treatment at a time to record their oxygen 

consumption and spontaneous activity within individual respirometers (see section 2.3). 

This was repeated until n =10-11 individuals from each feeding treatment at each 

temperature were assessed.   

2.3 Measurement of metabolic rate and spontaneous activity 

Metabolic rate was estimated by measuring whole-animal oxygen consumption 

rate (ṀO2, mg O₂ kg⁻¹ h⁻¹) using automated intermittent-closed optical respirometry. 

Fish were placed individually in a 6.1L (34x23 cm) clear plastic container (the 

respirometer) for 48 hours, submerged below water in an outer fiberglass tank maintained 

under the same temperature conditions as the respective acclimation system. For all fish, 

food was withheld for 48 hours before measurement and throughout the measurement 

period, to avoid the influence of digestion on ṀO2. Each respirometer was equipped with 

a flush pump, an oxygen probe, a recirculation pump, and an overflow tube. The flush 

pump flushed fresh water into the containers intermittently on a defined schedule, to 

ensure adequate oxygen levels while continuously measuring ṀO2. At 8℃ the flush 

pump was on for 2 minutes and off for 10 minutes (12-minute cycle) and at 2℃, it was 

on for 2 minutes and off for 22 minutes (24-minute cycle) to allow a reliable slope of 

oxygen concentration to develop over time without oxygen levels falling below ~80% air 

saturation. At both temperatures, one ṀO2 measurement was taken every 12 minutes, for 
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5 measurements an hour per fish. ṀO2 was measured from the slope of the decline in 

water oxygen content during the closed period. The first 5 min of each closed period (i.e., 

the equilibration period following flush) was excluded from slope calculations. 

Additionally, a blank chamber with no fish was run simultaneously alongside the other 

seven chambers to correct for background respiration caused by bacteria. Only the last 24 

hours (out of 48 hours total) of ṀO2 data were used in further analysis, to ensure the fish 

were recovered from the initial handling stress. The respirometers were illuminated with 

near-infrared light (850 nm) from commercially available near-infrared-sensitive security 

cameras (720 x 1080p, Zosi Technology Ltd., China; and 720 x 1080p; Model: ELP-

USB3MP01H-RL36, Elpcctv, Ailipu Technology Co., Ltd., China) at 30 frames per 

second. Then, the activity of each fish was tracked from the videos over the 24 hours of 

ṀO2 measurements using an automated tracking program (Ethovision, Noldus, Leesburg, 

VA, USA). Activity was measured as % of all pixels within a respirometer that changed 

their brightness, providing a sensitive estimate of movement of each fish (see Appendix 

Table 1 for detailed settings). Activity of each fish was then averaged for each 

corresponding ṀO2 measurement period but was offset one minute before the ṀO2 

measurement to compensate for the lag in when activity occurred and when the 

associated change in ṀO2 could be detected. 

2.4 Data analysis & statistics 

For an initial exploratory analysis, I ran linear regressions in Excel (version 2301, 

Microsoft 365) for all ṀO2 and activity measurements of all individuals within each 

treatment to characterize the relationship between activity and metabolic rate (see 

Appendix Figure 2). For my final data analysis, I estimated the standard metabolic rate 
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(SMR) of the fish within each treatment using two methods: the traditional 20th percentile 

method (SMR20%), and at zero activity (SMRactivity), which I will detail below. These two 

methods of estimation were conducted because measurements of SMR using the 

traditional SMR20% method can be difficult to accurately measure due to the challenge of 

ensuring that metabolic rate measurements are always made on resting fish (Chabot et al., 

2016). My study conducted simultaneous measurements of activity and metabolic rate to 

ensure that fish are resting during SMR, something that is rarely done (Chabot et al., 

2016). This allowed for SMRactivity calculations to be made. 

First, I ran a generalized linear mixed effect model (GLMM) using a gamma 

distribution with a log-link because the data were continuous with values above zero but 

did not meet the assumptions required for linear mixed effects modelling. This analysis 

was fit by backward elimination of non-significant interactions and used to model 

metabolic rate as a function of activity, temperature, and feeding condition with 

individual ID included as a random factor to account for repeated measures (Table 1). 

This analysis was performed in RStudio (version 4.2.2) using the lme4 package (Bates et 

al., 2015). Zero-activity (SMRactivity) was calculated as the estimated marginal means 

(EMM), generated from the GLMM output (Table 1), at a common body mass using the 

emmeans package (Searle et al., 2012) on RStudio, which also generates an estimate of 

standard error for each mean (SEM). To help visualize the GLMM results for my ṀO2 

vs. activity model I also calculated the EMM at an average activity level (0.21% pixel 

change) and at a high activity level (1.0% pixel change). A post-hoc pairwise comparison 

of the EMMs among all treatment groups (holms adjusted) was run for each GLMM (at 

SMRactivity, at average activity, and at high activity). 
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For the traditional SMR20% method, SMR was taken at the 20th percentile of all 

ṀO2 measurements made in the final 24 hours of respirometry. SMR20% was then 

modeled as a function of feeding treatment and temperature with mass as a covariate 

using a general linear model (GLM) with a gamma distribution and log-link on RStudio 

(version 4.2.2), using the lme4 package (Bates et al., 2015). A single SMR20% value was 

calculated for each individual, so a GLM was used after identifying that the data did not 

meet the assumptions of a linear model. The SMR value for SMR20% was then calculated 

as the estimated marginal means (EMM) at a common body mass using the emmeans 

package (Searle et al., 2012) on RStudio, which also generates an estimate of SEM for 

each mean. A post-hoc pairwise comparison of the EMMs among all treatment groups 

(holms adjusted) was run for the GLM.  

The thermal sensitivity of SMR20% and SMRactivity were determined using the Q10 

equation:  

𝑸𝟏𝟎 = (
𝑹𝟐

𝑹𝟏
)

𝟏𝟎°𝑪/(𝑻𝟐 −𝑻𝟏 ) 

  

where R1 and R2 are the metabolic rates at a higher (T1; 8°C) and lower (T2; 2°C) 

temperature, respectively.  The Q10 was used to determine if when activity was 

controlled for, there was evidence of a severe thermal constraint or active depression of 

SMR (Q10 >3.5), or simply a passive physicochemical effect of cooling on SMR (Q10≈2–

3). 
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Lastly, I calculated the relative effect of starvation (the proportional reduction in 

SMR between fed at 8°C and starved at 8°C), and the relative effect of cooling (the 

proportional reduction between fed at 8°C and fed at 2°C) on SMRactivity in isolation. 

Next, I applied these effects sequentially by multiplying the proportional reductions by 

the SMRactivity value at Fed at 8°C. To determine if these effects were additive, I 

compared the resulting value of this theoretical sequential reduction to the measured 

value in starved fish at 2°C. I would consider these effects additive if these values were 

within one standard deviation of each other. 

3.0 Results 

My generalized linear mixed effect model (GLMM) showed that, as expected, 

metabolic rate (MO₂) increased with activity and body mass in all four acclimation 

treatments (Figure 1; Table 1). Additionally, MO₂ decreased with decreased temperature, 

and with starvation (Figure 1; Table 1). These results agreed with my initial exploratory 

analysis using a simple regression approach (Appendix Figure 2). Next, the EMMs  

generated from my GLMM showed that MO₂ at zero activity (mean ± standard error), or 

SMRactivity, was 47.2 ± 0.07, 28.3 ± 0.07, 28.6 ± 0.07, and 17.2 ± 0.07 (mg O₂ kg⁻¹ h⁻¹) in 

the treatments fed at 8°C, starved at 8°C, fed at 2°C, and starved at 2°C, respectively 

(Figure 1; Table 2). This method of estimating SMR showed that cold exposure reduced 

SMRactivity by 39.4% (Q10= 2.31) in fed treatments (z-ratio = -6.75, p < .0001), and by a 

nearly identical relative amount (39.2%) in starved treatments (Q10= 2.29) (z-ratio = -

6.75, p < .0001) (Figure 2B). Starvation resulted in similar reductions in SMR at 2°C and 

8°C (39.8% (z-ratio = 5.66, p < .0001) and 40.0% (z-ratio = 5.66, p < .0001), 

respectively). When these treatments were combined (i.e., Starved at 2°C) to create a 
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simulated winter condition, SMRactivity was 63.5% lower than in the control under 

simulated summer conditions (fed at 8°C) (z-ratio = 8.65, p < .0001). SMRactivity was 

significantly different between all treatments based on the post-hoc pairwise comparison, 

except between starved at 8°C and fed at 2°C (z-ratio = 0.009, p > 0.5).  

Using the SMR values calculated from the SMRactivity method, I calculated the 

sequential percent changes related to cold or starvation effects in order to analyze 

interaction effects. Above, I demonstrated a 40.0% reduction in SMRactivity with starvation 

at 8°C, and a 39.4% reduction with cooling from 8°C to 2°C in fed treatments (summer 

conditions). When these proportional reductions (0.60 and 0.61, respectively) were 

multiplied by the SMRactivity value at summer conditions (47.2 mg O₂ kg⁻¹ h⁻¹, fed at 8°C) 

it resulted in a predicted MO₂ of 17.3 mg O₂ kg⁻¹ h⁻¹. This theoretical estimate is within 

one standard deviation of (indeed, almost identical to) the empirical value in the starved 

at 2°C treatment (17.2 mg O₂ kg⁻¹ h⁻¹). 

For SMR calculated using the traditional 20th percentile method, or SMR20%, the 

EMMs generated from my GLM found a mean SMR20% (± standard error) of 45.0 ± 0.08, 

25.5 ± 0.07, 27.7 ± 0.07, and 15.5 ± 0.07 (mg O₂ kg⁻¹ h⁻¹) in the treatments fed at 8°C, 

starved at 8°C, fed at 2°C, and starved at 2°C respectively (Figure 2A; Table 2). This 

method of estimating SMR showed that cold exposure reduced SMR20% by 38.4% (Q10= 

2.24) in fed treatments (t-ratio (37) = -4.79, p < .0001), and by a similar amount (39.2%) in 

starved treatments (Q10= 2.29)  (t-ratio(37) = -5.05, p < .0001) (Figure 2A). Starvation 

resulted in similar reductions in SMR20% at 2°C and 8°C (44.0% (t-ratio(37) = 5.85, p < 

.0001) and 43.3% (t-ratio(37) = 4.73, p < .0001), respectively). When these treatments 

were combined (i.e., Starved at 2°C) to create a simulated winter condition, SMR20% was 
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65.5% lower than in the control under simulated summer conditions (fed at 8°C) (t-

ratio(37) = 9.85, p < .0001). The post-hoc pairwise comparison of the EMM for the 

SMR20% model indicated that there was a significant difference between all treatments, 

except starved at 8°C and fed at 2°C (t-ratio(37) = 0.792, p > 0.1). The responses of SMR 

estimated using the SMR20% method was nearly identical to the responses of SMR 

estimated from the SMRactivity method (Figure 2).  

The estimated marginal means (EMM) generated from my GLMM found the mean 

MO₂ at an average activity of 0.21% pixel change (± standard error) was 51.7 ± 0.07, 

33.3 ± 0.07, 34.6 ± 0.07, and 22.3 ± 0.07 (mg O₂ kg⁻¹ h⁻¹) in the treatments fed at 8°C, 

starved at 8°C, fed at 2°C, and starved at 2°C, respectively (Figure 1; Table 2). 

Specifically, the estimated marginal means (EMM) of MO₂ at average activity (i.e., 

SMR) were significantly different between all treatments based on the post-hoc pairwise 

comparison (fed at 2°C*fed at 8°C (z-ratio = -5.358, p < .0001 ); starved at 2°C *fed at 

2°C (z-ratio = 4.961, p < .0001 ); starved 2°C*fed 8°C (z-ratio = 7.228, p < .0001); 

starved 8°C *fed 8°C (z-ratio = 4.961, p < .0001 ); starved 8°C *starved 2°C (z-ratio = -

5.358, p < .0001 ), except between starved at 8°C and fed at 2°C  (z-ratio = 0.368 , p > 

0.1 ). At average activity, the thermal sensitivity of mean MO₂ between 2°C and 8°C 

showed a Q10 value of 1.92 for the fed treatments, and a Q10 of 1.95 for the starved 

treatments. 

The estimated marginal means (EMM) generated from my GLMM found mean MO₂ 

at a high activity of 1% pixel change (± standard error) was 73.3 ± 0.07, 60.1 ± 0.07, 72.6 

± 0.07, and 59.4 ± 0.07 (mg O₂ kg⁻¹ h⁻¹) in the treatments fed at 8°C, starved at 8°C, fed 

at 2°C, and starved at 2°C, respectively (Figure 1; Table 2). The post-hoc pairwise 
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comparison of EMM indicated that at an activity of 1 (% pixel change) there was no 

significant difference between MO₂ in any of the treatments (fed at 2°C*fed at 8°C (z-

ratio = -0.142, p = 1.0); starved at 2°C *fed at 2°C (z-ratio = 2.29, p > 0.1); starved 

2°C*fed 8°C (z-ratio = 1.83, p > 0.1); starved 8°C *fed 8°C (z-ratio = 2.29, p > 0.1); 

starved 8°C *starved 2°C (z-ratio = -0.142, p = 1.0); starved at 8°C*fed at 2°C (z-ratio = 

1.67, p > 0.1)). At high activity, the thermal sensitivity of mean MO₂ between 2°C and 

8°C showed a Q10 value of 1.01 for the fed treatments, and a Q10 of 1.01 for the starved 

treatments. 

 

Figure 1. Oxygen consumption rate (MO₂) estimates ± standard error generated from a 

generalized linear mixed effect model of MO₂ (mg O₂ kg⁻¹ h⁻¹) versus Activity (% pixel 

change) in juvenile Arctic char exposed for 120 days to one of four acclimation 

treatments (fed at 8°C, fed at 2°C, starved at 8°C, or starved at 2°C) (n=10-11 individuals 

per treatment). Error bars for MO₂ are small enough to be obstructed by symbols. There 

are no error bars for activity because the data shown are model outputs of MO₂ estimates 

at fixed activity levels: at zero activity (SMRactivity), at an average activity level (0.21% 

pixel change), and at a high activity level (1% pixel change). Lines connecting the data 

symbols within each treatment are for visualization of the trend only. 
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Figure 2. The effect of temperature and starvation on the Estimated marginal means 

(EMM ± standard error) for standard metabolic rate (SMR) calculated using either the 

traditional 20th percentile of all MO2 method (SMR20%) (A) or the MO2 at zero activity 

method (SMRactivity) (B). EMMs were generated using the general linear model (A) or 

generalized linear mixed effect model (B) outputs, for juvenile Arctic char exposed for 

120 days to one of four acclimation treatments (fed at 8°C, fed at 2°C, starved at 8°C, or 

starved at 2°C) (n= 10-11 individuals per treatment). Different letters denote statistically 

significant differences among all treatments within a panel (A or B; Holm-adjusted 

pairwise comparisons). The thermal sensitivity quotient (Q10) is shown for the effect of 

temperature within each feeding treatment. 
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Table 1. Generalized linear mixed effect model output characterizing oxygen 

consumption rate as a function of activity, temperature, feeding treatment, and body 

mass, with the ID of individual juvenile Arctic char included as a random factor to 

account for repeated measures (n= 10-11 individuals per treatment).  

 Estimate  Std. Error  t value  Pr(>|z|)  

Intercept  0.752  0.157  4.776  1.79E-06  

Activity (% pixel change)  0.937  0.019  47.66  < 2e-16  

Feeding Treatment  -0.459  0.107  -4.290  1.79E-04  

Temperature (°C)  0.562  0.108  5.162  2.44E-07  

Mass  4.606  0.815  5.652  1.59E-08  

Activity (% pixel change)*Feeding 

Treatment  0.301  0.031  9.783  < 2e-16  

Activity (% pixel change)*Temperature (°C)  -0.488  0.028  -17.55  < 2e-16  

Feeding Treatment* Temperature (°C)  -0.116  1.56E-01  -0.742  0.458  

Activity (% pixel change)*Feeding 

Treatment*Temperature (°C)  -0.007  0.043  -0.176  0.860  

R² (marginal) = 0.77          

R² (conditional) = 0.79          

Feeding Treatment; Fed = 0, Starved = 1          

 

Table 2.  Estimated marginal means (EMM ± standard error) for oxygen consumption 

rate (MO2) (mg O₂ kg⁻¹ h⁻¹) calculated using either the traditional 20th percentile of all 

MO2 measurements method (SMR20%) (Figure 2A), using the MO2 at zero activity 

method (SMRactivity) (Figure 1; Figure 2B), calculated at the average activity level (0.21% 

pixel change) (Figure 1), and calculated at a high activity level (1% pixel change) (Figure 

1). EMMs were generated using the general linear model (GLM) for SMR20%, and using 

the generalized linear mixed effect model (GLMM) outputs for SMRactivity, average 

activity, and high activity, for juvenile Arctic char exposed for 120 days to one of four 

acclimation treatments (n= 10-11). 

Treatment SMR20% SMRactivity Average Activity High Activity 

Fed at 2°C 27.7 ± 0.07 28.6 ± 0.07 34.6 ± 0.07 72.6 ± 0.07 

Fed at 8°C 45.0 ± 0.08 47.2 ± 0.07 51.7 ± 0.07 73.3 ± 0.07 

Starved at 2°C 15.5 ± 0.07 17.2 ± 0.07 22.3 ± 0.07 59.4 ± 0.07 

Starved at 8°C 25.5 ± 0.08 28.3 ± 0.07 33.3 ± 0.07 60.1 ± 0.07 
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4.0 Discussion 

SMR can be difficult to accurately measure because it is challenging to ensure 

that metabolic rate measurements are always made on resting fish (Chabot et al., 2016). 

My study conducted simultaneous measurements of activity and metabolic rate to ensure 

that fish are resting during SMR, something rarely done (Chabot et al., 2016). Therefore, 

this study was able to estimate SMR using the traditional 20th percentile of all MO2 

method (SMR20%) and using the MO2 at zero activity method (SMRactivity) where 

influences of activity are explicitly controlled for. My study found that the SMR values 

calculated using the SMR20% method were nearly identical within each treatment to the 

SMRactivity method calculated from the generalized linear mixed effect model. This 

consistency strengthens the reliability of my SMR20% estimates (Figure 2) and supports 

the use of the method as an accurate method to estimate SMR in the present study. 

Nonetheless, accounting for variation in activity among treatment groups remains an 

important step in ensuring a high accuracy of SMR estimates specifically in fish species 

where the lowest percentile methods can become confounded by non-proportional 

changes in activity with temperature change (Speers-Roesch et al., 2018; Reeve et al., 

2022). Given that both methods produced highly similar results in my study, in my 

discussion on the effects of cold and starvation on Arctic char metabolic rate, I will focus 

on SMRactivity estimated at zero activity using the GLMM output. Overall, my results 

indicate that low activity, cold temperature, and fasting all help Arctic char conserve 

energy overwinter, which I will explore in detail below.  

My results indicated that MO₂ increased with increasing activity and body mass in 

all four acclimation treatments (Figure 1). These findings are consistent with numerous 
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studies that have found that MO₂ increases (often exponentially) with activity. For 

example, this relationship has been documented in both acute and acclimation cold 

exposures in mummichog, pumpkinseed sunfish, American eel and in cunner (Reeve et 

al., 2022; Speers-Roesch et al., 2018). Previous studies have also documented a positive 

correlation between body mass and MO₂. A study by Clarke & Johnston (1999) compiled 

138 studies and found 69 species of post-larval teleost fish have a generally consistent 

increase in resting metabolic rate with body mass. My study also found that MO₂ 

decreased with decreasing temperature in all treatments, and at rest, SMRactivity was 

significantly lower at 2°C than at 8°C, in both feeding treatments (Figure 1). Specifically, 

there was a reduction in SMR of 39.4% (Q10 = 2.31) in fed treatments, and a 39.2% 

reduction in starved treatments (Q10 = 2.29) (Figure 2B). This finding supports my first 

prediction that winter temperature (2°C) would significantly decrease resting metabolism 

independent of the feeding treatment. Additionally, the associated Q10 values suggest that 

SMR decreased predominantly as a result of passive physicochemical effects of cooling 

(Q10≈2–3). In neither feeding treatment was there an indication of a larger temperature-

dependent decrease in SMR (Q10 >3.5) that would indicate an active metabolic rate 

depression. These findings agree with those of Speers-Roesch et al (2018), who found 

that extremely low metabolic rate in winter-dormant cunner does not arise from 

metabolic rate depression (MRD), but rather from a reduction in activity between active 

and dormant states (i.e., they reach SMR in dormancy) combined with the passive 

physio-chemical effects of cold on SMR. This was later confirmed by Reeve et al (2022) 

in a broader range of fish species; they found that cooling caused persistent decreases in 

spontaneous activity, accompanied by reductions in MO₂ as well as feeding in all 
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experimental species, and that SMR was slowed by typical passive thermal effects. 

Altogether, my results and those of Speers-Roesch et al (2018) and Reeve et al. (2022) 

provide increasingly strong evidence that energetic savings during overwintering in a 

diverse range of temperate fishes result not from MRD, but from inactivity and the 

passive physicochemical effects of cold. However, as mentioned earlier, neither of the 

previous studies investigated the additional influence of starvation, which is a key 

challenge many fishes face in the winter.   

I found that SMR of Arctic char decreased with starvation at both 8°C and 2°C, 

and that independent of activity (at resting metabolic rate) SMR was significantly lower 

in the starved treatments compared to the fed treatments, at both temperatures (Figure 1). 

Specifically, starvation resulted in a 39.8%, and 40.0% reduction in SMR at 2°C and 

8°C, respectively (Figure 2B). This result supports my second prediction that starvation 

would decrease resting metabolism independent of temperature. Many previous studies 

have also shown that SMR is commonly reduced following food deprivation or starvation 

among fishes, and specifically, this has been recorded in salmonids (e.g. Mehner and 

Wieser, 1994; Fu et al., 2005; Hvas et al., 2020). For example, Hvas et al (2020) found a 

22% reduction in SMR in juvenile Atlantic salmon that were starved for four weeks, 

compared to the control (fed fish). Physiological responses to food deprivation in fish 

may be a result of decreased activity of certain enzymes, reduced protein synthesis, 

downregulation of mitochondrial activity, and/or changed gene expressions (Bermejo-

Nogales et al., 2015; Méndez and Wieser, 1993). For example, Cassidy et al (2016) found 

that protein synthesis in the liver and white muscle strikingly decreased following 36 

days of starvation in Arctic char and it is likely that such responses persist or are even 
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greater over the much longer (120 days) duration of starvation in the present study. Both 

of the studies mentioned above were conducted over short time periods that do not 

represent true overwintering conditions. The large effect size I observed may have been a 

result of the prolonged duration of my study, and thus, the 120-day starvation period in 

my study is a strength as it represents true overwintering conditions, more similar to what 

the fish would experience in the wild.  

My comparison of the independent and combined effects of starvation and cold on 

SMRactivity indicate that cold and starvation additively decrease resting metabolism in 

Arctic char. Specifically, by calculating the relative effect of starvation and the relative 

effect of cooling independently, and multiplying the proportional reductions of these 

effects by the SMRactivity value at summer conditions, I determined that the effect was 

additive (within one standard deviation from the SMRactivity value at winter conditions 

(17.2 mg O₂ kg⁻¹ h⁻¹). Thus, my data provides evidence supporting my third prediction, 

that starvation and the passive slowing effect of cold can each independently and 

substantially reduce resting metabolism, but that when combined, as would be typical in 

winter, they additively combine to result in a major energy saving over winter in Arctic 

char. These combined strategies are likely essential, as in the wild while overwintering, 

Arctic char experience cold temperatures (<2°C), become inactive, and cease feeding for 

10 months of the year (Hawley et al., 2017; Dutil, 1986). However, even with these 

remarkable energy saving strategies they still commonly lose ~30% of their energy stores 

(Dutil, 1986). Thus, any disruption to these strategies could result in a critical 

(unrecoverable) loss of energy stores. Although the passive thermodynamic slowing of 

SMR has been recognized as an important energy conservation mechanism in 



 

24 

overwintering fishes (Reeve et al., 2022), the role that an additional depression of SMR 

resulting from winter fasting or starvation has not been well studied. In one study by Jiao 

et al (2020), they found that in the yellow drum (an important mariculture fish in China) 

under cold and starvation stresses combined, 286 differential metabolites were identified, 

showing 7 influenced pathways: glycerophospholipid metabolism, biosynthesis of 

unsaturated fatty acids, glutathione metabolism, sphingolipid metabolism, 

glycosylphosphatidylinositol (GPI)-anchor biosynthesis, autophagy, and purine 

metabolism. Interestingly, glutamate and GSSG were induced by both single and 

combined stresses of cold and starvation treatments (Jiao et al., 2020). These findings 

suggest that glutathione metabolism (and its related metabolites) could potentially be 

biomarkers of cold and starvation stresses in yellow drum and that there are complex 

metabolic responses that underlie combined cold and starvation effects in fishes. It is 

unknown to what extent these same mechanisms are involved in starvation and cold 

responses among many fish, including Arctic char. Thus, further studies should 

investigate these mechanisms.  

The analysis of MO2 at an average activity level of 0.21% pixel change 

demonstrated that the energy savings associated with starvation and cold were still 

apparent, with the estimated marginal means (EMM) of MO₂ at average activity being 

significantly different between all treatments except starved at 8°C and fed at 2°C, 

identical to the post-hoc pairwise comparison of the EMM for SMRactivity and SMR20%. 

This average activity level is representative of the routine costs of activity. An activity 

level of 1% pixel change demonstrated that at a high activity level the effect of cold and 

starvation discussed above become less apparent. Specifically, MO2 at an activity of 1% 
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pixel change was not significantly different between any of the treatments, indicating no 

effect of starvation or cold. This is suggestive that at high activity levels fish are less 

efficient at cold temperatures than at high temperatures, so MO2 values converge. 

Additionally, my study found that at high activity, MO2 showed a Q10 value of 1.01 for 

both the fed and starved treatments. This suggests that at high activity within a 

respirometer, the MO2 of Arctic char is temperature independent. This finding is 

supported by a previous study on Arctic char that found that swimming performance 

decreased significantly from 6°C to 2°C, demonstrating Arctic char are closer to their 

max effort at 2°C compared to at 6°C (Gilbert, 2020). 

My findings are not only important from a physiological perspective, but from an 

ecological as well as social perspective. Currently the Canadian Arctic is warming at 

nearly four times the average global rate (Rantanen, 2022), and my study has 

demonstrated that metabolic costs are higher at warmer temperatures. As mentioned 

above, even with significant energy saving strategies Arctic char already lose ~30% of 

their energy stores over winter. Therefore, if winters warm with climate change, there 

may be an increased energetic challenge of seasonal food limitation for Arctic char, 

potentially making them more vulnerable to naturally occurring extended fasting periods 

(Morgan et al., 2001). Even if warmer temperatures were to allow for more food to 

become available, which as my study shows would sustain a greater MO₂, primary 

productivity in the Arctic would still be constrained by the limited or absent sunlight of 

the polar winter. The persistence of Arctic char in a warming Arctic is of broad 

importance: it is the single most harvested species in Nunavut, and is an essential part of 

the economy, food security and culture in the Canadian Arctic (Day and Harris, 2013; 
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Roux et al., 2019). My study will contribute to our understanding of Arctic char energy 

savings and overwintering strategies so we can help ensure the future health and success 

of Arctic char. Specifically, my study can be incorporated into bioenergetic models which 

can predict impacts at the population level, and it may highlight emerging issues (such as 

climate change impacts) that require further investigation by managers to ensure 

sufficient management plans are in place for Arctic char. Moving forward, it would be 

advantageous to scientists, conservationists, and managers to repeat my study in the wild 

to confirm my findings. This could be done through tracking Arctic char with acoustic 

telemetry overwinter and during the summer to record activity, and by measuring MO₂ 

following fasting during winter and during feeding over summer, to determine if wild fish 

show these same SMR relationships this study found in lab. It would also be of interest to 

investigate other factors such as hypoxia that may impact Arctic char physiology. 

Hypoxia is common in ice covered lakes (where Arctic char overwinter) due to the 

aerobic degradation of biological material overwinter (Wilhelm et al., 2014). My study 

found that starvation and cold temperature (winter conditions) cause major decreases in 

SMR, which could be helpful in a hypoxic environment. However, hypoxia is suggested 

to increase overwinter in the face of climate change which could worsen the challenges of 

cold and food deprivation in the winter (Schwefel et al., 2016; Laurent et al., 2018; Meire 

et al., 2013). Finally, it would be interesting to investigate the physiological and 

biochemical mechanisms by which Arctic char are lowering SMR. Based on other 

studies, this could be perhaps due to a reduction in digestive organ maintenance and 

whole-body protein synthesis, but this possibility requires further investigation (Bermejo-

Nogales et al., 2015; Méndez and Wieser, 1993; Cassidy et al., 2016).  
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Appendix 

 

Figure 1. Diagram of the experimental system in which juvenile Arctic char were 

acclimated for 120 days to one of four treatments: starved at 8℃, starved at 2℃, fed at 

8℃, or fed at 2°C. Fish were housed in one of four glass aquaria tanks per treatment (90L 

each, indicated by the 4 squares within each treatment) with three to five individual fish 

per aquarium (n=10-11 individuals assessed per treatment). The aquaria within each 

treatment were partially immersed in water within larger outer fiberglass tanks (one 

separate tank per treatment).  

 

An exploratory linear regression showed a positive correlation between spontaneous 

activity and oxygen consumption rate (MO₂) in each of the four treatments (Appendix 

Figure 2A,B,C,D) with activity accounting for 39-68% of the variation in metabolic rate. 

Specifically, in the fed at 2°C treatment the R² was 0.667 (F1 = 2467, p < .0001) 

(Appendix Figure 2A), in the starved at 2°C treatment the R² was 0.687 (F1 = 2984, p < 

.0001) (figure 2C), in the fed at 8°C treatment the R² was 0.391 (F1 = 876.8, p < 

.0001) (Figure 2B), and in the starved at 8°C treatment the R² was 0.509 (F1 = 1302, p < 

.0001) (Appendix Figure 2D). The y-intercept of the linear regression (i.e., MO₂ at zero 

activity) is an estimate of the overall SMR of all fish within the treatment; this showed 

that at 2°C starvation reduced resting metabolism by 35.6% (Figure 2A,C), and at 8°C 
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starvation reduced resting metabolism by 35.9% (Appendix Figure 2B,D). Cold 

temperature reduced resting metabolism by 45.5% in the fed treatments (Q10= 2.52), and 

by 42.3% in the starved treatments (Q10= 2.49). 

 

 

 

Figure 2. Linear regression of spontaneous activity vs oxygen consumption rate (MO₂, 

mg O₂ kg⁻¹ h⁻¹) in juvenile Arctic char following 120 days exposure to one of four 

acclimation treatments: A) fed at 2°C, B) fed at 8°C, C) starved at 2°C, D) starved at 8°C. 

Orange symbols indicates 8°C data and blue symbol indicates 2°C data (all measured 

values over a 24 hour measurement period shown for a n= 10-11 individuals per 

treatment).  
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Table 1. Ethovision settings for video analysis of spontaneous activity (% of all pixels 

within a respirometer that changed their brightness).  
 

Parameter  Value  

bright  29 to 255  

dark  10 to 255  

frame weight  43  

video pixel smoothing  low  

dropped frames  on  

noise reduction  off  

subject size  min = 400/max = 10,000  

activity threshold  4  

background noise filter  3  

compression artifact filter  on  

sample rate  10  

trail control setting  default  

tracked ft  center-point detection  

erosion/dilation/erosion   1/3/1  

time bin  1 minute  

 


