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Abstract

Changes in Arctic ice conditions have raised concerns

regarding potential impacts on energy expenditure and food

requirements of walruses. Modeling the repercussions of

environmental changes requires accurate species-specific

measures of bioenergetic expenditures. This is particularly

true for walruses, who have a unique anatomy and foraging

ecology from other pinnipeds. This study measured resting

metabolic rate (RMR) and subsurface swimming metabolism

in two juvenile walruses over a 13-month period. The wal-

ruses had relatively low RMR compared to studies of other

young pinnipeds. RMR was greater for the male than the

female, as expected given its larger size; the reverse was

true on a mass-specific basis. There was also considerable

variability in RMR for each walrus during the year that could

not be accounted for by changes in body mass. Metabolism

while swimming was about twice RMR, and locomotor costs

were higher than generally predicted for other marine mam-

mals. The lower calculated swimming efficiency may reflect

the fact that walruses are not “high velocity” pursuit preda-

tors. The estimates of metabolic expenditure obtained in

this study for young walruses are invaluable for quantifying

the energetic consequences of behavioral changes induced

by environmental shifts in the wild.
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1 | INTRODUCTION

Walruses (Odobenus rosmarus) are considered an ice-dependent Arctic species given they rely on this substrate for

calving and as a stable platform for hauling out in close proximity to foraging grounds. Recent changes in Arctic ice

conditions have raised concerns about the impact of these environmental changes on the rates of energy expendi-

ture of walruses that have to travel further to acquire prey or spend more time in the water (Jay, Marcot, &

Douglas, 2011; MacCracken, 2012; Taylor et al., 2018).

The potential effects of environmental changes on the energy balance of individuals can be explored through bioener-

getic models, which are simplified mathematical representations of the animal's energy budget. A number of bioenergetic

models have been constructed for marine mammals (e.g., Bejarano, Wells, & Costa, 2017; Villegas-Amtmann, Schwarz,

Sumich, & Costa, 2015; Winship, Trites, & Rosen, 2002), including the walrus (Noren, Udevitz, & Jay, 2012, 2014, 2016).

Such models can be expanded to incorporate the energetic consequences of hypothesized or observed behavioral changes,

and can be linked to estimates of individual health and population parameters (New et al., 2014; Pirotta et al., 2018).

For example, Udevitz, Jay, Taylor et al. (2017) modeled the energetic costs of behavioral changes associated

with predicted decreases in the extent of summer sea ice cover for adult female walruses in the Chukchi Sea. The

model combined general circulation model projections of future ice with observed movement data from tagged wal-

rus (Jay, Taylor, Fischbach, Udevitz, & Beatty, 2017). At the core of the model were individual-based bioenergetic

models of walrus energy requirements (Noren et al., 2012, 2014).

Rarely are species-specific data available to fully parameterize these models to the target animal, requiring vari-

ous levels of substitutions and estimations from other species. The strength and accuracy of any model's predictions

rely upon the quality of the underlying data. Given a lack of direct measurements, previous walrus bioenergetic

models (Noren et al., 2012, 2014, 2016; Udevitz et al., 2017) have had to extrapolate from either other bioenergetic

parameters (e.g., food intake and growth) or other marine mammal species for two key bioenergetic parameters, rest-

ing metabolic rate (RMR) and the cost of locomotion (activity).

RMR is a comparative physiological measure of the energy expended by an individual under set conditions: non-

active, awake but quiescent, thermoneutral, and free of the effects of digestion or previous exercise (National

Research Council [U.S.], 1981). RMR is elevated in younger animals, partly as a result of the increased cost of growth

(both directly and the upregulation of metabolic processes to facilitate somatic growth) (Kleiber, 1975). There is con-

siderable historical debate about whether marine mammals exhibit higher RMR than their terrestrial counterparts

(e.g., Lavigne et al., 1986b; Williams, Haun, Davis, Fulman, & Kohin, 2001). To date, there are no published measure-

ments of RMR for walruses, although there are reasons to suspect that it may be lower than that of other pinnipeds

given their unique ecological niche (Fay, 1982; Lydersen, 2018).

Accurate estimates of RMR are also important as they serve as the foundation of many bioenergetic models and can

therefore have a substantial impact on total calculated energy/food requirements, which are often applied to ecosystem-

level questions (e.g., Bowen, 1997; Trites, Christensen, & Pauly, 1997). The effect of inaccurate estimates of RMR can be

further exaggerated if certain costs—such as the cost of activity—are incorporated into models as a multiple of RMR. The

cost of locomotion is typically the largest “voluntary” cost within an animal's energy budget (Karasov, 1992). Accurate

estimates of the cost of locomotion are not just important for accurate bioenergetic models, but are critical for translating

observed or predicted behavioral changes into estimates of changes in food requirements. The vast majority of locomo-

tion research in marine mammals has been directed at estimating the costs of diving to depth, which is physiologically dis-

tinct from horizontal movement at or near the surface (Fish, 1992; Kooyman, Castellini, & Davis, 1981; Videler &

Nolet, 1990). Only a handful of studies have directly measured the costs of swimming in marine mammals, and no studies

have measured this in the walrus (see table 3.1 in Williams & Maresh, 2015). The paucity of data among pinnipeds, and

the unique anatomy and swimming gait of the walrus (Gordon, 1983; Pierce, Clack, & Hutchinson, 2011), suggest that it

is impossible to confidently extrapolate findings from other species to the walrus.

This study used two young walruses under human care to measure RMR while resting in water and the cost of

subsurface swimming. It also examined changes in RMR with body mass over the 13-month study period. The data
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are important for incorporating into bioenergetic models in order to accurately predict the impact of observed or

predicted behavioral changes induced by environmental changes in the Arctic on the energy balance and food

requirements of young walruses in the wild.

2 | METHODS

2.1 | Study animals

The study used a young male (ZIMS ID #100090) and female (#100089) walrus that had been born in the Aquarium

du Québec (Québec City, Canada) in May 2016. The male was a Pacific subspecies (Odobenus rosmarus divergens),

while the female was the offspring of an Atlantic subspecies mother (Odobenus rosmarus rosmarus) and (the same)

Pacific subspecies father. The animals were temporarily transferred to the Vancouver Aquarium in December 2017,

at about 18 months of age, and remained until November 2019.

Body mass was measured to ±0.1 kg several times per week by having individual animals station on a platform

scale prior to the morning meal. Body mass was also recorded within 1 day of metabolic trials. Food intake was

allowed to vary naturalistically, with husbandry staff adjusting offered food levels based on animal appetite and

behavior. The diet was composed primarily of a mixture of invertebrates (mussels, shrimp, clams) supplemented with

fish (herring, capelin, mackerel, hake). The walruses were trained to take part in research activities using positive rein-

forcement. All research was conducted under Animal Care permits from the Vancouver Aquarium and the University

of British Columbia (A18-0056).

2.2 | Measures of oxygen consumption

Measures of oxygen consumption during resting and swimming activities were made using a flow through respirome-

try system. A 410 L floating respirometry dome was attached to a Sable Systems Flowkit (Sable Systems, North Las

Vegas, NV) mass flow generator/controller pulling a constant 400 L/min through the dome. An extended inflow port

tube ensured no significant backflow out of the dome during respirations (validated using forced air simulations). The

flow was sufficient to maintain instantaneous O2 concentration > 20.0% and CO2 concentration < 1%. A subsample

of the excurrent air was dried (Dririte) and analyzed for O2 and CO2 concentrations using a Sable Systems Field Met-

abolic System. Gas concentrations were baselined against outside air at the start and end of each trial to correct for

potential system drift. Additionally, the entire system was periodically calibrated against known gases and leak-tested

using nitrogen dilution. Data were recorded every second to a PC using Expedata software. Environmental and flow

temperature and humidity were also recorded through each trial (Vaisala Humicap HM40). Data were subsequently

analyzed via LabAnalystX (Mark Chappell, University of California) using appropriate equations from Withers (1977)

to convert changes in gas concentrations into rates of instantaneous oxygen consumption over the target period.

2.3 | Resting metabolic rate

The walruses were initially trained over a period of 3 months to remain calm within the floating respirometry dome

for increasingly extended sessions. They typically held a vertical position by steadying themselves with their fore-

flippers against the side of the pool. This training period was critical for accurate data, as past experience has demon-

strated that animals must not only be physically inactive during measurements, but also comfortable (nonstressed).

Data collection occurred between September 4, 2018, and October 10, 2019 (~2.3–3.5 years of age), and were

interspersed with reinforcement training sessions. Trials lasted 8–9 min, sufficient to obtain >5 min of stable rates of
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oxygen consumption. The animals were fasted overnight >16 hr prior to trials to preclude any effects of digestion on

metabolism (Rosen & Trites, 1997), but were reinforced throughout the trial with minimal food (<1.0 kg) via a one-

way tube to maintain their calm behavior.

2.4 | Swimming trials

Subsurface swimming trials were conducted between October 10 and November 22, 2019, at the end of the study

period following a 3-month training period that included several mock (prefasted) trials. The walruses were trained to

remain submerged while swimming a set course in a pool, surfacing only within the floating respirometry dome upon

completion of the task. With the aid of target poles submerged ~1.2 m below the surface, the walruses swam from next

to the respirometry dome directly to the diagonal corner of the research pool and back three times, for a total swimming

distance of 110 m. The time to transit each of the six segments was recorded on a digital stopwatch, allowing the calcula-

tion of average swimming speed from total swimming time (including the minimal time required to change direction).

After completing the three laps without breathing, the animals surfaced in the respirometry dome, and remained there

until instantaneous rates of oxygen consumption reached a stable level for 2 min (generally starting between 5–8 min

after surfacing). This was deemed the postexercise resting level, as it was not possible to obtain pretrial RMR measure-

ments. However, the values were not dissimilar from measures of RMR obtained during the latter portion of the study.

The total cost of swimming during a trial was estimated by integrating the instantaneous oxygen consumption

rate over the entire postswim surface interval, and subtracting the measured postexercise resting levels over the

entire “recovery” period. In theory, the “extra” oxygen consumed postexercise above resting levels represents the

oxygen used during the submerged swimming portion of the trial. This measure could also be converted into rate of

oxygen consumption while swimming at a given speed by dividing by the total submergence time.

This method of estimating the cost of activity while breath-holding is the same as that used for estimating the

costs of individual dives (e.g., Hastie, Rosen, & Trites, 2007; Young, Rosen, Hindle, Haulena, & Trites, 2011), but dif-

ferent from studies that estimate metabolism over a “dive cycle” (e.g., Castellini, Kooyman, & Ponganis, 1992;

Fahlman, Svard, Rosen et al., 2008). It assumes that the costs of swimming and resting are strictly additive, and that

the animals are fully recovered from their exercise during the immediate postsurfacing interval. While violation of

these assumptions may lead to underestimates of true costs, it is a standard method of determining swimming and

diving costs that allows valid comparisons to other studies and species.

2.5 | Statistical tests

Measures of RMR and RMRM were compared between the male and female walrus using a Welch's two-way

unpaired t-test, with α = .05. Given the small sample size of the male for the surface swimming trials, no statistical

comparisons were performed and results are reported as means with standard deviations.

3 | RESULTS

3.1 | Resting metabolic rate

Resting metabolic rate (RMR) was measured as milliliters of oxygen consumed per minute, which can be converted

into MJ d−1 with a few reasonable assumptions on fuel use (1 L O2 = 20.1 kJ). RMR for both walruses generally

increased over the study period. Overall, RMR was higher for the male than the female (t(32) = 2.7, p = .009). RMR

ranged from 35.2 to 68.3 MJ d−1 for the male and 30.0 to 55.8 MJ d−1 for the female (Figure 1). Body mass generally
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increased through the study, although growth was not constant. Mass for the male ranged between 410.5 kg and

601.5 kg, while mass for the female ranged from 298.0 to 383.2 kg. The general increase in RMR was not surprising

given the growth of both animals over the study period, and the greater RMR of the male would similarly be

expected given his greater mass.

Generally, larger individuals will tend to have higher metabolic rates, but the exact means of controlling for this

effect—in order to discern changes not related to mass, such as seasonal rheostatic changes—are open to consider-

able debate (Glazier, 2005; Nagy, 1987). For simplicity I chose to express rates of energy consumption per kg body

mass measured at the time RMR was measured (RMRM; kJ kg
−1 d−1). However, to aid comparisons to other studies, I

also expressed metabolism as a multiple of the basal metabolic rate (BMR) predicted by Kleiber's (1975) interspecific

allometric equation for mature mammals (BMR = 293 M0.75 = 1 × predicted metabolism), despite the fact that this

scaling does not reflect developmental changes.

Mass-specific RMR (RMRM) for the female (91.7–166.1 kJ kg−1 d−1) was greater than that of the male (73.1–

141.0 kJ kg−1 d−1; t(33) = 3.6, p = .001; Figure 2). However, it is not possible to determine how much of this differ-

ence is the result of the scaling employed. Expressed in comparison to Kleiber's predicted BMR for mature terrestrial

mammals, the range of metabolism of the male and female were almost identical (1.2–2.3 and 1.3–2.4 times

predicted metabolism, respectively).

3.2 | Swimming metabolic rate

I successfully measured swimming metabolic rate eight times with the female walrus and four times with the male

prior to their return to the Aquarium du Québec. Successful trials were those that met the criteria of completing all

F IGURE 1 Measures of resting
metabolic rate (RMR; MJ d−1) for the male
(dark circles) and female (light triangles)
walrus over the 13-month study. Rates of
measured oxygen consumption while
resting in water were converted into rates
of energy consumption.

F IGURE 2 Measures of mass-specific
resting metabolic rate (RMRM; kJ kg

−1 d−1)
for the male (dark circles) and female (light
triangles) walrus over the 13-month study.
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laps underwater without surfacing, with no behavioral hesitations or drifting from the set course, and where post-

exercise metabolism was measured with calm animals until rates of oxygen consumption had stabilized for the

defined interval.

The rate of total energy expenditure during submerged swimming for the male and female walrus while swim-

ming at a very consistent average speed of 1.6 ± 0.1 and 2.1 ± 0.1 m s−1 averaged 145.5 ± 37.1 and 121.7

± 27.1 kJ min−1, respectively (Figure 3A). As with most measures of metabolism, there are numerous ways to express

the cost of swimming. The corresponding mass-specific rates of metabolic expenditure for the male and female wal-

rus while swimming were 242.9 ± 60.0 and 336.6 ± 84.4 J kg−1 min−1, respectively. Alternately, the energy required

to move 1 kg of body mass one meter (by incorporating appropriate swimming speeds) can be defined as the total

cost of transport (COTTOT; Schmidt-Nielsen, 1972). In the present study the COTTOT for the male and female walrus

were 2.6 ± 0.8 and 2.7 ± 0.6 J kg−1 m−1, respectively (Figure 3B). However, all of these previously described esti-

mates of the cost of swimming combine, by definition, the cost of physical activity and the underlying cost of mainte-

nance. Therefore, the “additional” cost of moving 1 kg of body mass 1 m (net cost of transport; Schmidt-

Nielsen, 1972) can be expressed as locomotor costs (LC; J kg−1 m−1) by subtracting mass-specific resting metabolic

rate from swimming costs (COTTOT; Williams, 1989). For the male and female walrus, LC was 1.8 ± 0.6 and 1.7

± 0.9 J kg−1 m−1, respectively (Figure 3C).

4 | DISCUSSION

Numerous studies have measured RMR in pinnipeds, leading to a continuing debate on whether this taxonomic

group has an elevated energy budget, and therefore higher prey requirements and potential ecological impact

(Bowen, 1997; Smith, Link, Cadrin, & Palka, 2015; Trites et al., 1997). Past studies have also measured the cost of

swimming in several pinnipeds and found energetic efficiencies similar to terrestrial runners (Williams, 1999). Wal-

ruses, however, are different in many respects from other pinnipeds. Unlike most marine mammals for which data

are available, walruses are not “high velocity” pursuit predators, feeding primarily by grazing on mollusks and other

sessile prey (Fay, 1981; Sheffield & Grebmeier, 2009). Walrus are among the largest of all pinnipeds, and their flipper

anatomy and “rotund body shape” is also notably different than most other pinnipeds (Gordon, 1983;

Kastelein, 2009; Pierce et al., 2011; Reidenberg, 2007). As a consequence, bioenergetic values measured in other

pinnipeds cannot necessarily be used to substitute for those of walruses in predictive models.

In our study, average RMR of young, 2–3-year-old walruses ranged between 1.2–2.4-fold that predicted for

adult terrestrial mammals of a similar size (Kleiber, 1975). This is similar to the 1.4–2.8-fold range reported for RMR

of adult marine mammals in most interspecific comparisons (Hunter, 2005; Lavigne, Innes, Worthy, & Kovacs, 1986a;

Smith, 1986; Williams et al., 2001), which is surprising given that mass-specific RMR of young mammals is usually

elevated compared to adults (Kleiber, 1975; McNab, 1999; Poczopko, 1979). In fact, the values for RMR in the wal-

ruses in this study are notably lower than those reported for other young pinnipeds, although most studies have

focused on relatively young pups (e.g., Davydov & Marakova, 1965; Donohue, Costa, Goebel, & Baker, 2000; Rea &

Costa, 1992; Thompson, Ono, Oftedal, & Boness, 1987).

A lower than expected measured RMR has important implications for modeled energy requirements. For exam-

ple, Noren et al. (2012) built a detailed bioenergetics model for 0–12 year old female walruses that, through a lack of

species-specific data, required them to use estimates from California sea lions (Zalophus californianus) for their RMR

parameter. The model estimated a RMRM of ~2.8–3.0× Kleiber for a young, growing walrus in the same age group as

our study animals. For a 335 kg, 2–3- year-old female, applying the lower RMRM measured in our study model would

result (all other parameters held equal) in a ~ 15% decrease (~24,500 kJ d−1) in total daily energy expenditure than

what was estimated from the Noren et al. (2012) model. A follow-up model based on walrus energy intake records

(which was unable to disentangle metabolic costs of maintenance and activity) lowered the previous energy intake

estimate for young walrus by ~6%, partly due to a reduction in the estimated cost of growth (Noren et al., 2014).
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Both models were subsequently used to predict the effect of changing sea ice conditions on the health of Pacific

walruses (Udevitz et al., 2017), where RMR values had a direct impact on estimated food requirements under differ-

ent environmental conditions.

It is notable that RMR of the walruses in our study was not constant across the year, despite very rigorous

behavioral testing criteria. While some of the variation was undoubtedly due to changes in body mass, there was also

a two-fold difference in RMRM that was independent of these changes. It is unclear from the present study whether

(a)

(b)

(c)

F IGURE 3 Metabolic expenditure of the female
and male walrus expressed as: (3A, top) total metabolic
cost (kJ min−1); (3B, middle) total cost of transport
(COTTOT; kJ kg

−1 m−1), a measure of energy expended
to move 1 kg of body mass 1 m; and (3C, bottom)
locomotor cost (LC; kJ kg−1 m−1), which estimates the
additional costs of locomotion above resting levels.
The boxplots define the median and the upper and
lower quartiles; the whiskers represent the quartile
±1.5*IQD.
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this represents a regular seasonal cycle; seasonal shifts in RMR have been well documented in many pinniped spe-

cies, and usually become more pronounced with maturity (e.g., Boily & Lavigne, 1997; Dalton, Rosen, & Trites, 2015;

Hart & Irving, 1959; Renouf & Gales, 1994; Rosen & Renouf, 1998). Strong seasonal signals were also seen in the

food intake of captive walrus (Kastelein, Schooneman, & Wiepkema, 2000; Noren et al., 2014). Seasonality is an

aspect of walrus energetics that should be studied in more depth, particularly considering the possible role in defin-

ing vulnerable periods to environmental perturbations.

The effect of changes in RMR on total energy requirements may be overshadowed by changes in locomotion activity,

the largest component of most mammalian energy budgets (Schmidt-Nielsen, 1972; Tucker, 1970). In this study, RMR of

the walruses ranged from 25% to 55% of the total cost of swimming among all trials, similar to the range reported among

other marine mammals (22%–77%; Williams, 1999) and similar to what can be extrapolated from field metabolic rates of

walrus (Acquarone, Born, & Speakman, 2006; Noren et al., 2012). The COTTOT for the walruses measured in our study

(2.6–2.7 J kg−1 m−1) was greater than that predicted by the interspecific relationship for marine mammals, including a num-

ber of pinniped species (Williams, 1999). This may have been because the animals may not have been swimming at optimal

swimming speeds where costs are at a minimum (Fish, 2000), although the highly consistent preferred speeds of the two

walrus were not too dissimilar from those predicted by the general equation proposed by Videler and Nolet (1990). More

importantly, the higher COTTOT of the walruses was at least partly due to the fact that, as young animals, they have higher

underlying maintenance costs. COTTOT values for young Steller sea lions Eumetopia jubata (Rosen & Trites, 2002) are simi-

larly greater than what would be predicted from the general marine mammal equation.

Calculating the locomotor costs (LC) has been proposed as an alternate way of expressing the costs of move-

ment, by controlling for differences in maintenance costs (Schmidt-Nielsen, 1972). Even after accounting for differ-

ences in RMR, LC in the walruses in this study was still elevated compared to what would be predicted for other

marine mammals of a similar mass (fig. 2 in Williams, 1999). Again, the reasons are unclear, but may relate to the gen-

eral observations that, as grazers, walruses generally swim at relatively low velocities for their size (Born et al., 2014;

Kastelein, 2009), are not very streamlined (Fish, 2000), and have an intermediate or mixed form of aquatic locomo-

tion compared to other pinnipeds (Pierce et al., 2011).

Regardless of the root of these differences, this is the first study to directly measure the costs of subsurface

swimming in the walrus, and the results can be directly incorporated into bioenergetic disturbance models (Udevitz

et al., 2017). However, it is important to note that not all types of activity have a similar cost. Additional studies that

estimate the costs of diving, as well as the energy expended foraging at depth, will greatly improve overall accuracy

in quantifying behavior changes into energetic consequences. This is also the first study to measure RMR in young

walrus. However, additional studies are required to measure whether there are significant differences in energy

expenditure between walrus resting in the water or in air, and explore the effect of season and age on bioenergetic

demands. Together, these types of data are invaluable for building more accurate bioenergetic models to predict the

consequences of environmental shifts in the wild.
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