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Broad thermal capacity facilitates the primarily pelagic
existence of northern fur seals (Callorhinus ursinus)
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Abstract
Thermoregulatory capacity may constrain the distribution of marine mammals
despite having anatomical and physiological adaptations to compensate for the thermal challenges of an aquatic lifestyle. We tested whether subadult female northern
fur seals (Callorhinus ursinus) experience increased thermoregulatory costs in water
temperatures potentially encountered during their annual migration in the Bering
Sea and North Pacific Ocean. Metabolic rates were measured seasonally in 6 captive
female northern fur seals (2.75–3.5 yr old) in ambient air and controlled water temperatures of 2°C, 10°C, and 18°C. Rates of oxygen consumption in ambient air
(1°C–18°C) were not related to environmental temperature except below 2.5°C
(winter only). However, metabolism was significantly higher during the fall seasonal
trials (September–October) compared to other times of year, perhaps due to the costs
of molting. The fur seals appeared thermally neutral in all seasons for all water temperatures tested (2°C–18°C) except during the summer when metabolic rates were
higher in the 2°C water. Comparing this broad thermal neutral zone to the average
sea surface temperatures potentially encountered during annual migrations indicates
wild fur seals can likely exploit a large geographic area without added thermal metabolic costs.
Key words: northern fur seal, Callorhinus ursinus, thermal neutral zone, thermoregulation, metabolism.

Physiological and anatomical modifications are required to live in an aquatic environment and offset the thermal properties of water, which conducts heat away from
the body 24 times faster than air of the same temperature (Dejours 1987). Specialized
insulation is one common adaptation among marine mammals and other endotherms
to reduce heat loss to the environment (Scholander et al. 1950, Williams and Worthy
2002). In many species of marine mammals, insulation from the aquatic environment
is accomplished via a thick subcutaneous lipid (blubber) layer (Scholander et al.
1950, Strandberg et al. 2008, Liwanag et al. 2012b). However, some aquatic and
semiaquatic mammals, such as beavers, otters, and fur seals, have thin subcutaneous
lipid layers, and rely instead upon a dense pelage and its associated structures for
insulation during immersion (Irving et al. 1962, Williams et al. 1992, Liwanag et al.
2012a).
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Unfortunately, even a dense pelage may not provide sufficient insulation against
the cold-water conditions that furred mammals are likely to encounter. Lower critical
temperatures (LCT) in water, the temperature below which homeotherms must
expend additional energy to maintain their body temperature, are reported to be
20°C for sea otters (Enhydra lutris; Costa and Kooyman 1982) and 14.4°C for juvenile
(pup and yearling) Antarctic fur seals (Arctocephalus gazella; Rutishauser et al. 2004).
The fact that these lower critical temperatures are well above the usual water temperatures of their habitats implies that increased metabolic rates are required to maintain
the core body temperatures of these and potentially other marine mammals that rely
upon dense pelages for insulation (Costa and Kooyman 1982, Williams and Worthy
2002, Rutishauser et al. 2004).
Elevated resting metabolic rates, compared to similar sized terrestrial mammals,
have been measured in many species of marine mammals, including several species of
pinnipeds (Irving and Hart 1957, Costa and Kooyman 1982, Kasting et al. 1989,
Hurley and Costa 2001, Williams et al. 2001, Boyd 2002). An increased metabolic
rate is an effective short-term solution for maintaining core body temperatures and is
a normal physiological response to environmental temperatures that are outside of
the thermal neutral zone (TNZ) of an individual (Irving and Hart 1957, Gordon
et al. 1972, Williams and Worthy 2002, Liwanag 2010). However, an increased metabolic rate represents a substantial added energetic expense if used as a long-term
adaptation (Williams and Worthy 2002, Liwanag et al. 2009). As a result, the geographic range of most endotherms is likely constrained in part by thermal considerations (Angilletta 2009).
The northern fur seal (Callorhinus ursinus) is a species of pinniped that is assumed
to depend primarily on its pelage for insulation, based on the thinness of its fat layer
(Blix et al. 1979) and other morphological evidence (Liwanag et al. 2012a, b). However, past studies have failed to reach a consensus on the thermal capabilities of young
northern fur seals—although the lower critical water temperature is commonly estimated to be between 4°C and 10°C (Donohue et al. 2000; Liwanag 2010; Rosen and
Trites, in press), one study placed the LCT at >18°C (Miller 1978). This last estimate
falls within the range of lower critical water temperatures of 15°C–20°C reported for
similar sized (nonpup) aquatic and semiaquatic mammals with dense pelages (Dawson and Fanning 1981, Costa and Kooyman 1982, Williams 1986, Rutishauser et al.
2004).
The thermal neutral zone of juvenile northern fur seals is of more than simply an
academic interest. Environmental water temperatures below the LCT will cause
northern fur seals to increase their metabolic rates to generate replacement body heat.
These higher energy demands would have to be offset by increased food intake, and
would potentially exclude the fur seals from exploiting habitats where satisfying the
additional energetic costs of thermal regulation may be too high.
There are only three major breeding colonies of northern fur seal in North America
(DeLong 1982, Loughlin and Miller 1989, Gentry 1998, COSEWIC 2010, Testa
2011). Each fall, individuals from two of these colonies—the Pribilof and Bogoslof
Islands in Alaska—migrate from the Bering Sea to the North Pacific Ocean, travelling as far south as California (Kenyon and Wilke 1953, Bigg 1990, Gentry 1998,
Ream et al. 2005). Adult females and juveniles of both sexes make a more extensive
migration than adult males, to either the transitional region of the central North
Pacific Ocean or across the North Pacific Ocean to the continental margins of North
America (Kenyon and Wilke 1953, Bigg 1990, Gentry 1998, Ream et al. 2005). In
contrast to the fur seals breeding in the Bering Sea, females from the third colony
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(San Miguel Island, California) have a less extensive pelagic migration (male distribution and migration remains unknown), remaining near the continental margins of
North America throughout most of the year (primarily California), and shifting their
distribution northward and offshore during the winter (Melin et al. 2012).
The lengthy migration of the northern fur seal (late fall to early summer) makes it
difficult to evaluate the thermal capacity of this species in direct relation to environmental conditions (Kenyon and Wilke 1953, Bigg 1990, Gentry 1998, Ream et al.
2005). The extent to which their migration patterns are constrained by thermal capabilities is unknown, as is the degree to which environmental temperatures might affect
thermoregulatory costs and subsequent prey requirements in certain foraging areas.
We measured the thermal costs of aquatic exposure in northern fur seals to quantify the potential energetic expenses associated with their pelagic existence and to
investigate whether the thermal capabilities of this species might limit their seasonal
distribution. Specifically, we measured the metabolic rates of captive northern fur
seals (juvenile females) in water temperatures between 2°C and 18°C and compared
them to metabolic rates when resting in dry ambient air conditions. We also investigated the thermoregulatory abilities of the individuals over the course of the year to
explore potential seasonal changes. These thermoregulatory abilities were then compared to the documented average sea surface temperatures along the generalized
migration routes of female and juvenile northern fur seals. We examined whether
their generalized migration route appeared constrained by these thermal costs, or
whether these routes took them outside of their thermal neutral zone. This allowed
us to identify potentially critical times of year when elevated metabolic rates due to
thermoregulatory demands and increased food requirements might be expected.
Methods
Animals
Six female northern fur seals (ages 2.75–3.50 yr) participated in this study from
March 2011 to January 2012 (Table 1). The animals came from a rookery on St. Paul
Island, Alaska (one of the Pribilof Islands) in October 2008, following weaning at
approximately 4 mo of age. The individuals were transported to the University of
British Columbia’s Marine Mammal Energetics and Nutrition Laboratory, located at
the Vancouver Aquarium, British Columbia, Canada. They were raised in captivity
and trained with positive reinforcement to be familiar with all necessary research protocols and equipment. The fur seals normally consumed a daily diet of herring and
squid, supplemented with vitamins, and were housed in seawater pools with water
temperatures that reflected the local ocean conditions (7°C–16°C).
Protocol and Timing
Four seasonal sets of metabolic measurement trials were conducted during the
study period: March/April 2011 (“Spring”; individuals 2.75 yr old), June/July (“Summer”; age 3 yr), September/October (“Fall”; age 3.25 yr), and December 2011/January 2012 (“Winter”; age 3.5 yr), with each set of trials taking approximately 4–6 wk
to complete. Within each set of trials, the metabolic rate of each individual (see
below) was tested both in ambient air conditions as well as at three different water
temperatures: 2°C, 10°C, and 18°C (!0.5°C).

Mean (all animals)
Mean (ME08 omitted)

AN08
AY08
KY08
ME08
TI08
TU08

Animal

15.2 ! 5.1
13.1 ! 1.4

13.4 ! 2.0
14.6 ! 1.0
11.3 ! 0.4
25.2 ! 2.8
14.6 ! 1.0
14.1 ! 1.7

19.8 ! 0.6
14.2 ! 0.08
15.3 ! 0.05
15.6 ! 0.2
18.9 ! 0.2
15.2 ! 0.1

16.5 ! 2.3
16.7 ! 2.5

_ 2air
VO

Body mass

Spring

19.0 ! 2.3
19.4 ! 2.4

21.2 ! 0.9
17.0 ! 0.9
17.6 ! 0.8
17.1 ! 0.4
22.6 ! 0.6
18.6 ! 0.8

Body mass

15.7 ! 5.3
14.3 ! 4.3

_ 2air
VO
11.4 ! 0.1
11.9 ! 1.3
14.0 ! 2.0
23.0 ! 5.7
12.3 ! 2.4
21.9 ! 3.7

Summer

21.4 ! 2.9
21.7 ! 3.1

Fall
22.2 ! 0.5
18.4 ! 0.09
19.5 ! 0.1
19.8 ! 0.3
26.6 ! 0.8
21.4 ! 0.3

Body mass

22.1 ! 7.2
19.3 ! 1.9

18.1 ! 4.5
20.3 ! 2.6
18.1 ! 4.6
36.5 ! 2.5
17.8 ! 2.2
22.2 ! 2.5

_ 2air
VO

20.5 ! 2.5
20.8 ! 2.7

21.2 ! 0.3
17.7 ! 0.3
15.6 ! 0.2
19.3 ! 0.1
25.1 ! 0.1
20.3 ! 0.4

Body mass

17.3 ! 8.0
14.9 ! 6.0

_ 2air
VO
14.1 ! 8.3
13.3 ! 4.5
13.3 ! 2.0
29.4 ! 10.1
8.8 ! 3.1
25.0 ! 5.3

Winter

_ 2air ; mL O2 kg–1 min–1) during four
Table 1. Body mass (kg) and mass-specific rate of oxygen consumption resting in dry ambient air conditions (VO
seasonal trials (spring, summer, fall, and winter) for each of the six female northern fur seals from March 2011 to January 2012. Mean ! SD are presented
for all six animals as well as for the truncated data set resulting from the removal of individual ME08 that did not behaviorally meet resting conditions.
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On three separate occasions within each season (once for each water temperature
treatment), each fur seal voluntarily entered a specially designed 340 L metabolic
chamber (dimensions: 0.92 m 9 0.61 m 9 0.61 m) under trainer control. The
individuals were trained to remain calm, with minimal activity, within the chamber. Rates of oxygen consumption and carbon dioxide production of the fur seal
were continuously measured in the metabolic chamber for 20 min in dry ambient
air conditions. Immediately following the dry ambient air measures, the chamber
was filled two-thirds full (sufficient to cover the animal’s entire torso, but prevent
swimming) with water at one of the three different treatment temperatures (2°C,
10°C, or 18°C). It took approximately 5 min to fill the chamber and mechanical
fail-safes prevented the water level from rising above the set point. Once immersed,
rates of oxygen consumption and carbon dioxide production were again continuously measured for an additional 30 min (consistent with Donohue et al. 2000; and
supported by the time required for heat flux density measurements through the
skin of newborn northern fur seals to reach steady state, Blix et al. 1979), with
water continuously being pumped through the chamber from a large temperaturecontrolled reservoir.
Trials were conducted in the morning and individuals were tested only once daily.
Individuals were fasted overnight (>16 h) to ensure a postabsorptive state had been
reached. The order of water temperature treatments tested was consistent (10°C, 2°C,
and 18°C) within each trial block. Animal behavior, air temperature and water temperature (when appropriate) were recorded every 5 min throughout each trial.
Metabolic Rate
Open flow respirometry was used to measure rates of oxygen consumption and
carbon dioxide production to determine metabolic rates. Measurements were made
using one of two systems. First, ambient air was drawn through the metabolic
chamber at 125 L/min via either the Sable Systems Model 500H Mass Flow Controller (Sable Systems, Las Vegas, NV) or the Sable Systems Field Metabolic Pump,
both of which constantly corrected the flow rate to standard temperature and pressure. Next, subsamples of air from the excurrent airstream were dried through a
canister of anhydrous CaSO4 (Drierite; Hammond Drierite, Xenia, OH), before the
O2 and CO2 concentration were analyzed by the Sable Systems FC-1B and CA-1B
analyzers, respectively, or using the Sable Systems Field Metabolic System (P-Series). The resultant O2 and CO2 concentrations in the excurrent air were continuously monitored and recorded to a portable computer using Sable Systems’
Expedata software.
The entire gas analysis system was calibrated with dry ambient air prior to and
following each trial, such that changes in gas concentrations were determined
against baseline (ambient) measures that accounted for system drift. The entire gas
analysis system was also periodically calibrated against gases of known concentrations. Rates of oxygen consumption were calculated for both the animal resting in
_ 2air ) and while the animal was submerged in each
dry ambient air conditions (VO
_ 2water ), using LabAnalystX softone of the three different water temperatures (VO
ware (http://warthog.ucr.edu/WartHogPage/FTPindex.html) and incorporating the
_ 2water were deter_ 2air and VO
appropriate equations from Withers (1977). The VO
mined as the lowest continuous average oxygen consumption maintained for 10
min during the last 15 min of the dry phase and the last 25 min of the wet phase.
A malfunctioning CA-1B analyzer (CO2 sensor) was detected in a portion of the
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first two seasonal cycles of this study. For a few trials, with an average RQ value
over the entire dry-wet metabolic session outside of a reasonable physiological range
_ 2air was calculated using a fixed RQ value of 0.8 rather than actual
(0.65–1.05), VO
measures of expired CO2.
Mass and Body Composition
The deuterium (D2O) dilution technique was used once on each of the fur seals in
each seasonal cycle to determine their total body water (Reilly and Fedak 1990). Body
composition (total body lipid) was then estimated from the total body water using
the “all animal–adult and pup” regression equation validated by Arnould et al.
(1996) for Antarctic fur seals. Briefly, blood samples were obtained from the animals
while under veterinary supervised anesthesia (maximum 5% isoflurane). An initial
blood sample was drawn into a serum separator tube prior to the administration of
the D2O, such that the background levels of 2H could be assessed. The injection of
99.9% D2O was then administered intramuscularly at a measured dosage of approximately 0.16 g/kg of animal. A second blood sample was drawn 2 h after injection
(permitting equilibration with the body water pool) to assess the increase in the concentration of 2H. Animals were awake and kept in a holding run with a circular wading pool and running water during the 2 h equilibration period; this did not
confound the calculation of total body water as these individuals have never been
observed to drink water.
Blood samples were centrifuged and the collected serum was stored at –70°C until
analysis. Metabolic Solutions Inc. (Nashua, NH) conducted the isotope analysis of
the serum and dose samples, using a Europa Hydra continuous flow isotope ratio
mass spectrometer and the methodology described by Scrimgeour et al. (1993). Body
mass measurements of each fur seal (necessary for determining the proper dosage of
D2O and as a measurement of growth) were collected daily prior to the first injection
and first feed (at least 16 h postprandial) by having the fur seal station on a platform
scale (!0.02 kg).
Data Analysis
Seasonal changes in rates of oxygen consumption (metabolic rate) over the study
period in either ambient air conditions or when immersed in water were determined
using separate linear mixed effects (LME) models, with the random effect of the individual included to account for repeated measures. If significant differences were
detected, we used a post hoc Tukey contrasts simultaneous test for general linear
hypotheses to determine between which seasons the significant differences occurred.
Additionally, LME models, with individual again as the random effect, were used to
investigate the effects of either the ambient air or water temperatures on the appropriate metabolic rates throughout the year and within individual seasons. As ambient
_ 2air in the
air temperature was found to be significantly affecting the mass-specific VO
winter, ambient air temperature was included as a covariate when testing the effects
of water temperature on metabolic rate throughout the year and within individual
seasons.
The potential costs of thermoregulation were determined as the paired difference
_ 2 within an individbetween the dry ambient air and wet immersed mass-specific VO
ual session. Innate rhythmicity is fundamental to a seasonal mammal’s biology (Warner et al. 2010). Circadian oscillators regulate the day-night cycle of metabolic and
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behavioral processes, and photoperiod affects the annual rhythm of energy metabolism, molting, and reproduction (Warner et al. 2010). Therefore, this approach
controlled for any variance in resting metabolism, which might obscure any real
changes in metabolism due to costs of thermoregulation (i.e., reduces Type II error).
LME models, with the individual as the random effect, were used to investigate seasonal changes in the potential costs of thermoregulation over the course of the study.
As season was found to be a significant predictor of the potential costs of thermoregulation, separate models within each season were also constructed to determine the
effects of the water temperature on the potential costs of thermoregulation. If significant differences were detected, a post hoc Tukey contrasts simultaneous test for general
linear hypotheses was used to determine between which temperatures the significant
differences occurred. Single sample t-tests were used to determine if the potential
costs of thermoregulation (i.e., increase in metabolism) at any given temperature was
significantly different than zero.
Seasonal changes over the study period in body mass, body composition, and their
respective rates of change were also determined using LME models, with the random
effect of the individual included to account for repeated measures. Again, if significant differences were detected, a post hoc Tukey contrasts simultaneous test for general
linear hypotheses was used to determine between which seasons the significant differences occurred. All statistical analyses were conducted using the R software package
(R Development Core Team 2012).
Sea Surface Temperature Encountered During the Annual Migration
Contour plots of the average sea surface temperatures (SST) were obtained for the
Northeast Pacific Ocean by month (1982–2012) from Fisheries and Oceans Canada
(http://www.pac.dfo-mpo.gc.ca/science/oceans/data-donnees/sst-tsm/index-eng.htm).
Different iterations of the annual migration patterns of juvenile and adult female
northern fur seals from North American rookeries were overlaid onto these contour
plots. While the individual migratory studies covered various time periods from
1871 to 2006 (Kenyon and Wilke 1953, Bigg 1990, Gentry 1998, Ream et al.
2005, and Melin et al. 2012), there is a high degree of consistency between descriptions. Specifically, they considered time frames of 1955–1977 (Bigg 1990), 1871–
1977 (Gentry 1998), 1871–1911 and 1940–1948 (Kenyon and Wilke 1953), 2002
(Ream et al. 2005), and 2006 (Melin et al. 2012). Combined, the contour plots and
descriptions of the migration pattern allowed us to estimate the minimum and maximum average SST that juvenile female northern fur seals encountered during each
month of their annual migration through the Bering Sea and North Pacific Ocean
(Fig. 1, e.g., month of November in 1982 with migration pattern as described by
Ream et al. 2005).
Results
Metabolic Rates in Ambient Air
Rates of oxygen consumption and other variables are presented as means ! 1 SD.
The mean rate of oxygen consumption of the northern fur seals resting in dry ambient
_ 2air ) across all individuals and all seasons was 339.2 ! 148.6 mL
air conditions (VO
–1
O2 min which, on a mass-specific basis, was 17.6 ! 7.3 mL O2 kg–1 min–1 (Table I).
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Figure 1. Example of the relationship between described locations of northern fur seals
(within dotted zone and arrow) and monthly average sea surface temperature in November of
1982 (isocline bars in ºC). Fur seal locations are based on the annual migration pattern movement data from Ream et al. (2005), for northern fur seals from the Pribilof Islands during a
single month (November). The presumed location during each month as based on the variously described migration patterns (see text) is plotted onto a contour map of the northeast
Pacific Ocean displaying the sea surface water temperatures (SST) for that month of the region,
for each year from 1982 to 2012 (data from Fisheries and Oceans Canada, http://www.
pac.dfo-mpo.gc.ca/science/oceans/data-donnees/sst-tsm/index-eng.htm). Collective results are
summarized in Fig. 5.

However, one individual (ME08) was unusually active during these trials, and
_ 2air data from
yielded data that did not reflect resting conditions. Omitting the VO
_ 2air of the remaining northern fur seals,
this individual, the average mass-specific VO
across all seasons, was 15.4 ! 5.1 mL O2 kg–1 min–1 (Table 1). This translated to
an average in-air resting metabolic rate that was 3.2 times Kleiber’s (1975) predic_ 2air
tion for similar-sized adult terrestrial mammals. The average mass-specific VO
was significantly different among seasons (P = 0.001) and was significantly higher in
the fall seasonal trials (19.3 ! 3.4 mL O2 kg–1 min–1; 4.29 Kleiber) compared to
the other three seasonal trials (overall mean 14.1 ! 4.9 mL O2 kg–1 min–1; 2.99
Kleiber; P = 0.005), which did not differ significantly from one another (P = 0.5;
Table 1).
Ambient air temperatures in the metabolic chamber during these trials did change
significantly over the course of the study (P = 0.001). The highest average ambient
air temperature of 13.0°C ! 3.4°C occurred during the summer trials, compared to
the average ambient air temperatures of 8.6°C ! 2.3°C during the spring, 10.6°C !
2.7°C during the fall and 6.6°C ! 4.3°C during the winter seasonal trials. Ambient
_ 2air of the
air temperature, however, had no significant effect on the mass-specific VO
northern fur seals across all trials (P = 0.4), or within the spring, summer or fall seasons (ambient air temperatures range during spring, summer, and fall was 8°C–
18°C; P = 0.3). Ambient air temperature significantly affected the mass-specific
_ 2air in the winter (P = 0.04), with the mass-specific VO
_ 2air appearing to increase
VO
_ 2air data meaat temperatures below 2.5 °C (Fig. 2). Removing the mass-specific VO
_ 2air for
sured in ambient air temperatures below 2.5°C, the average mass-specific VO
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Figure 2. Seasonal mass-specific rates of oxygen consumption in ambient air (mL O2 min–1
kg ) in comparison to the air temperatures at which the trials were conducted for five, 3 yr
old female northern fur seals from March 2011 to January 2012. Individual symbols represent
individual test subjects: AN08 (○), AY08 (∆), KY08 (+), TI08 (9), and TU08 (◊). In the win_ 2air appears to increase at temperatures below 2.5 ºC.
ter, the mass-specific VO
–1

the winter trials decreased to 11.4 ! 3.9 mL O2 kg–1 min–1, yet the overall seasonal
_ 2air did not change (i.e., fall metabolism was higher than
trend in the mass-specific VO
all other seasons).
Metabolism during Wet Thermal Challenges
The mean rate of oxygen consumption of the northern fur seals across all individuals
(omitting individual “ME08”) and all tested water temperatures was 17.5 ! 5.1 mL
_ 2water ); equivalent to 341.6 !
O2 kg–1 min–1 while resting immersed in water (VO
_ 2air , the mass-specific rate of oxygen consumption
108.6 mL O2 min–1). As with VO
while resting immersed in water differed significantly between seasons (P = 0.001).
_ 2water was attribWithin the individual seasons, no difference in the mass-specific VO
utable to water temperature in the spring, summer, and fall seasonal trials (P = 0.1).
_ 2water
However, water temperature was a significant predictor of the mass-specific VO
during the winter (P = 0.02). The inclusion of ambient air temperature as a covariate
into the linear mixed effects models found ambient air temperature to be a significant
_ 2water in the winter (P = 0.01). As a result of includpredictor of the mass-specific VO
_ 2water was attributing ambient air temperature, no difference in the mass-specific VO
able to water temperature in the winter either (P = 0.9; Fig. 3).
We controlled for variance in resting metabolic rates associated with circadian
oscillators and photoperiodic affects by calculating the paired difference between the
_ 2 within an individual session.
dry ambient air and wet immersed mass-specific VO
Overall, water temperature was not significant in the paired difference between the
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Figure 3. Seasonal in water mass-specific rates of oxygen consumption (mL O2 min–1 kg–1)
in comparison to the three water temperatures (2°C, 10°C, and 18°C) at which the trials were
conducted for five, 3 yr old female northern fur seals from March 2011 to January 2012. Individual symbols represent individual test subjects: AN08 (○), AY08 (∆), KY08 (+), TI08 (9),
and TU08 (□). The inclusion of ambient air temperature as a covariate into the linear mixed
effects models found ambient air temperature to be a significant predictor of the mass-specific
_ 2water in the winter and therefore no difference in the mass-specific VO
_ 2water was attributVO
able to water temperature in any season.

_ 2 within an individual session in
dry ambient air and wet immersed mass-specific VO
any of the seasonal trials (Fig. 4). The cost of thermoregulation at each water temperature within each season was not significantly different from zero within each seasonal
trial (P = 0.06), with the exception of the summer seasonal trials (P = 0.02). During
the summer seasonal trials, the paired difference within an individual session between
_ 2water at 2°C was significantly different from zero (P = 0.04). For
_ 2air and VO
the VO
_ 2water was 19.0 ! 6.5 mL O2 kg–1 min–1 which was
these trials, the mass-specific VO
_ 2air .
36% higher on average than the associated VO
Mass and Body Composition
Over the course of the study, the average body mass of the individual fur seals
increased significantly by 3.9 kg (P = 0.001). The average body mass was lowest during the spring trials (16.7 ! 2.5 kg), significantly higher in the subsequent summer
trials (19.3 ! 2.5 kg; P = 0.001), and higher again in the fall trials, when the average
body mass was highest (21.2 ! 2.8 kg; P = 0.003). While the average body mass was
slightly lower (but not significantly different) during the winter trials (20.6 ! 2.5
kg; P = 0.7), it was still significantly higher in the winter than in the spring (P =
0.001; Table 1).
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Figure 4. Seasonal potential costs of thermoregulation for five, 3 yr old female northern fur
seals (from March 2011 to January 2012), controlling for variance in resting metabolic rates—
determined as the paired difference between the dry ambient air and wet immersed mass-spe_ 2 within an individual session (mL O2 min–1 kg–1). Data are presented for each of the
cific VO
three wet thermal challenge temperatures (2°C, 10°C, and 18°C). Individual symbols represent individual test subjects: AN08 (○), AY08 (∆), KY08 (+), TI08 (9), and TU08 (□). The
cost of thermoregulation was not significantly different from zero within each seasonal trial for
any water temperature, with the exception of the 2°C thermal challenge in the summer seasonal trial.

Within the seasonal trials, the individual’s growth rates (standardized as changes
in the absolute body mass over the course of an entire 6 wk seasonal trial) were
significantly positive during both the spring (P = 0.03) and summer trials (P =
0.04), while there were no significant changes in body mass during the fall (P = 0.1)
and winter trials (P = 0.08).
The average absolute amount of lipid in the fur seals’ bodies also significantly
increased by 1.5 kg over the course of the study period (from 0.7 ! 0.3 kg to
2.3 ! 0.8 kg; P = 0.001), and the rate of increase in lipids was constant between
the seasons (P = 0.2). The percent body mass that was lipid also increased constantly throughout the year (as would be predicted for growing animals), such
that our study animals had the lowest absolute and relative amount of lipids during the spring trials (0.7 kg or 4.6% ! 2.1% of total body mass) and the highest
absolute and relative amount of lipids during the winter trials (2.3 kg or 11.0%
! 3.7% of body mass).
Average Sea Surface Temperature (SST)
Estimates of the minimum and maximum average sea surface temperature encountered over the course of the fur seals’ annual migration included high variability
resulting from the spatial and temporal uncertainty of the exact location of female
and juvenile individuals in the population (of the Pribilof Islands and Bogoslof
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Figure 5. Range of average sea surface temperatures in degree Celsius (between 1982 and
2012) that adult female and juvenile northern fur seals from the Pribilof Islands and Bogoslof
Island, Alaska are likely exposed to each month if they followed the migratory patterns
described by Bigg (1990, 9), Gentry (1998, □), Kenyon and Wilke (1956, ○) and Ream et al.
(2005, ∆). Individual symbols represent the maximum and minimum temperatures obtained
from each of the migratory pattern iterations.

Island) at different times of the year. This is represented in the different migratory
routes and timings variously described by Kenyon and Wilke (1953), Bigg (1990),
Gentry (1998), and Ream et al. (2005). Mild variation also resulted from the interannual spatial changes in SST throughout the Northeast Pacific Ocean for each month
of the year from 1982 to 2012.
Average SST in the central and southern Bering Sea range from as low as 0°C to as
high as 14°C between late May and late December when fur seals are present. However, adult females and juveniles encounter warmer water temperatures as they move
southward through the Aleutian Islands into the North Pacific Ocean. The individuals then spread out and move over deep water en route to the wintering areas: either
the transitional region of the central North Pacific Ocean or along the continental
margins of North America from California to Sitka, Alaska. The northward return
migration begins in early spring, as individuals move in a loose aggregation along
the continental margins or offshore and eventually cross the Gulf of Alaska and the
North Pacific Ocean to re-enter the Bering Sea. Most breeding individuals return to
the Pribilof Islands in late May or June. Over the 8–10 mo migration, individuals
can encounter SST as low as 2°C–3°C just south of the Aleutian Islands and in the
Gulf of Alaska in January through May and as high as 19°C–21°C off the coast of
southern California or in the southern transition zone of the North Pacific Ocean in
November through March (Fig. 5).
In comparison to fur seals that breed in the Bering Sea, females breeding in California remain near the continental margins of North America and shift their at-sea
distribution northwards and offshore in the winter (Melin et al. 2012). As a result,
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the average SST encountered by female members of this population appear to stay
within the range of 8°C–20°C, with little variation throughout the year.
Discussion
The in-air metabolic rate of the northern fur seals in our study was equivalent to
3.2 times Kleiber’s (1975) allometric prediction for adult mammals, which is consistent with other studies of northern fur seals that ranged in age from postmolt pups to
5 yr of age (Miller 1978, Donohue et al. 2000). As individuals develop, the mass-specific metabolic rate would generally be expected to decrease, due to reductions in the
cost of growth as well as the allometric effects of increased absolute body mass (Kleiber 1975, Boyd 2002). Yet, within this general trend, seasonal variation would be
expected due to changes in overall energy budgets (Robeck et al. 2001, Rosen et al.
2012).
Metabolism was highest in our study during the fall seasonal trials, but this was
unlikely due to the costs of higher growth rates or a product of absolute body size.
Absolute body mass was highest in the fall, but growth rates were higher during the
spring and summer trials than during the fall or winter trials. In addition, the mass_ 2air from the winter to summer periods did not differ significantly
specific VO
between seasons, unlike the absolute body size of the individuals, which did change
significantly.
We also found no evidence that the seasonal changes in the metabolic rate were
related to thermoregulatory costs, as there was no relationship between the measured
metabolic rates and ambient air temperatures within or between sets of trials, except
_ 2air
during the winter seasonal trials. During the winter, the mass-specific VO
appeared to increase with ambient air temperatures below 2.5°C. Comparatively, a
previous study of juvenile (2–5 yr old) northern fur seals failed to find metabolic
changes across air temperatures of ~ –1°C–18°C (Miller 1978). A different study,
reported a lower critical air temperature for newborn northern fur seal pups between
0°C and 4°C (Blix et al. 1979). On the Pribilof Islands (the location of the main
breeding colony, Towell et al. 2008), documented average air temperatures below
2.5°C only occurred between November and April (1956–1986) when female and
juvenile northern fur seals are generally undertaking their annual pelagic migration
(Trites and Antonelis 1994). Therefore, the suggested lower critical air temperature
of our study supports the hypothesis that reduced air temperatures, in conjunction
with increasing storm occurrences and winds speeds, which destroy a pelage’s insulating air layer, are responsible for initiating the annual pelagic migration of these individuals (Trites and Antonelis 1994, Lea et al. 2009).
Molting, noted to be an energetically expensive process, is the most logical
explanation for the elevated metabolic rate we observed in the fall (Boyd et al.
1993). Northern fur seals entering their third year (such as our study animals)
have their molt centered in September (Scheffer 1962), which coincided with
our fall trials. The 50% increase in metabolic rate exhibited by our fur seals in
the fall relative to the other seasons was comparable to the 30%–87% increase
in metabolism associated with the molt in Steller and California sea lions (Eumetopias jubatus and Zalophus californianus; Kumagai 2004, Williams et al. 2007).
Molting is believed to decrease thermoregulatory capacity and add an additional
energetic cost for many species of marine mammals (Boyd et al. 1993, Boily 1995).
This could be substantial for northern fur seals, which take 4 or 5 mo to molt and rely
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primarily on their pelage for insulation (Scheffer 1962; Liwanag et al. 2012a, b).
However, we found that juvenile female northern fur seals in our study did not incur
any additional energetic costs to being submerged in water (at any temperature) during the fall seasonal trails. This lack of thermoregulatory cost during the molt might
be because northern fur seals do not lose old hairs until new replacement hairs have
emerged (Scheffer 1962).
Similar to a lack of thermoregulatory cost during the fall seasonal trials, there was
no increase in metabolic rates between the dry and wet conditions in any of the seasonal trials with the exception of the summer seasonal trials for the 2°C water temperatures. While our study found a lack of thermal costs at three specific water
temperatures (2°C, 10°C, and 18°C), it is logical to assume that the same was true at
the intermediary water temperatures. Thus, while we identified a zone of thermal
neutrality—a portion of the overall TNZ—we failed to identify specific upper or
lower critical water temperatures.
Our failure to detect an upper critical water temperature in any season was not surprising given that it is energetically inexpensive for marine mammals to dissipate
excess heat in water (Williams and Worthy 2002). Otariids have specialized blood
vessels (arteriovenous anastomoses) in their flippers that can readily dissipate excess
heat through the skin surface while swimming (Bryden and Molyneux 1978, Williams and Worthy 2002). To date, only one study has found an upper critical water
temperature (UCT) of 8°C, and it was only during a single set of trials with younger
northern fur seals (Rosen and Trites, in press). Comparatively, Liwanag (2010) could
not identify an UCT in northern fur seal pups exposed to water temperatures as high
as 25°C.
In terms of the lower critical water temperature (LCT), we presume it is below or
near to the 2°C water temperatures we tested, which is lower than what we had predicted based on studies of other aquatic and semiaquatic mammals that depend on a
dense pelage for thermoregulation (Dawson and Fanning 1981, Costa and Kooyman
1982, Williams 1986, Rutishauser et al. 2004). Previous studies of younger northern
fur seals immersed in water had reported LCTs ranging from 3.9°C–6.5°C (Rosen
and Trites, in press), to 8.3°C ! 2.5°C (Liwanag 2010), to ~10°C (postmolt, preweaning pups; Donohue et al. 2000). It is noteworthy that all of these previous studies
were undertaken with slightly different age groups. One other study that did use
northern fur seals of similar ages to those we studied had a reported LCT in water of
>18°C (Miller 1978). However, this surprisingly high value may be confounded by
the costs of diving, grooming, and swimming that occurred throughout the trials, as
costs of movement can be substantial (Darveau et al. 2002).
Comparing the reported LCTs of other studies to our finding that it is near to or
below 2°C for juvenile females suggests that the apparent differences between the
various studies may reflect a general decrease in LCT with age (Miller 1978, Donohue
et al. 2000, Liwanag 2010, Rosen and Trites, in press). Energetically, developing a
broad thermal neutral zone and explicitly a lower LCT may be necessary prior to bearing any additional energetic costs associated with reproduction and lactation, which
for the northern fur seal occurs with maturation between the ages of 3 and 7 yr old
(Williams et al. 2007, COSEWIC 2010).
It is not immediately obvious how northern fur seals could have a LCT near to or
below 2°C when the sea otter, with a pelage containing many similar morphological
traits but twice as dense, has a reported LCT of 20°C (Costa and Kooyman 1982,
Williams et al. 1992; Liwanag et al. 2012a, b). The difference between species does
not appear to be due to difference in surface area, as our fur seals (which increased in
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mass from 16.7 to 20.6 kg over the course of our study) would have had a calculated
surface area of 0.52–0.60 m2 (Irving et al. 1935, Blix et al. 1979, Innes et al. 1990,
Trites 1990), which is similar to the estimated surface area of 0.50–0.81 m2 for
16.6–20.0 kg sea otters (Costa and Kooyman 1982). Nor does it seem that our fur
seals obtained increased insulation from their minimal blubber layer (average fat layer
at birth is 2–4 mm, and 1.8–3.8 mm for captive 3 yr olds; Blix et al. 1979; DASR,
unpublished data), in comparison to the sea otter’s lack of a blubber layer (Davis et al.
1988).
Blubber is a relatively poor insulator, requiring high amounts and thick layers to
establish effective insulation. Phocid seals, which depend primarily on blubber to
minimize heat loss to the environment, have an average layer of ~40 mm—over 10
times thicker than in our fur seals (Scholander et al. 1950, Liwanag et al. 2012a). In
our study, the absolute and relative amount of lipid mass of the fur seals increased
over the course of the trials. However, having higher relative lipid layers would be
more beneficial for thermoregulation in younger rather than older animals because
smaller individuals have higher surface area to body mass ratios (Arnould et al. 1996,
Willmer et al. 2005). Thus, the change in lipid we observed was likely developmental or allometric in nature.
A potential explanation for the differences in LCT between sea otters and northern
fur seals might be attributable to differences in several key features in their pelage,
specifically the density of the guard hairs and the quantity of sebaceous glands present
(Scheffer 1962, Williams et al. 1992). While sea otters possess higher absolute density of hairs, the density of guard hairs in the northern fur seal’s pelage is ~20%–
90% greater (1,425–2,280 hairs/cm2; between 2.5% and 4% of the total fur seal
hairs) than for the sea otter (990–1,200 hairs/cm2) (Scheffer 1962, Williams et al.
1992). Although guard hairs are believed to provide little insulation themselves,
associated with each guard hair follicle are sebaceous glands that provide a hydrophobic barrier against pelage wetting through the excretion of sebum, a mixture of nonpolar lipids (Irving et al. 1962, Williams et al. 1992). The sea otter has a single,
large, bi-lobed sebaceous gland (Williams et al. 1992), while the northern fur seal in
contrast has a pair of round sebaceous glands subdivided into two or three lobes for
each guard hair follicle (Scheffer 1962). The northern fur seal could therefore have
2.4–3.8 times as many sebaceous glands compared to the sea otter. While the sebum
composition is extremely species-specific (Zouboulis 2004) and an increased number
of sebaceous glands does not necessarily equate to a greater volume of sebaceous secretions, this anatomical difference might explain why the northern fur seal has a
broader TNZ than the sea otter.
The unpredicted resiliency of juvenile female northern fur seals to the effect of
environmental water temperatures on metabolic rates would also suggest that the
migration of juvenile female northern fur seals might not be constrained by water
temperatures as commonly believed. Our investigation of the average sea surface temperatures encountered by northern fur seals in the Bering Sea and North Pacific
Ocean during their annual migration (as described by Gentry 1998) suggests that
they generally stay within a narrow range of temperatures from March to September,
but experience higher, more variable water temperatures in the months of November
to February. However, the migration patterns described by Kenyon and Wilke
(1953), Bigg (1990) and Ream et al. (2005) suggests fur seals encounter greater variability of the average SST throughout their migration—and that they exploit their
entire broad zone of thermal neutrality from November to June. The relatively
narrow range of water temperatures they experience from July to October occurs
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predominantly in the Bering Sea and likely reflects a geographic aggregation for
breeding where food is plentiful and survival of newborns is high, rather than a direct
response to thermal conditions imposed by water temperatures (Trites 1990, Trites
and Antonelis 1994).
The wide thermal neutral zone we observed implies that northern fur seals predominantly do not have to increase their metabolism to maintain a constant core
body temperature while foraging or resting at sea, although changes in temperature
with depth or the effect of microclimates cannot be discounted (Williams and Worthy 2002). Vertical oceanographic thermal properties, critical to the foraging success
of the northern fur seal, can produce subsurface water temperatures as low as –2°C
(the freezing point of sea water) during dives (Kuhn 2011). Nevertheless, thermal
substitution, the use of heat produced during activity or the processing of food, in
combination with relatively short dive durations could minimize any additional energetic disadvantage associated with diving to depth (Lovvorn 2007; Liwanag et al.
2009, 2010; Kuhn 2011).
Ecologically, a broad thermal neutral zone implies that prey choice for juvenile
females should not be limited by thermal considerations because they have the thermal capacity to alter their migration in response to changes in prey availability and
distribution. Migration patterns of the northern fur seal were undoubtedly first established by moving between seasonal prey aggregations that provided predictable energetic resources (Sigler et al. 2009). Northern fur seals consume over 70 different
species of fish, cephalopods, and crustaceans (Perez and Bigg 1986, Newsome et al.
2007, COSEWIC 2010) and presumably take advantage of seasonal pulses and spatial
aggregations of prey (energy resources) during their annual migration (Perez and
Bigg 1986, Lowry et al. 1991).
However, the broad distribution of northern fur seals across the North Pacific does
not mean that northern fur seal behavior is unaffected by thermal considerations.
While abrupt changes in weather conditions (e.g., increase in storm frequency, extent
of ice cover) beginning in November are hypothesized to be an impetus to migration
(Trites and Antonelis 1994, Lea et al. 2009), lower water temperatures likely also
play a role. Females and juvenile northern fur seals are absent from the Bering Sea
between January and May, when average sea surface water temperatures range
between 0°C and 4°C. Individuals that remain in the Bering Sea during this time
would likely experience an added energetic expense that depletes energy reserves, hinders growth and reproduction, and may ultimately lead to starvation (Rutihauser
et al. 2004, Lea et al. 2009).
In comparison to fur seals that breed in Alaska, females from San Miguel Island
remain near the continental margins of North America throughout the year, encountering a generally higher and constant range of temperatures (general temperature
exposure range was 8°C–20°C) due to the year-round upwelling of the California
Current waters off southern California (Melin et al. 2012). Upwelling effects tend to
be stronger in the summer, but change from day to day with wind speed and direction (Mann and Lazier 1991). Overall, this year-round upwelling constantly brings
new nutrients to the water surface and appears to provide a productive ecosystem for
a finite number of northern fur seals year round, such as the individuals from San
Miguel Island or historical populations from mainland California and Oregon (Mann
and Lazier 1991, Burton et al. 2001).
Despite their wide at-sea distribution in the North Pacific Ocean, northern fur
seals (female and juvenile individuals) do not appear to migrate to waters that exceed
21°C, suggesting there may be an upper critical water temperature (although one has
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yet to be identified). Northern fur seals (juvenile female individuals) nevertheless have
an impressively wide zone of thermal neutrality (spanning at least near to or below
2°C–18°C based on our measurements), and are physiologically well equipped to
exploit the entire Bering Sea and North Pacific Ocean.
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