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Cold environmental conditions and small body size promote heat loss and may create thermoregulatory chal-
lenges formarinemammals born in polar regions. However, among polar-born phocid seal species there are var-
iations in physical attributes and environmental conditions at birth, allowing for an interesting contrast in
thermoregulatory strategy. We compared thermoregulatory strategies through morphometrics, sculp attributes
(conductivity and resistance), nonshivering thermogenesis (NST via uncoupling protein 1; UCP1), and muscle
thermogenesis (via enzyme activity) in neonatal harp (Pagophilus groenlandicus), hooded (Cystophora cristata),
and Weddell seals (Leptonychotes weddellii). Harp seals are the smallest at birth (9.8 ± 0.7 kg), rely on lanugo
(82.49± 3.70% of thermal resistance), and are capable of NST through expression of UCP1 in brown adipose tis-
sue (BAT). In contrast, hooded seal neonates (26.8 ± 1.3 kg) have 2.06 ± 0.23 cm of blubber, accounting for
38.19 ± 6.07% of their thermal resistance. They are not capable of NST, as UCP1 is not expressed. The large
Weddell seal neonates (31.5 ± 4.9 kg) rely on lanugo (89.85 ± 1.25% of thermal resistance) like harp seals,
but no evidence of BAT was found. Muscle enzyme activity was highest in Weddell seal neonates, suggesting
that they rely primarily onmuscle thermogenesis. Similar total thermal resistance, combinedwithmarked differ-
ences in thermogenic capacity of NST and ST among species, strongly supports that thermoregulatory strategy in
neonatal phocids is more closely tied to pups' surface area to volume ratio (SA:V) and potential for early water
immersion rather than mass and ambient environmental conditions.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Thermoregulatory homeostasis can be challenging for marinemam-
mals that live in cold and aquatic environments and ismanaged through
a combination of behavioral and physiologicalmechanisms (Scholander
et al., 1950; Ryg et al., 1993; Liwanag et al., 2009). Heat loss in adult ma-
rine mammals is typically reduced by lower surface area to volume ra-
tios (SA:V) compared with terrestrial animals of similar size (Innes
et al., 1990; Oftedal et al., 1991), reduced peripheral blood flow (vaso-
constriction), counter-current heat exchangers (Scholander et al.,
1950), and effective insulation (Scholander et al., 1950; Dunkin et al.,
2005; Liwanag et al., 2012a, 2012b). A thick subcutaneous lipid depot
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provides insulation in adult phocid seals (Kvadsheim and Folkow,
1997; Liwanag et al., 2012b). Their blubber layer protects against the
cold and is effective against the increased conductivity of water experi-
enced as a result of their aquatic lifestyle. In general, it is thought that
adult phocid seals have broad thermal neutral zones as a result of this
thick blubber layer (Hokkanen, 1990).

Unlike adult seals, which rely on blubber, most phocid seal pups
are born with little or no blubber and rely instead on a lanugo coat
(Scholander et al., 1950; Ling, 1974; Elsner et al., 1977; Oftedal et al.,
1991; Kvadsheim and Aarseth, 2002). Phocid pup fur is lighter and
more insulative in air than a similar thickness of blubber; small-bodied
animals can achieve greater insulation with less volume and weight
using fur compared with blubber (Ryg et al., 1993). However, when
phocid fur becomes wet, water replaces the warm, trapped air in the
under-fur and heat can be readily conducted away from the body
(Scholander et al., 1950; Davydov and Makarova, 1964; Elsner et al.,
1977; Kvadsheim and Aarseth, 2002). Accordingly, lanugo is a good in-
sulator for phocid species that live in dry environments or on stable sub-
strates (i.e., elephant seals, Mirounga angustirostris and ribbon seals,
Histriophoca fasciata) (Oftedal et al., 1991; Smith et al., 1991). However,
it is not as effective for species with high potential for early immersion
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Table 2
Condition indices of neonatal harp, hooded, and Weddell seals (mean ± SEM), as well as
published values onmaternal mass, length of nursing period, and pup growth rate. Letters
in superscript indicate significant differences among mean values (p b 0.05) for which
there was an effect of species.

Harp seal Hooded seal Weddell seal

Mass [kg] 9.8 ± 0.7a 26.8 ± 1.3b 31.5 ± 4.9b

Standard length [cm] 82.8 ± 2.8a 100.7 ± 2.2b 122.2 ± 6.2c

Surface area [m2] 325.2 ± 13.9a 616.4 ± 39.1b 572.6 ± 32.3b

Total volume [L] 11.05 ± 0.82a 34.41 ± 3.17b 21.07 ± 2.94c

SA:V 29.62 ± 0.99b 18.05 ± 0.51a 28.80 ± 2 .61b

Blubber depth [cm] 0.8 ± 0.1a 2.1 ± 0.1b 0.5 ± 0.1a

% blubber by volume 13.47 ± 1.01a 34.42 ± 1.42b 9.38 ± 1.54a

Lipid droplet volume density (%) 72.36 ± 6.22a 91.03 ± 2.16a 54.40 ± 5.75b

% maternal mass at birth1 7% 11% 5%
Nursing period [days]2 10–12 days 3–5 days 35–49 days
Pup growth rate [kg day−1]3 2.3 ± 0.11 5.9–7.1 2.0 ± 0.10

1 From Anderson and Fedak (1987).
2 Values for harp seals: Kovacs et al. (1991); hooded seal: Lydersen et al. (1997)

and Bowen et al. (1985), Weddell seals: Teadman and Bryden (1979) and Hill (1987).
3 Values for harp seals: Kovacs et al. (1991); hooded seals: Lydersen et al. (1997);Weddell

seals: Hill (1987).

60 L.E. Pearson et al. / Comparative Biochemistry and Physiology, Part A 178 (2014) 59–67
in water, as may occur in species born on unstable pack ice, or phocid
species that naturally enter the water early in life (hooded seals,
Cystophora cristata and harbor seals, Phoca vitulina) (Oftedal et al.,
1991). In these species, pups molt the lanugo in utero, and are born
with a subcutaneous blubber layer and a more adult-like pelage (Burns,
1970; Bowen et al., 1987; Oftedal et al., 1991). The deposition of a suffi-
ciently thick blubber layer in utero canprovide neonateswith effective in-
sulation even if they enter the water; therefore, lanugo is extraneous
(Oftedal et al., 1991).

Neonatal phocids are precocial comparedwithmost other terrestrial
carnivores (Kovacs and Lavigne, 1986, 1985), but they are typically born
without the heat conserving adaptations of adults (Scholander et al.,
1950; Irving and Hart, 1957; Blix and Steen, 1979). Young phocids
have a large SA:V (Blix and Steen, 1979; Oftedal et al., 1991) and poorly
developed vasocontrol (Lapierre et al., 2004). Yet somehow, theymain-
tain a stable core body temperature (Scholander et al., 1950; Irving and
Hart, 1957; Blix and Steen, 1979; Little, 1995), evenwhen ambient tem-
peratures are well below freezing (Ortisland and Ronald, 1978; Blix and
Steen, 1979). To maintain euthermia, young seals may employ thermo-
regulatory strategies not used by adults to increase their thermogenic
capacity. Thermogenic capacity is determined by metabolic rate (MR),
NST in brown adipose tissue (BAT) (Cannon and Nedergaard, 2004),
shivering thermogenesis (ST) (Davydov and Makarova, 1964; Elsner
et al., 1977; Blix et al., 1979), and/or futile cycling of calcium ions in
muscle (deMeis et al., 2005; Arruda et al., 2007). However, thesemech-
anisms come at a high metabolic cost (Cannon and Nedergaard, 2004;
de Meis et al., 2005), reducing the energy available for growth and de-
velopment. Selective pressure may result in using these mechanisms
sparingly (Thompson et al., 1987; Little, 1995).

Although neonatalmass typically scales withmaternal mass (Schulz
and Bowen, 2004; Wheatley et al., 2006), differences in pelage, blubber
thickness, and body size are common among young phocids. For exam-
ple, harp (Pagophilus groenlandicus) and hooded seals are born on pack
ice in March when ambient air temperatures are low and storm events
are common (Table 1). Yet, harp seals have a small body size (~7% of
maternal mass; Table 2; Anderson and Fedak, 1987), a very thin blubber
layer, and a white lanugo coat that provides the primary insulation
(Kvadsheim and Aarseth, 2002; Pearson et al., 2014). Hooded seal
pups are larger (typically 11% of maternal body mass; Table 2; Bowen
et al., 1985; Anderson and Fedak, 1987), they molt their lanugo pelage
in utero, and a blubber layer provides insulation (Bowen et al., 1985;
Oftedal et al., 1991; Lydersen et al., 1997). At the opposite pole, the larg-
er Weddell seals (Leptonychotes weddellii) are born on stable fast ice in
October and November around Antarctica, when severe weather and
storms are common (Table 1). Though large in body mass, neonatal
Weddell seals are small relative to maternal mass (~6%; Table 2;
Anderson and Fedak, 1987; Wheatley et al., 2006), and they are
born with little blubber and a wettable lanugo (Elsner et al., 1977).
These three species each highlight a different characteristic of young
phocids, which make them a good comparison.
Table 1
Environmental variables (mean ± SD) from 2003 to 2013 for the 3 sampling locations
(Gulf of St. Lawrence, Canada, “West Ice”, Greenland, McMurdo Sound, Antarctica) during
the peak pupping dates by location for harp, hooded, and Weddell seals.

Gulf of St
Lawrence1

“West Ice”2 McMurdo
Sound3

Species Harp/hooded Harp/hooded Weddell
Birth substrate Pack ice Pack ice Fast ice
Ambient temperature (°C) −5.13 ± 4.28 −2.80 ± 3.84 −15.28 ± 3.11
Minimum temperature (°C) −7.90 ± 4.82 −4.71 ± 3.93 −18.99 ± 3.41
Maximum temperature (°C) −2.21 ± 4.44 −1.02 ± 3.49 −12.12 ± 3.20
Daily precipitation (mm) 3.36 ± 6.47 1.57 ± 2.54 0.13 ± 0.49
Total precipitation (mm) 30.85 ± 15.61 15.62 ± 11.75 2.07 ± 1.51

1 Data from Environment Canada: Climate (http://climate.weather.gc.ca/).
2 Data from Norwegian Meteorological Institute (http://met.no/English/).
3 Data from Antarctic Meteorological Research Center, University of Wisconsin–Madison.
Previous studies on thermoregulation in youngphocids primarily fo-
cused onmechanisms preventing heat loss (Scholander et al., 1950; Blix
and Steen, 1979; Kvadsheim and Aarseth, 2002), with little work quan-
tifying heat-generating mechanisms. Additionally, for a given species
and age class few studies (e.g., Pearson et al., 2014) have quantified a
comprehensive suite of thermoregulatory mechanisms. In this study,
we used a comparative approach to quantify insulation, the capacity
for NST, and muscle thermogenesis (via muscle enzyme activity) in
harp, hooded, andWeddell seals.We related theprimary thermoregula-
tory mechanism to what is known about the environmental conditions
(e.g., ambient temperature and substrate stability) for each species.
Further, we examined how thermoregulatory strategies differ among
species with different developmental patterns. Because there are large
differences in the duration of lactation andmaternal energy investment
among phocids (Kovacs and Lavigne, 1986; Boness and Bowen, 1996;
Oftedal et al., 1996; Schulz and Bowen, 2004), we compared neonatal
pups at an equivalent developmental stage (Kovacs and Lavigne, 1986).
We hypothesized that harp seals may rely on thermogenesis via NST or
muscle thermogenesis to maintain euthermia at birth (Davydov and
Makarova, 1964; Blix et al., 1979; Kvadsheim and Aarseth, 2002), and
hooded seal neonates may not require additional thermogenesis, as
their smaller SA:V and blubber make them better insulated. We hypoth-
esized thatWeddell sealsmay also rely on thermogenesis viaNST ormus-
cle thermogenesis to maintain euthermia, as they are born into a harsher
environment with very little blubber.

2. Materials and methods

2.1. Sample collection

Ten harp seal (P. groenlandicus) neonates (within hours of birth; 6
from Canada, 4 from Greenland; 5 males, 5 females) and 8 hooded
seal (C. cristata) neonates (within hours of birth; 5 from Canada, 3
from Greenland; 5 males, 3 females) were captured in March 2008 in
the Gulf of St. Lawrence, Canada (N47°36′ W62°13′), and in March
2011 in the “West Ice” off Greenland (N72°24′,W14°15′). Harp andhood-
ed seal pupswere aged based on coat appearance andmass (Stewart and
Lavigne, 1980; Bowen et al., 1987). Pups were sacrificed using methods
approved for scientific harvest in Canada (DFO Permit: IML-2007-04) or
Norway (Directorate of Fisheries under theNorwegianMinistry of Fisher-
ies and Coastal Affairs #7764 4900). Six frozenWeddell seal (L. weddellii)
neonate carcasses (3males, 3 females)were opportunistically collected in
October 2010 and 2011 from the McMurdo Sound region (S77°40′,
E166°30′). All pups were less than 2 days old as determined by the pres-
ence of the placental sac (n = 3), freshness of the umbilicus (n = 1), or

http://met.no/English/
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Fig. 1. Conductivity chamber set-up. The relative positions of the sculp sample, standard
material, and thermocouples (open circles) are shown. Diagonal lines represent the fur
layer of the sample.
Adapted from Mostman Liwanag (2008).
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exact date of birth (n = 2). Date of birth and death was recorded during
regular population surveys conducted by a collaborating research group
(Project B009 lead by J. Rotella and R. Garrott) and carcasseswere collect-
ed within 2 days post-mortem. Pups likely froze soon after death given
the ambient temperature was well below 0 °C, and were kept frozen
until necropsy. All carcasses were condition Code 2 (‘freshly dead’;
Rowles et al., 2001). The University of Alaska Anchorage Institutional An-
imal Care and Use Committee approved all animal-handling protocols
(Canada: #Burns2005; Greenland: #149278-1). Samples were collected
and imported under NMFS Permits #782-1694-02 (Canada), #15510
(Greenland), and #87-1851-04 (Antarctica). Research activities while at
McMurdo Station, Antarctica were approved under the Antarctic Conser-
vation Act permits.

2.2. Morphometrics

Harp and hooded seals in both Canada andGreenlandwereweighed
(±0.5 kg) using a spring scale. Weddell seal mass was estimated using
species-specific growth equations based on length and girth (Bryden
et al., 1984). For all species, blubber depth was averaged from post-
mortemmeasurements at 6 locations along the body (i.e., neck, axillary,
sternum,mid-seal, umbilicus, and pelvis) using a ruler (±0.1 cm). Dor-
sal standard length (±0.1 cm), curvilinear length (±0.1 cm), and girth
(±0.1 cm) (Mammalogists, 1967) at each point along the body were
measured with a flexible tape measure. Total body volume, percent
blubber by volume, and surface areawere calculated following the trun-
cated cones method outlined in Gales and Burton (1987).

2.3. Insulation

We assessed the quality of insulation provided by the blub-
ber and fur for each neonate by measuring the thermal conduc-
tivity (k; W m−1 °C−1) and calculating the thermal resistance
(R; m2 °C W−1) of each tissue (Kvadsheim et al., 1994; Liwanag et al.,
2012a, 2012b). Sculp samples (full blubber thickness including skin
and fur) from harp and hooded seals were collected from the dorsum,
just caudal to the shoulders, within 30 min post-mortem and stored at
−20 °C. Weddell seals sculp samples were collected from the dorsum,
just caudal to the shoulders, during necropsy and stored at −80 °C.
Thermal conductivity of the sculp, blubber, and fur including skin was
concurrently measured on square (~10 cm × 10 cm) sections using
the ‘standard materials method’ described by Dunkin et al. (2005) and
Liwanag et al. (2012a,b). Fur was cleaned with water and dried using
a hair dryer on the cool setting to restore the air layer (Liwanag et al.,
2012a). Mean values of triplicate measures of the thickness measure-
ments (±0.01 mm) of the blubber, skin, and dry fur were taken using
digital calipers (ABSOLUTE Digimatic Caliper Series 500, Mitutoyo,
Aurora IL, USA).

Conductivity samples were placed in a heat flux chamber that
consisted of a well-insulated lower compartment heated to 37 °C
with a circulating water bath, and an ice chilled upper compartment
(~−1 °C; Fig. 1; Liwanag et al., 2012a, 2012b). The standardmaterial,
an elastomer of known conductivity (Plastisol vinyl; Carolina Biolog-
ical Supply, Burlington, NC, USA; k = 0.109 W m−1 °C−1), was
placed on the heat source below the sample, which was exposed to
the chilled air. The standard and sample were surrounded by styrofoam
insulation to ensure unidirectional heat flow. Temperatures were mea-
sured simultaneously using 12 copper-constantine (Type
T) thermocouples (Physitemp Instruments Inc. Clifton, NJ, USA) placed
in triplicate between 1) the surface of the heat source and the standard
material, 2) the standard and the sample, 3) the skin and the blubber,
and 4) on top of the fur (Fig. 1). All thermocouples were wired to a
Fluke Hydra data logger (model 2625A; Fluke Inc., Everett, WA, USA)
that recorded temperature every 10 s. The final 30 min of each trial
(minimum 2 h) were used for data analysis.
Thermal conductivity was calculated across the sculp, blubber, and
fur including skin using the Fourier equation (Kreith, 1958):

H ¼ k� A� ΔT � L−1 ð1Þ

whereH is the heat transfer (J s−1), k is the conductivity (Wm−1 °C−1),
A is the area (m2) through which the heat is moving, ΔT is the temper-
ature differential (°C) across the material, and L is the thickness of the
material (m). Assuming heat transfer (H) is equal across the standard
material and sample, the Fourier equations for both materials can be
set equal and solved for the thermal conductivity of the sample. Because
thermocouples were placed at the interface of each layer, we could cal-
culate k for the sculp, blubber, and fur including skin using the data from
a single trial. To account for changes in insulation due to differences in
the thickness of blubber and fur among species, we calculated the ther-
mal resistance (R; m2 °C W−1) of the sculp, blubber, and fur including
skin separately, using the equation:

R ¼ L� k−1
: ð2Þ

2.4. Metabolic heat production

We wanted to assess the capacity for metabolic heat production by
the longissimus dorsi (LD), a large andmajor swimmingmuscle, through
shivering thermogenesis or futile cycling. Specifically, we measured the
activity of three metabolic enzymes that play important roles in provid-
ing reducing substrates for heat production: citrate synthase (CS) as an
estimate of tricarboxylic acid cycle activity, β-hydroxyacyl CoA dehy-
drogenase (HOAD) as a measure of lipid β-oxidation, and cytochrome
c oxidase (COX) as a measure of electron transport chain activity. Sam-
ples of LD (100 mg) from harp and hooded seals were collected within
30 min post-mortem, immediately frozen in liquid nitrogen, and stored
at−80 °C until assayed.Weddell seal sampleswere not available due to
the unknown time and cause of death. Enzyme activities for neonatal
Weddell seals were obtained from published values (Kanatous et al.,
2008). We measured all enzyme activities under substrate saturating
conditions following previously published protocols (Kanatous et al.,
2008; Prewitt et al., 2010).

LD samples were homogenized at 0 °C in buffer (1:20 wt:vol) con-
taining 1X phosphate buffered saline, 1% Tween 20, 20% glycerol, and
a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN,
USA) and were centrifuged at 10,000 g for 10 min at 4 °C. The super-
natant was used for the enzyme assays, which were run in a Molec-
ular Devices SpectraMax 340 microplate reader (Sunnyvale, CA,
USA) held at approximate seal body core temperature (37 °C). Assay

image of Fig.�1
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conditions were as follows: 1) CS (EC 4.1.3.7): 50 mmol L−1 imidaz-
ole, 0.25 mmol L−1 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB),
0.4 mmol L−1 acetyl CoA and 0.5 mmol L−1 oxaloacetate, pH 7.5 at
37 °C; ΔA412, ∈412 = 13.6. 2) COX: 0.1 mmol L−1 DTT, 0.22 mmol L−1

ferrocytochrome-c, 10 mmol L−1 Tris–HCl pH 7.0 with 120 mmol L−1

KCl;ΔA550∈550= 21.84. 3) HOAD (EC 1.1.1.35): 50mmol L−1 imidazole,
1 mmol L−1 EDTA, 0.1 mmol L−1 acetoacetyl CoA, and 0.15 mmol L−1

NADH, pH 7.0 at 37 °C; ΔA340, ∈340 = 6.22. Specific enzyme activities
(IU g−1 wet tissue mass) were calculated from the change in absorbance
during the linear slope of the assay. Sampleswere run in triplicate; values
were only accepted if replicate coefficients of variation (CV) were b10%.
Activity values for the entire assay plate were rejected and rerun if CVs
were N10% or if values for a control muscle with known enzyme activity
fell outside a previously determined normal range published in
Prewitt et al. (2010). Enzyme activity was scaled to previously pub-
lished field metabolic rates (FMR) for neonates of each species
(harp seal: 644.8 kJ kg−1 d−1, Lydersen and Kovacs, 1996; hooded seal:
714 kJ kg−1 d−1, Lydersen et al., 1997; Weddell seal: 244 kJ kg−1 d−1,
Elsner et al., 1977) prior to interspecific comparisons to control for differ-
ences in body size and metabolic rate.

2.5. Nonshivering thermogenesis

We examined pups of all species for evidence of BAT tissue that
matched previously published descriptions of BAT from the venous
plexus of the neck (Grav et al., 1974; Blix et al., 1975). Tissue samples
were stored in Whirlpaks® at −20 °C for up to 2 weeks before being
stored at −80 °C until analysis. Samples of muscle (LD) and blubber
were also collected for use as negative controls. No BAT tissue was
found in Weddell seal neonates; therefore, subsequent analyses on
BAT and UCP1 were limited to harp and hooded seals.

2.5.1. BAT characterization and UCP1 detection
Western blot analyses were performed on 12% SDS-PAGE gels with

tissue homogenates of the BAT-like tissue samples to determine if
uncoupling protein 1 (UCP1) was expressed. Samples were homoge-
nized in the same buffer used for enzyme assays and centrifuged at
10,000 g for 10 min at 4 °C. Total protein content (mg/mL) of the ho-
mogenate was determined using Pierce Coomassie Blue ‘The Better
Bradford’ Total Protein Assay (Pierce Chemicals, Rockford, IL, USA). Thir-
ty micrograms of protein per sample was mixed with loading dye, load-
ed onto 12% SDS-PAGE gels, run at 100 V for 1 h, and transferred onto a
nitrocellulose membrane. Membranes were then stained with Ponceau
S Solution (0.2% v/v in 5% acetic acid; Alfa Aesar, Ward Hill, MA, USA) to
ensure proper protein transfer.Western blot developmentwas done on
a SNAP i.d. (EMD Millipore, Billerica, MA, USA). The primary antibody
(rabbit anti-UCP1, IgG, 1:3000; #ab10983, Abcam, Cambridge, MA,
USA) was detected using an Alexa Fluor 680 goat anti-rabbit (IgG,
1:5000) secondary antibody (Invitrogen, Carlsbad, CA, USA). Addi-
tionally, β-Actin (rabbit anti-β-Actin, IgG, 1:3000, #ab8227, Abcam,
Cambridge, MA, USA) was detected on the same membranes, to en-
sure equal protein loading across samples and gels. Protein bands
were visualized using a LI-COR Odyssey imaging system (LI-COR,
Lincoln, NE, USA), and band intensity was quantified using a digital
analysis program (Image J, Schneider et al., 2012). Samples were run
in triplicate and expression of UCP1 and β-Actin was calculated for
each individual. UCP1 expression relative toβ-Actin expressionwas cal-
culated for each individual and averaged for each of the two species.
Arctic ground squirrel (Urocitellus parryii) BAT was used as a positive
control for antibody reactivity to UCP1 (Barger et al., 2006). We tested
for cross-reactivity of the antibody with other UCPs by performing
Western blot analyses using the UCP1 antibody on muscle and blubber
of all three phocid species. Peptide competition assays were also per-
formed on the BAT-like tissue to ensure binding was not due to anti-
body cross-reactivity. In this assay, UCP1 antibody (1:1500) was pre-
incubated with UCP1 peptide (1:60; #ab24282, Abcam, Cambridge,
MA, USA) for 60 min at 37 °C. Incubation and development were per-
formed as above using the primary antibody–peptide mix in place of
the primary antibody. Peptide competition resulted in complete in-
hibition of antibody activity, indicating that the protein bound by
the UCP1 antibody in the Western blot was UCP1 and not antibody
cross-reactivity.

2.5.2. Histology
To measure the volume density of lipid (%) in BAT and blubber, fro-

zen samples (0.5 cm × 0.5 cm) were thawed, fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4) for 12 h at 4 °C, dehydrated
with gradually increasing concentrations of ethanol (75%, 95% and
100%), cleared with Clarification NeoClear (EMD Chemicals Inc.,
Gibbstown, NJ, USA), and embedded in paraffin wax. Serial sections,
7 μm thick, were cut with a microtome, placed onto glass slides, dried for
12 h at 25 °C, and stained with Hematoxylin and Eosin. Slides were im-
aged using a LeicaDM6000Bmicroscope and Leica DFC350FX camera sys-
tem (Leica Biosystems, Buffalo Grove, IL, USA). Lipid droplet volume
density was determined by standard point counting procedures outlined
in Weibel (1979) and modified for digital photography (Watson
et al., 2007) using Adobe Photoshop CS5 (Adobe Systems Inc., San
Jose, California, USA) with the ‘grid’ feature enabled to generate a
grid of appropriate point density for the lipid droplet size of the BAT
or blubber. A minimum of six images containing 400–600 test points
each were counted for each tissue per individual animal.

2.5.3. Transmission electron microscopy
The mitochondrial volume density in BAT was measured using

transmission electron microscopy (TEM) to assess tissue ultrastructure
in harp and hooded seals. In the field, 15mg subsamples of BAT-like tis-
sue were immediately fixed in a 2% glutaraldehyde–2% paraformalde-
hyde in 0.1 M sodium cacodylate buffer (pH 7.4) and stored at 4 °C.
Subsequently, at the Electron Microscopy Lab at the University of
Maine (Orono, ME), samples were cut into 1 mm blocks rinsed 3× and
held overnight in 0.1 M cacodylate buffer (pH 7.4). Samples were then
post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h
while on ice, rinsed in DIH2O, and dehydrated with increasing concen-
trations of acetone (50%, 70%, 95%, and 100%). Samples were infiltrated
with 50/50 mix of 100% acetone and epon–araldite resin overnight,
moved to a fresh resin under vacuum (2 × 30 min) the following day,
embedded in fresh epon–araldite resin, and cured for 48 h at 65 °C.
Thin sections (2 μm) were cut on a Leica UC6 Ultramicrotome (Leica
Biosystems, Buffalo Grove, IL, USA) and placed onto G200 copper grids
(Electron Microscopy Sciences, Hatfield, PA, USA). Grids were counter-
stained with 1% uranyl acetate in water for 20 min followed by 0.5%
lead citrate in water for 4 min. Sections were photographed on a JEOL
1200 Transmission Electron Microscope (JEOL, Peabody, MA, USA) in
the Advanced Instrument Laboratory at the University of Alaska Fair-
banks. Carbon grating replica calibration was performed on the micro-
scope to confirm magnification was within 5% of nominal magnification.
Digital images were captured at 3000×. Twenty images were taken per
sample for analysis. The volume fraction of mitochondria was estimated
using standard point counting procedures (Weibel, 1979) modified
for digital photography (Watson et al., 2007). Adobe Photoshop CS5
(Adobe Systems Inc., San Jose, California, USA) with the ‘grid’ feature
enabled was used to generate a grid of appropriate point density for
each tissue based on the relative size of the mitochondria (Weibel,
1979). All points falling on mitochondria were counted. The relative
standard error (RSE) of the volume density of each sample was cal-
culated by pooling counts from all images for a sample and applying
the RSE equation for binomial counts (Mathieu et al., 1981). RSE was
18.77 ± 4.37% for all samples.

2.5.4. Enzyme activities
We evaluated the metabolic flux through mitochondria in BAT by

measuring the aerobic enzyme activities (μmol mL−1 g−1 wet tissue
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mass) of CS (EC 2.3.3.1), HOAD (EC 1.1.1.35), and COX (EC 1.9.3.1) using
the same protocols as described above for LD muscle. Enzyme activities
in BAT and muscle were compared to assess the metabolic flux and po-
tential for heat generation of each tissue.

2.6. Statistical analysis

Data were tested for normality and equal variance. No data points
were identified as outliers (mean ± 2 SD), and all data points were
retained. One-way ANOVAs and Bonferroni post-hoc tests were used
to determine differences among species, and differences were consid-
ered significant at the 95% level (p b 0.05). Means are reported ±SEM.
All analyses were completed in SPSS Software (ver. 21, IBM, Armonk,
NY, USA).

3. Results

3.1. Morphometrics

The mean mass values of pups sampled in this study (Table 2) fall
within previously published birth-mass range (harp: 10.8 ± 0.7 kg,
Stewart and Lavigne, 1980; hooded: 24.1 ± 0.9 kg, Oftedal et al., 1989;
Weddell: 30.4 ± 0.5 kg, Elsner et al., 1977; Hill, 1987) as do measure-
ments of standard length (harp: 84.6 ± 2.7 cm, Stewart and Lavigne,
1980; hooded: 103.0 ± 6.4 cm, Oftedal et al., 1989; Weddell: 123.0 ±
1.3 cm, Burns, 1997). Because values fell within established ranges for
neonates for each species, all pups in this study were considered
neonates.

There were significant differences among species in the mass
(F2,20 = 31.93, p b 0.001), standard length (F2,20 = 30.93, p b 0.001),
total volume (F2,11 = 15.57, p = 0.001), surface area (F2,11 = 21.73,
p b 0.001), and SA:V (F2,11 = 8.85, p = 0.005) of neonates. Post-hoc
tests revealed that Weddell seal and hooded seal neonates were ~3×
heavier and 1.2–1.3× longer than harp seals (Table 2). Although mass
and surface area did not significantly differ betweenWeddell and hood-
ed seals, Weddell seals were 1.2× longer (Table 2), and thus had sig-
nificantly higher SA:V (p = 0.01). Blubber volume (F2,11 = 66.39,
p b 0.001) and % blubber by volume (F2,11 = 81.85, p b 0.001) also
significantly differed among the three species (Table 2). Weddell
seals had the lowest % blubber by volume and % lipid in the blubber
of all the species (Table 2). Hooded seals were born with 3× the
blubber volume of the other two species (Table 2).

3.2. Insulation

The thermal conductivity of the intact sculp (F2,12= 1.18, p= 0.341),
the blubber layer alone (F2,12 = 0.20, p = 0.824), and the fur including
skin portion did not differ significantly among species (Table 3). Thermal
resistance, which accounts for differences in thickness of each tissue, did
not differ significantly for the full sculp or the fur including skin (Fig. 2).
However, hooded seal blubber had significantly greater resistance
(p b 0.001) than the blubber of either harp or Weddell seal neonates.
The proportion of total thermal resistance attributed to the blubber
versus the fur including skin was significantly higher (F2,11 = 13.39,
Table 3
Thermal conductivity of fur including skin, blubber, and sculp (mean ± SEM) in harp,
hooded, and Weddell seals. There were no significant differences in conductivity among
the species for any tissue (p N 0.05).

Harp seal Hooded seal Weddell seal

Thermal conductivity
[W m−1 °C−1]

Fur + skin 0.1489 ± 0.0172 0.0892 ± 0.0182 0.1081 ± 0.0176
Blubber 0.2104 ± 0.0633 0.2240 ± 0.0269 0.1785 ± 0.0327
Sculp 0.1567 ± 0.0257 0.1369 ± 0.0120 0.1136 ± 0.0160
p = 0.001) in hooded seals (39.2 ± 6.1%) than harp (17.5 ± 3.7%;
p = 0.007) and Weddell seals (10.2 ± 1.3%; p = 0.001).
3.3. Metabolic heat production

Metabolically scaled enzyme activity (Table 4) showed thatWeddell
seals had substantially greater potential to produce heat via shiver-
ing, as they possessed significantly higher CS/FMR (F2,12 = 10.90,
p = 0.002) and HOAD/FMR (F2,12 = 3710.96, p b 0.001), but not
COX/FMR (F2,12 = 3.58, p = 0.060) among species (Table 4).
3.4. Nonshivering thermogenesis

We collected tissue that visually resembled BAT from the venous
plexus region of the neck in harp and hooded seals. A macroscopically
comparable tissue was not observed anywhere in the body of Weddell
seals, though several tissue samples were collected from the same
region as harp and hooded seals. UCP1 was only expressed in harp
seal BAT tissue (Fig. 3A). No UCP1 was detected in muscle, blubber, or
other tissue, and no cross-reactivity with other UCPs occurred in any
tissue of any of the three species studied. TEM and histological analysis
of the harp seal BAT revealed that it contained 14.03± 2.02%mitochon-
dria and 79.83 ± 3.37% lipid in multilocular droplets distributed
through the cells (Table 4; Fig. 4A). Activity of CS, COX, and HOAD in
BAT was significantly higher than in the LD (F1,15 = 11.97, p = 0.004;
F1,15 = 6.44, p = 0.023; and F1,15 = 12.97, p = 0.003, respectively;
Table 4) indicating a greater potential for lipid-fueled heat generation
in BAT than muscle.

In hooded seals, the tissue that resembled BAT macroscopically did
not express UCP1 (Fig. 3B), contained ten-fold fewer mitochondria
(1.40 ± 0.01%; F1,6 = 14.22, p = 0.009; Table 4; Fig. 4B), and did not
have elevated enzyme activities compared with LD, and as such is
essentially a white adipose tissue (WAT) deposit. Indeed, the WAT
had similar (COX; F1,13 = 0.23, p = 0.641) or significantly lower
(CS F1,13 = 16.27, p = 0.001; and HOAD F1,13 = 29.24, p b 0.001) en-
zyme activity than the LD (Table 4), indicating less potential for heat
generation in WAT than in muscle. In addition, while the lipid content
of the BAT in harp seals and WAT in hooded seals was similar
(Table 4; F1,6 = 0.42, p = 0.539), the cells in the WAT of hooded
seal neonates were typically unilocular (Fig. 4B), and enzyme activity
was lower compared with the BAT in harp seals (COX: F1,13 = 5.64,
p = 0.034; CS: F1,13 = 23.72, p b 0.001; and HOAD: F1,13 = 17.24,
p = 0.001; Table 4).
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Fig. 2. Total thermal resistance (m °C W−1) of harp, hooded, and Weddell seal neonates
(mean ± SEM). Total thermal resistance is the sum of the thermal resistance of the blub-
ber (black bar) and pelt (fur + skin, gray bar). There was a significant difference in the
contribution of blubber to the overall resistance (p b 0.05), although the resistance of
fur+ skinwas not significantly different (p N 0.05) among species. Letters indicate differ-
ences among species where there was a significant change in the resistance of blubber.
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Table 4
Enzyme activity of cytochrome c oxidase (COX), citrate synthase (CS), and β-hydroxyacyl CoA dehydrogenase (HOAD) (μmol min−1 g-wet weight−1) and stereological measurement in
tissues of harp, hooded, and Weddell seal neonates (mean ± SEM).

Harp seal Hooded seal Weddell seal1

Tissue
Muscle Enzyme activity/FMR

CS 0.09 ± 0.005a 0.09 ± 0.004a 0.16 ± 0.028b

COX 0.02 ± 0.001 0.004 ± 0.002 0.02 ± 0.005
HOAD 0.11 ± 0.004a 0.11 ± 0.010a 0.93 ± 0.136b

Enzyme activity [μmol min−1 g-wet weight−1]
CS 49.68 ± 3.26a 48.57 ± 6.41a 23.76 ± 6.28b

COX 6.25 ± 1.27 4.99 ± 0.83 4.40 ± 1.08
HOAD 70.61 ± 3.04 72.26 ± 5.94 130.01 ± 36.68

Brown adipose tissue Enzyme activity [μmol min−1 g-wet weight−1]
CS 102.23 ± 15.75 18.17 ± 2.52
COX 15.47 ± 3.17 5.67 ± 1.18
HOAD 193.15 ± 31.44 31.39 ± 3.63
% lipid droplet volume density 79.83 ± 3.37 86.61 ± 4.70
% mitochondrial volume density 14.03 ± 2.02 1.40 ± 0.01⁎

Letters indicate significant differences in mean values among species (p b 0.05). Values in bold indicate significant differences (p b 0.05) within species between muscle and brown ad-
ipose tissue enzyme activity.
⁎ Indicates a significant difference (p b 0.05) between harp and hooded seal brown adipose tissuemitochondrial density. No brown adipose tissuewas found in neonatalWeddell seals.
1 Weddell seal enzyme values from Kanatous et al. (2008).
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4. Discussion

This study compared the insulation and mechanisms contributing
to thermogenic capacity in three polar phocid species: harp, hooded,
and Weddell seals. There was no difference in the conductivity of the
blubber layer, despite differences in the amount of lipid (Table 3 and
Table 2). Differences in insulation did arise in the extent to which the
blubber and fur contributed to the overall insulation (resistance). Both
Weddell seals and harp seals relied on lanugo, and the thin subcutane-
ous blubber layer provided little insulation, whereas in hooded seals,
the subcutaneous blubber greatly contributed to their overall thermal
resistance. However, surprisingly, despite differences in the contribu-
tion of blubber versus fur (Fig. 2), ambient conditions (Table 1), and
morphometrics (Table 2), neonatal harp, hooded, and Weddell seals
were similarly insulated at birth (i.e., similar total thermal resistance;
Fig. 2). As amounts of insulation did not differ among species, the
drivers of thermoregulatory capacity were pups' SA:V, potential for im-
mersion, and the presence or absence of lanugo.

While all three species had similar insulation, harp seals have a high
SA:V (Table 2) and they likely experience a high rate of heat loss, partic-
ularly if their lanugo iswet. Indeed, neonatal harp seals shiver right after
birth when their coat is soaked with amniotic fluid (Blix et al., 1979);
however, muscle glycogen reserves become depleted within hours
and shivering is not observed further (Blix et al., 1979). Previous studies
found evidence of BAT-like tissue in the venous plexus of the neck of
harp seals (Grav et al., 1974; Grav and Blix, 1976; Blix et al., 1979),
and our work (including Pearson et al., 2014) shows harp seals express
UCP1 in BAT. This makes harp seals the second small polar phocid known
to be capable of NST, after the ringed seal (Pusa hispida) (Taugbøl, 1982).
The low aerobic capacity in the LD (this study) and 5 other skeletal
muscles (Burns et al., accepted for publication) and the expression
Fig. 3. Representative western blots for uncoupling protein 1 expression in the brown adipose
Weddell seal neonates. Each band represents an individual seal. AGS represents the positive co
of embryonic muscle fibers (J. Burns unpublished data) suggest that the
skeletal muscle of harp seals is not sufficiently developed for the constant
endurance activity of ST (Asakura, 2004; Cannon and Nedergaard, 2011).
Additionally, harp seal neonates are likely aided by the liberation of heat
as a result of their high FMR and relatively fast growth rate during the
nursing period (Worthy, 1987; Lydersen andKovacs, 1996). Alternatively,
the acute cold exposure may result in an increase in the thermogenic
capacity of BAT, and NST will compensate for the cold demand,
allowing shivering to cease as occurs in cold exposed mice (Cannon and
Nedergaard, 2011). However, we cannot assess the total capacity for
heat generation via NST because norepinephrine challenges (Cannon
andNedergaard, 2004) have not been performed, andwe cannot account
for the metabolic effects of norepinephrine on other tissues (Cannon and
Nedergaard, 2011). In terrestrial species (mouse, rat), BAT can increase
metabolic rates about 4× (Cannon and Nedergaard, 2004). Davydov and
Makarova (1964) showed the MR of neonatal harp seals increases 2.4×
after immersion in 0 °C water; this increase in MR may represent, in
part, the activation of BAT. Therefore, while harp seal pups may use
NST, it is costly. Indeed, storms, rain, early ice break-up, and water-
immersion, all of which may increase thermogenesis, are all known to
dramatically reduce pup survival (Friedlaender et al., 2010; Bajzak et al.,
2011; Johnston et al., 2012). Thus, neonatal harp seal survival may be
closely linked with the probability of getting wet at a very young age be-
fore a subcutaneous blubber layer is established (Pearson et al., 2014),
and of the three species studied, harp seals may be the most vulnerable
to climate changes.

While intermediate in absolute size, hooded seal neonates had the
lowest SA:V, and were the only species born with thick subcutaneous
blubber (Table 2), and no lanugo coat. Their blubber does not make
them better insulated in air, as they had equivalent total thermal resis-
tance to harp andWeddell seals. However, because blubber accounts for
tissue in harp (A) and hooded (B) seal neonates. No brown adipose tissue was found in
ntrol, Arctic ground squirrel brown adipose tissue.
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Fig. 4. Transmission electron microscopy images of the ultrastructure of brown adipose tissue from harp seal neonates (A), and the brown adipose-like tissue from hooded seal neonates
(B). Note that the harp seal brown adipose tissue consists of multilocular cells with many mitochondria present, whereas the brown adipose-like tissue in hooded seals contains fewer
mitochondria, and consists of large unilocular and more lipid dense cells. No brown adipose tissue was found in Weddell seals.
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a large proportion of their overall resistance, immersion may not present
a severe thermal challenge to hooded seals, despite being born on unsta-
ble pack ice (Liwanag et al., 2012b). In addition, hooded seal pups grow
very quickly during their short nursing period, gaining 20–25 kg over
3.6 days (Table 2; Lydersen et al., 1997; Mellish et al., 1999), and they
have the highestmass-specific FMR (Lydersen et al., 1997) of all three ne-
onate species in this study. Quick growth and high mass-specific FMR
would naturally result in the liberation of metabolic heat (Bowen et al.,
1985; Lydersen et al., 1997), contributing to the thermal balance of the
pups. In combination, the absence of functional BAT and the relatively
low muscle enzyme activity suggest the low SA:V and thick blubber
layer of neonatal hooded seals are sufficient to meet most thermoregula-
tory challenges. This is likely essential, as any need for additional thermo-
genesis, and subsequent increasedMRduring the extremely brief nursing
period, would be detrimental to the energy savings necessary to fuel and
maintain the post-weaning fast. While an evolutionary comparison of
three species is unwarranted, it is worth noting that hooded seals, the
most basal of the three species on the phocid phylogeny (Higdon et al.,
2007), have what is considered to be an advanced thermoregulatory
adaptation as they are born with blubber, which is considered to be an
advanced marine mammalian trait (for discussion see Liwanag et al.,
2012b). Additionally, the non-functional BAT appears to be an evolution-
ary remnant left over by selection for a thermal strategy associated with
the extremely short weaning time and potential for early immersion.

Though neonatal Weddell seals are the largest by mass of the 3
species studied, they have a high SA:V and are born with lanugo. In
the Antarctic there is little precipitation (Table 1), and pups are born
on stable fast ice, reducing the risk of immersion and soaking the lanugo.
As in earlier studies (Hammond et al., 1971; Elsner et al., 1977), we
found no evidence of BAT or UCP1 expression inWeddell seal neonates.
Because UCP1 is the only member of the uncoupling protein family
known to have thermogenic activity (Barger et al., 2006; Golozoubova
et al., 2006), neonatal Weddell seals are likely incapable of NST, despite
previous speculations that NST might be important in this species
(Noren et al., 2008; Trumble et al., 2010). Unlike harp seals, Weddell
seal pups shiver throughout the nursing period (Ray and Smith, 1968;
Elsner et al., 1977). While the enzyme values used in proxy from
Kanatous et al. (2008) are from older Weddell seal pups, recent work
by Burns et al. (accepted for publication) shows there is no significant
difference in the absolute enzyme activity in LD over the nursing period
of harp or hooded seals. Further, Geiseler (2011) showed enzyme
activity did not increase substantially in LD of hooded seals until pups
were ~3 mo old, well after animals began foraging and diving indepen-
dently. We hypothesize a similar developmental trend in muscle en-
zyme activity is likely in Weddell seal pups. Additionally, even if the
absolute enzyme values used here represent a 20% increase from neo-
nate levels (similar to the trend in harp and hooded seal pups over the
nursing period), the metabolically scaled enzyme activity neonate
Weddell seals would still be significantly higher than harp or hooded
seals. Indeed, Burns et al. (accepted for publication) found the greatest
changes in muscle metabolic activity occurred because of the lower
FMR of older pups rather than a change in the enzyme activity. High
metabolically scaled enzyme activity, combinedwith previously report-
ed greater volume density of mitochondria and expression of calcium
handling proteins in the LD compared with adults (Kanatous et al.,
2008), all suggest increased muscle metabolism and futile-cycling
based thermogenesis (de Meis et al., 2005; Arruda et al., 2007;
Kanatous et al., 2008). This also suggests Weddell seal neonates, unlike
harp seals, are born with muscles equipped for shivering, although this
has yet to be studied directly. Weddell seal pup LD also has a greater
proportion of polyunsaturated fatty acids (PUFAs) (Trumble et al.,
2010), which is associated with higher protein activity and metabolic
rate (Hulbert and Else, 2005). UCP1-ablatedmice acclimated to temper-
atures just below their thermal neutral zone (TNZ) have enhanced ca-
pacity for ST, which compensates for the lack of NST when animals are
held at temperatures well below their TNZ (Cannon and Nedergaard,
2011). Such may be the case if Weddell seals are born in temperatures
at the lower limit of the TNZ, and subsequently exposed to inclement
weather. Although the FMR reported forWeddell seals is low compared
with the other two species in this study, it is still ~2× theMR predicted
by Kleiber 's equation for a terrestrial mammal of similar size (Elsner
et al., 1977). Heavy reliance on metabolic heat generation when ambi-
ent temperatures are below their lower critical temperature likely has
a high energetic cost, which may contribute to their long nursing pe-
riod and relatively slow growth and weight gain (Table 2; ~2 kg d−1,
Tedman and Bryden, 1979; Hill, 1987; Wheatley et al., 2006).

The similar total thermal resistance amongharp, hooded, andWeddell
seals, combined with the marked differences in thermogenic capacity of
NST and ST, strongly supports the idea that thermoregulatory strategy
in neonates is more closely tied to the pups' SA:V and potential for early
water immersion rather than mass and ambient conditions. Indeed, spe-
cies that begin swimming during the nursing period, such as bearded
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seals Erignathus barbatus (Hammill et al., 1994; Lydersen et al., 1994;
Gjertz et al., 2000) and harbor seals (Kovacs and Lavigne, 1986; Oftedal
et al., 1991), are born with a thick subcutaneous blubber layer (Oftedal
et al., 1991; Lydersen et al., 1994; Kovacs et al., 1996), and as a result
are larger as a percent of maternal mass (16% and 13% respectively;
Kovacs and Lavigne, 1986). This decreases their SA:V, and in combination,
likely protects against the thermal challenge in water (Lydersen et al.,
1994; Kovacs et al., 1996). Like hooded seals in this study, the combina-
tion of lower SA:V and blubber may preclude thermogenesis. However,
there are constraints on the amount of blubber that a neonate can have
at birth. For example, the conductivity of the blubber is approximately
double that of the lanugo in harp seals; to achieve equivalent insulation
with blubber alone, harp seal neonates would need to be born with
4 cm of blubber, 5× thicker than the blubber with which they are born
(Table 2). Thus, if harp seals were born with enough blubber to provide
the equivalent insulation of their lanugo coat, neonatal body composition
would be over 75% blubber; this larger size and bodymass would proba-
bly exceed thatwhich could be safely carried and birthed.More conserva-
tively, harp seals would need 2 cm of blubber for it to account for 40% of
the resistance, which is equivalent to the insulation provided by blubber
in neonatal hooded seals. Similarly, Weddell seal pups would need to be
born with 3.5 cm of blubber (7× thicker than the blubber with which
they are born; Table 2) to have insulation equivalent to that provided
by the fur, or 1.6 cm blubber for 40% of resistance. For species born with
lanugo and high potential for immersion, such as harp, spotted (Phoca
largha), and ringed seals (P. hispida), NST or ST is likely essential formain-
taining euthermia and drying the coat (Blix and Steen, 1979; Smith et al.,
1991). However, because this comes at a high metabolic cost, heavy reli-
ance on such thermogenic mechanisms as NST or ST will cause slow
growth and potentially lower juvenile survival.
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