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Abstract Phocids routinely fast for extended periods.
During these fasts, energetic requirements are met pri-

marily through the catabolism of blubber lipid. To assess

whether fatty acid (FA) composition changes during
the postweaning fast in northern elephant seals, blubber

biopsies were acquired longitudinally from 43 pups at

2.3 ± 1.5 and 55.2 ± 3.7 days postweaning in 1999 and
2000. At weaning, short-chain monounsaturated FA

(SC-MUFA, B18 carbons) dominated the blubber while

saturated FA (SFA) were found in the next highest pro-
portion. The major FA (all C1 % by mass) comprised

approximately 91 % of total blubber FA. In both years,

18:1n-9 and 16:0 were the most prevalent FA. Major FA
mobilized during the fast consisted of polyunsaturated FA

(PUFA), SFA, and SC-MUFA. Long-chain MUFA ([18

carbons) tended to be conserved. The fractional mobiliza-
tion value of 20:5n-3 was the highest, resulting in signifi-

cant reductions of this PUFA. Although concentrations of

some blubber FA changed significantly during the post-
weaning fast, the general FA signature of blubber was

similar at weaning and near the end of the fast. Changes in

some FA differed across years. For example, the concen-
tration of 20:4n-6, a minor PUFA, was significantly

reduced in 1999 but not in 2000. FA mobilization patterns

in northern elephant seal pups are somewhat similar to
those reported previously for other fasting phocids and

terrestrial mammals, though there are some notable dif-

ferences. Differences in FA mobilization patterns across
mammalian species may be related to differences in diets,

geographical distribution, environmental factors, physio-

logical adaptations, and life history stage.

Keywords Blubber ! Catabolism ! Fasting !
Fatty acid ! Marine mammal ! Mobilization

Introduction

The marine mammal blubber layer represents a specialized

form of adipose tissue that serves many important func-

tions (Iverson 2002). It is the main site of fat storage (Pond
1978) and is important for insulation, buoyancy, and body

streamlining in the aquatic environment (Ryg et al. 1988;

Castellini et al. 2009). Lipids in this tissue are also mobi-
lized and oxidized in times of energetic need (Ryg

et al.1988). Thus, the biochemical composition of blubber

can provide insights into the nutritive status, lipid turnover,
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and general lipid metabolism of individuals (e.g., Ackman

et al. 1975a, b; Aguilar and Borrell 1990; Lockyer 1991;
Trumble and Kanatous 2012).

The fatty acid (FA) composition of this tissue can be

used to examine patterns of deposition, maintenance,
mobilization, and replenishment of body lipid stores

(Ackman et al. 1965; Lockyer et al. 1984; Iverson et al.

1995; Kirsch et al. 2000; Pettinger 2000). Particular FA
may be critical for blubber layer structure and adequate

thermal insulation. For example, unsaturated FA are found
in abundance in the blubber of pinnipeds and cetaceans

(Sokolov 1962). Unsaturated FA, as well as shorter carbon-

chain FA, form fats of lower melting points reducing the
temperature at which fat solidifies (Irving et al. 1957). This

enables animals, specifically the distal parts of their

extremities, to withstand very cold temperatures (Irving
et al. 1957; Käkelä and Hyvärinen 1996a, b).

Most phocid species undergo predictable periods of

fasting in their annual cycle, during which they rely almost
entirely on the mobilization of fat from blubber stores for

energy (e.g., Ortiz et al. 1978; Castellini et al. 1987;

Worthy and Lavigne 1987; Reilly 1991). Adults fast during
their reproductive and molting periods, and pups fast for a

period of several weeks to months after being abruptly

weaned (Costa 1993). During these fasting periods, blubber
must continue to serve as the primary thermal barrier,

while FA are concurrently mobilized to provide the main

source of energy. In the case of recently weaned pups, FA
are also utilized for continued growth and development. It

is not known whether mobilization of particular FA in the

blubber of fasting phocid pups occurs to support metabo-
lism and growth and/or to ensure that FA critical for

blubber structure and thermal insulation are conserved.

Selective mobilization of FA from adipose tissue during
fasting has previously been reported (e.g., Phinney et al.

1990; Raclot and Groscolas 1995; Conner et al. 1996;

Groscolas and Robin 2001; Mustonen et al. 2007a, b).
However, the majority of these studies have been con-

ducted on species such as humans, rats, and rabbits under

induced fasting and where essential FA and PUFA may be
limiting. In contrast, phocid seals are adapted to routine

periods of prolonged fasting and store levels of polyun-

saturated fatty acids (PUFA) and other important FA in
blubber far in excess of basic metabolic needs. Hence, FA

mobilization patterns may differ. A few early studies have

reported how specific lipid stores and FA concentrations
change in fasting phocid seals (Worthy and Lavigne 1983;

Bryden and Stokes 1969; Iverson et al. 1995), but these

studies relied on cross-sectional sampling, which provides
limited insight. Given the degree of variability found in

blubber FA composition within a species as a function of

individual diet (e.g., Iverson et al. 1997a, b), individuals
must be sampled longitudinally to assess true patterns of

mobilization. A more recent study (Wheatley et al. 2008)

longitudinally sampled lactating female Weddell seals
(Leptonychotes weddellii) to determine FA mobilization

patterns during fasting. However, FA mobilized during the

lactation period are not simply being used to meet the
energetic demands of the female but are also being trans-

ferred through the female’s milk to meet the energetic

demands of her pup. Thus, a longitudinal study on FA
mobilization in fasting phocids that do not have the addi-

tional burden of supplying milk to a pup is warranted.
The postweaning fast of northern elephant seal (Mir-

ounga angustirostris) pups provides an excellent opportu-

nity to study this energetic role of FA for a fasting-adapted
species. Northern elephant seal pups are weaned at about

28 days postpartum and fast for approximately 62 days

before they enter the water to forage (Noren et al. 2003).
To assess blubber FA mobilization patterns during the

postweaning fast, we longitudinally measured blubber FA

composition in 43 pups within the first week of weaning
and again after 5–8 weeks of fasting. Samples were col-

lected from animals over a 2-year period to also assess

inter-year variability.

Materials and methods

Study area and subjects

Forty-three weaned northern elephant seal pups (13

females and 10 males in 1999, 8 females and 12 males in

2000) were longitudinally sampled during the postweaning
fast at Año Nuevo, CA, USA (37"0603000N, 122"2001000W).

Weaned pups that were nursed for the typical duration (at

least 28 days) were selected for the study. Initial mea-
surements were taken in the field within 5 days post-

weaning (mean: 2.3 ± 1.5 SD days) in late January

through early March and repeated on the same individuals
50–57 days later (mean: 53.6 ± 2.3 SD days) in late March

through late April. Due to the earlier departure of animals

with low weaning mass (Noren 2002; Noren et al. 2003),
second measurements for two pups (81.5 and 99.0 kg) were

taken 36 and 46 days after the first set of measurements,

respectively.
Pups were captured on the beach using a plastic-coated

nylon bag fitted with adjustable straps (Pernia 1984). Body

mass was measured using a metal tripod and 250 kg
capacity digital scale (accuracy to 0.1 kg; Measurement

Systems International, Seattle, Washington, USA). After

weighing, seals were initially immobilized by an intra-
muscular injection (1 mg kg-1) of tiletamine HCl and zo-

lazepam HCl (Telazol; Fort Dodge Animal Health, Fort

Dodge, IA, USA). Immobilization was maintained by
intravenous doses of ketamine HCl (Ketaset; Fort Dodge
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Animal Health, Fort Dodge, IA, USA) and diazepam

(Elkins-Sinn Inc., Cherry Hill, NJ, USA) into the extradural
spinal vein. Maintenance dosages depended on the activity

level of the animal and time remaining for completion of

procedures. Axillary girth, standard length, and curvilinear
length (American Society of Mammalogists—Society’s

Committee on Marine Mammals, Scheffer VB 1967) were

measured while seals were chemically immobilized. Pups
were given a unique green identification tag (Jumbo Roto,

Dalton ID Ltd, Henley on Thames, UK) in the inter-digital
webbing of each hind flipper and distinctively marked with

blonde hair dye (Procter & Gamble-Clairol, Inc., Stamford,

CT, USA) to facilitate re-sighting.

Blubber sampling

Full-depth blubber biopsies (approximately 278–548 mg)

for FA analysis were taken from chemically immobilized

seals with a sterile 6 mm disposable biopsy punch (Miltex
Instrument Company, Inc., Lake Success, NY, USA).

Samples were taken from the side of each pup anterior to

the pelvic region. Each sample was immediately wrapped
in aluminum foil and placed in a cooler containing frozen

freezer packs for transport from the field. Upon arrival to

the laboratory each blubber biopsy sample was weighed on
an electronic balance and placed in a separate Kimax test

tube containing 7 ml chloroform with 0.01 % butylated

hydroxytoluene (BHT). The tubes were capped with a
Teflon-lined cap and frozen at -60 "C until lipid extraction

and fatty acid analysis which were completed within

15 months of biopsy sample collection.

Lipid extraction and fatty acid analysis

Lipids were extracted from all blubber biopsies and sub-

sequently analyzed for FA composition. A 3.5-ml volume

of methanol was added to each Kimax test tube containing
a blubber sample and chloroform with BHT. Samples were

mashed manually with a glass rod until thin and transpar-

ent, and the remaining connective tissue was discarded.
Lipids were then fully extracted according to a modified

Folch method (Folch et al. 1957; Iverson et al. 2001). FA

methyl esters (FAME) were prepared directly from the
pure extracted lipid (filtered and dried over anhydrous

sodium sulfate), using 1.5 ml hexane and 1.5 ml 8 % boron

trifloride (BF3) in methanol (v/v), capped under nitrogen,
and heated at 100 "C for 1 h. FAMEs were extracted into

hexane, concentrated, and brought up to volume (50 mg

FAME ml-1 hexane) for analysis.
FAME were analyzed in duplicate using temperature-

programmed gas liquid chromatography according to Iv-

erson et al. (1992), on a Perkin-Elmer Autosystem II
Capillary FID gas chromatograph GC fitted with a

30 m 9 0.25 mm i.d. column coated with 50 % cyano-

propyl polysiloxane (0.25 lm film thickness; J&W DB-23;
Folsom, CA, USA) and linked to a computerized integra-

tion system (Turbochrom 4 software, PE Nelson). Identi-

fications of FA and isomers were determined from known
standard mixtures (Nu Check Prep., Elysian, Minn., USA),

silver-nitrate (argentation) chromatography, and GC-mass

spectrometry (Iverson et al. 1997a, b). FA are designated
by shorthand nomenclature of carbon chain length: number

of double bonds and location (n–x) of the double bond
nearest to the terminal methyl group and expressed as mass

percent of total FA.

Statistical analysis

Sigma Plot 12.0 Software (Systat Software Inc., San Jose,
CA) was used to conduct statistical analyses on body

condition data and to construct figures. Repeated measures

MANOVA of blubber FA profiles were conducted in SPSS
Version 19 (IBM Corporation, Armonk, NY). Due to

limitations in sample size and assessing changes in FA with

relatively low concentrations in the blubber, FA with mean
values \0.1 % were excluded prior to analysis and the

remaining FA were normalized to 100 %.

Due to the relatively low number of seals sampled
(n = 23 in 1999, n = 20 in 2000), a maximum of 19 FA

could be analyzed by repeated measures MANOVA to

compare blubber FA signatures at weaning and at the end
of the fast as well as the effect of year; we chose to take a

conservative approach and analyzed only 13 FA. These

included the 12 major FA (concentrations representing
C1 % mass of the total FA mass) as well as 20:4n-6 (initial

mean concentration in 1999: 0.73 ± 0.084 and in 2000:

0.63 ± 0.056), which is an important precursor of bioac-
tives (Smith and Murphy 2002). Several of these 13 FA are

preferentially mobilized in other fasting mammals (e.g.,

Bryden and Stokes 1969; Raclot and Groscolas 1995; Ni-
eminen et al. 2006; Wheatley et al. 2008). Prior to con-

ducting MANOVA, FA data were transformed using an

additive logratio transformation:

xtrans ¼ ln
xi

cr

! "
;

where xtrans is the transformed fatty acid data, xi is a given
fatty acid expressed as percent of total fatty acids, and cr is

the percentage of a reference fatty acid, in this case, 18:0

(Filzmoser et al. 2009). When MANOVA indicated an
overall significant difference, univariate ANOVA was car-

ried out to identify the FA responsible for the differences.

Because several multivariate comparisons were made, a

Bonferroni adjusted critical p value 0:05
13 ¼ 0:0038
# $

was

used to determine significant changes in FA before and after
the fast. To more easily display results, normalized and
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adjusted means of FA with standard deviations are pre-

sented in figures, following methods for repeated measures

data described in Atkinson (2001).
To illustrate the magnitude of mobilization for each of

the FA, relative to initial FA concentrations, fractional

mobilization was calculated by the formula (following
methods similar to Mustonen et al. 2007a):

% mass of total FA early in the fast#% mass of total FA late in the fastð Þ
% mass of total FA early in the fast

FA that tend to be mobilized have positive fractional

mobilization values while FA that tend to be conserved

have negative values.

Results

Body condition

Body condition of weaned northern elephant seals pups

varied significantly between 1999 and 2000. Although

standard length of pups at the first capture did not differ
significantly between years (1999 mean: 145.2 ± 6.5 SD

cm, range: 126–155 cm; 2000 mean: 147.9 ± 7.4 SD cm,

range: 136–164 cm), body mass in 2000 (mean:
129.5 ± 17.2 SD kg, range: 81.5–159.5 kg) was signifi-

cantly greater (Rank Sum Test, T = 532, P = 0.026) than

body mass in 1999 (mean: 120.2 ± 13.9 SD kg, range:
78.6–141.2 kg).

Blubber fatty acid profiles

At weaning (within 5 days), short-chain monounsaturated

FA (SC-MUFA; B18 carbons) dominated the blubber of
northern elephant seal pups and saturated FA (SFA) were

found in the next highest proportion for both years of the

study (Table 1). The least dominant FA classes were PUFA
and long-chain MUFA (LC-MUFA, Table 1). For both

years, the two most abundant FA in the blubber of recently

weaned northern elephant pups were 18:1n-9 (*35 % by

mass) and 16:0 (*13 % by mass). An additional 11 FA

(14:0, 16:1n-7, 18:0, 18:1n-7, 18:2n-6, 20:1n-11, 20:1n-9,
20:5n-3, 22:1n-11, 22:5n-3, 22:6n-3) each accounted for

C1 % of total blubber FA by mass. Together, these 13

major FA comprised approximately 91 % of total blubber
FA by mass. Although there was some variation in the

relative concentrations of major (Fig 1) and minor (Fig 2)

blubber FA at weaning between the 2 years, the overall FA
profiles were similar.

The overall FA profile of blubber near the end of the
postweaning fast was similar to that at the beginning of the

fast (Table 1; Figs 1, 2). Near the end of the postweaning

fast, SC-MUFA continued to dominate the blubber
(Table 1). PUFA were the least dominant class of FA in

both years. For both years, 18:1n-9 (*35 % by mass) and

16:0 (*12 % by mass) remained the most abundant FA in
the blubber of northern elephant seals nearing the end of

their natural fast. The 11 other FA that accounted for C1 %

of total blubber FA by mass at the end of the fast were also
identical to those at weaning. Together, the 13 major FA

comprised approximately 92 % of total blubber FA by

mass at the end of the postweaning fast.
Although the overall FA signature of the blubber was

similar at the beginning and end of the postweaning fast,

the concentrations of some FA did change significantly. FA
that demonstrated an overall significant change in con-

centration with time (in at least 1 year) included 14:0, 16:0,

16:1n-7, 18:1n-7, 20:1n-11, 20:1n-9, 20:4n-6, and 20:5n-3
(Figs. 1a, b and 2a, b). However, all but two FA (20:1n-11

and 20:5n-3) demonstrated a significant interaction with

year. Thus, blubber FA mobilization and conservation
patterns varied by year.

Calculated fractional mobilization values differed by

individual, by FA, and by year, suggesting some differ-
ences in lipid mobilization. Individual variability in FA

mobilization patterns is evident, given the range of frac-

tional mobilization values for several FA (Fig. 3a, b). FA
with positive fractional mobilization values (Table 2;

Fig. 3a, b) included in our analysis comprised PUFA

(20:4n-6 and 20:5n-3), SFA (14:0 and 16:0), and SC-

Table 1 Fatty acid composition of northern elephant seal blubber by class at the beginning and end of the postweaning fast

FA Classes 1999 Initial concentration
% ± SD (n = 23 pups)

1999 Final concentration
% ± SD (n = 23 pups)

2000 Initial concentration
% ± SD (n = 20 pups)

2000 Final concentration
% ± SD (n = 20 pups)

SC-MUFA 51.98 ± 2.88 50.84 ± 2.88 51.54 ± 2.45 51.50 ± 2.36

SFA 19.28 ± 1.29 18.74 ± 1.22 18.76 ± 1.09 17.78 ± 1.11

PUFA 14.48 ± 2.49 14.03 ± 2.41 12.93 ± 1.06 12.46 ± 0.97

LC-MUFA 14.27 ± 2.57 16.39 ± 3.00 16.77 ± 2.35 18.25 ± 2.20

FA concentrations are provided in mean mass percent ± SD of total fatty acids in the blubber

SC-MUFA short-chain (B18 carbons) monounsaturated FA, SFA saturated FA, PUFA polyunsaturated FA, LC-MUFA long-chain ([18 carbons)
monounsaturated FA
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MUFA (16:1n-7, and in 1999, 18:1n-7). Although positive

fractional mobilization values indicate that FA were likely

catabolized during the fast, it is evident that positive
fractional mobilization values do not necessarily result in

significant reductions in concentrations of some FA

(Table 2; Fig. 3a, b). Concentrations of all FA with posi-
tive fractional mobilization values that were included in

the statistical analysis were significantly reduced over the

fast in 1999, while in 2000 only 20:5n-3, the FA with the
greatest positive fractional mobilization value, was sig-

nificantly reduced over the fast (Table 2). In general, LC-

MUFA were conserved in both years, indicated by nega-

tive fractional mobilization values (Table 2; Fig. 3a, b)
and increases in concentrations over the fast (Table 2;

Fig. 1a, b). Similar to findings related to positive frac-

tional mobilization values, concentrations of FA with
negative fractional mobilization values did not always

increase significantly over the fast. However, increases in

concentrations of FA with negative fractional mobilization
values that were included in the statistical analysis were

significant for 20:1n-11 (both years) and 20:1n-9 (2000

only).

Fig. 1 Comparison of the composition of major fatty acids (concen-
trations representing C1 % mass of the total FA mass) early and late
in the northern elephant seal postweaning fast in A) 1999 (n = 23
pups) and B) 2000 (n = 20 pups). Bars are normalized and adjusted
means of percent of total FA mass with standard deviations calculated
by methods for repeated measures data, as described in Atkinson
(2001). Black bars represent values from early in the fast and white
bars represent values from late in the fast. FA noted by an asterisk
changed significantly (MANOVA, P \ 0.0038) during the post-
weaning fast

Fig. 2 Comparison of the composition of minor fatty acids (concen-
trations representing C0.1 but\1 % mass of total FA mass) early and
late in the northern elephant seal postweaning fast in A) 1999 (n = 23
pups) and B) 2000 (n = 20 pups). Bars are normalized and adjusted
means of percent of total FA mass with standard deviations calculated
by methods for repeated measures data, as described in Atkinson
(2001). Black bars represent values from early in the fast and white
bars represent values from late in the fast. FA noted by an asterisk
changed significantly (MANOVA, P \ 0.0038) during the post-
weaning fast. It is important to note that only one minor FA (20:4n-6)
was included in the statistical analysis. The remaining FA are
presented to show trends only
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Discussion

This is the first longitudinal study to investigate changes in

blubber FA over a long-duration fast in a fasting adapted
pinniped pup. The results demonstrate that concentrations

of some blubber FA change during the northern elephant

seal’s natural postweaning fast and that FA mobilization
patterns can vary annually.

Earlier studies on FA mobilization patterns during nat-

ural fasting in phocids have reported results that are similar

to those of the present study. A study on southern elephant

seals (Mirounga leonina, Bryden and Stokes 1969) found
that 20:5n-3 was significantly reduced in the blubber of

fasting pups while 16:0 and 20:5n-3 were significantly

reduced in the blubber of fasting females. For northern
elephant seal pups, we found that both 16:0 and 20:5n-3

had positive fractional mobilization during both years of

the study, resulting in significant reductions of both 16:0
and 20:5n-3 in 1999 and 20:5n-3 in 2000. These findings

suggest that 16:0 and 20:5n-3 are mobilized during fasting
periods in elephant seals from both hemispheres. Similar to

fasting elephant seals, 20:5n-3 had the highest fractional

mobilization value, and 14:0, 16:0, and 16:1n-7 were also
mobilized from blubber in fasting, lactating Weddell seals

(Wheatley et al. 2008). Iverson et al. (1995) also reported

that 20:5n-3 was depleted from maternal blubber during the
4-day lactation period in hooded seals (Cystophora cris-

tata). Rea et al. (1997) found that 20:1n-9 decreased while

20:5n-3 increased markedly in the plasma of fasting
Weddell seal pups, which suggests that like northern ele-

phant seal pups, Weddell seal pups conserve 20:1n-9 while

mobilizing 20:5n-3 from blubber during the postweaning
fast.

Differences in FA mobilization patterns across phocids

may be related to ecological factors or differences in life
history stage. For example, lactating female Weddell seals

significantly mobilize 18:1n-9 while fasting (Wheatley

et al. 2008), but northern elephant seal pups do not.
Besides inhabiting a different geographic region, lactating

female Weddell seals have the additional requirement of

providing nourishment to their pups, which would no
doubt influence FA mobilization patterns. Indeed, 18:1n-9

is a biosynthesized FA (Iverson et al. 2004), which may be

important for pup development and thus necessary for
females to mobilize from their blubber to milk for transfer

to their pup.

Comparisons of FA mobilization patterns across diverse
mammals may provide some insight into whether energetic

requirements, physiological processes, or ecological factors

drive mobilization patterns during food deprivation. Like
fasting northern elephant seals, fasting raccoon dogs,

(Nyctereutes procyonoides, Mustonen et al. 2007a), rats

(Rattus norvegicus, Raclot and Groscolas 1995), and rab-
bits (Conner et al. 1996) mobilize 20:5n-3, 16:1n-7 and

20:4n-6. Thus, mobilization of some FA may be related to

meeting energetic requirements or maintaining physiolog-
ical processes. For example, 20:4n-6 is a pre-cursor of

bioactives (Smith and Murphy 2002) and both n-3 and n-6

PUFA are important ligands for peroxisome-proliferator-
activated receptors (PPAR) that control numerous genes

involved in fatty acid metabolism (Desvergne and Wahli

1999; Guglielmo 2010). Ecological factors could also be
important. Similar to other marine and freshwater phocids

Fig. 3 Fractional mobilization of A) major fatty acids (concentra-
tions representing C1 % mass of total FA mass) and B) minor fatty
acids (concentrations representing C0.1 but \1 % mass of total FA
mass) during the northern elephant seal postweaning fast in 1999 and
2000. Box plots are presented with solid lines within the boxes
representing the median values. Box boundaries indicate the 25th and
75th percentiles and error bars indicate the 10th and 90th percentiles.
Gray bars represent data from 1999 (n = 23 pups) and white bars
represent data from 2000 (n = 20 pups). The dashed lines designate
zero mobilization, such that values above the line indicate mobili-
zation while values below the line indicate conservation. Concentra-
tions of FA noted by an asterisk in 1999 and plus sign in 2000
changed significantly (MANOVA, P \ 0.0038) during the post-
weaning fast. It is important to note that all major FA, but only one
minor fatty acid (20:4n-6), were included in the statistical analysis
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(Bryden and Stokes 1969; Best et al. 2003; Bradshaw et al.

2003; Strandberg et al. 2008; Wheatley et al. 2008;
Strandberg et al. 2011), the blubber of weaned northern

elephant seal pups is dominated by MUFA, particularly

SC-MUFA. These classes of FA form fats with lower
melting points, which are critical to the function of the

blubber layer, enabling seals to withstand very cold tem-

peratures (Irving et al. 1957). Fasting northern elephant
seal pups appear to conserve many shorter carbon-chain FA

and unsaturated FA that form fats with low melting points.
This FA mobilization pattern could be attributed to pre-

serving the low melting point and fluidity of subcutaneous

fat depots, similar to that of fasting minks, which are semi-
aquatic mammals (Nieminen et al. 2006). However, the

PUFA 20:5n-3, which also forms fats with low melting

points, was significantly reduced during the northern ele-
phant seal postweaning fast. Given the consistent result that

20:5n-3 is mobilized in southern and northern hemisphere

phocids as well as terrestrial animals during fasting, it is
likely that the mobilization of this particular FA is related

to meeting energetic requirements or maintaining physio-

logical homeostasis. Indeed, PUFA, especially n-3s, may
be functionally related to oxygen management and loco-

motor performance (Trumble et al. 2010; Trumble and

Kanatous 2012), and as mentioned previously, are impor-
tant ligands involved in fatty acid metabolism (Desvergne

and Wahli 1999; Guglielmo 2010).

It is important to note that although the concentrations

of some blubber FA changed significantly during the
northern elephant seal postweaning fast, the general FA

signature of blubber was similar at weaning and near the

end of the postweaning fast. Thus, changes in blubber FA
composition during fasting appear to be more subtle than

those observed following changes in diet (Iverson et al.

1997a; Kirsch et al. 2000).
The low fractional mobilization values of many major

FA suggest that FA mobilization in fasting northern ele-
phant seal pups is not simply proportional to initial FA

concentrations in the blubber. This is comparable to find-

ings from studies on fasting terrestrial mammals (e.g.,
Conner et al. 1996), penguins (Groscolas and Robin 2001),

and other birds (Price et al. 2008). Similar to fasting-

adapted raccoon dogs (Mustonen et al. 2007a) and Weddell
seals (Wheatley et al. 2008), northern elephant seals pri-

marily mobilized SC-SFA, SC-MUFA, and the PUFA,

20:5n-3, during the postweaning fast. Previous studies on
mammals and birds have reported that generalized FA

mobilization patterns are related to molecular structure

(e.g., Raclot and Groscolas 1995; Conner et al. 1996; Ra-
clot 2003; Nieminen et al. 2006; Mustonen et al. 2007a, b;

Price et al. 2008). However, FA mobilization patterns in

fasting northern elephant seals do not strictly follow those
described previously (e.g., for a given chain length,

mobilization increases with increasing unsaturation; for a

Table 2 Initial concentrations and fractional mobilization values of 13 blubber FA from northern elephant seals during the postweaning fasts in
1999 and 2000

1999 FA 1999 Initial
concentration %
± SD (n = 23 pups)

1999 Fractional
mobilization ± SD
(n = 23 pups)

2000 FA 2000 Initial
concentration %
± SD (n = 20 pups)

2000 Fractional
mobilization ± SD
(n = 20 pups)

20:5n-3* 2.09 ± 0.65 0.30 ± 0.12 20:5n-3* 1.63 ± 0.35 0.26 ± 0.089

16:1n-7* 7.08 ± 0.68 0.18 ± 0.10 20:4n-6 0.63 ± 0.056 0.11 ± 0.62

20:4n-6* 0.73 ± 0.084 0.15 ± 0.071 16:1n-7 6.06 ± 0.52 0.081 ± 0.082

16:0* 12.79 ± 0.91 0.053 ± 0.038 16:0 12.45 ± 0.79 0.066 ± 0.060

18:1n-7* 3.57 ± 0.32 0.034 ± 0.024 14:0 2.82 ± 0.20 0.015 ± 0.026

14:0* 3.13 ± 0.46 0.024 ± 0.034 22:6n-3 5.01 ± 0.47 -0.003 ± 0.035

18:1n-9 34.47 ± 2.88 -0.00014 ± 0.028 18:1n-7 3.51 ± 0.22 -0.006 ± 0.016

18:2n-6 1.49 ± 0.14 -0.016 ± 0.059 18:2n-6 1.44 ± 0.061 -0.007 ± 0.019

22:6n-3 5.62 ± 1.27 -0.027 ± 0.035 22:1n-11 2.36 ± 0.45 -0.024 ± 0.090

22:5n-3 1.53 ± 0.38 -0.094 ± 0.049 18:1n-9 34.93 ± 2.60 -0.028 ± 0.027

20:1n-9 4.97 ± 0.87 -0.11 ± 0.064 22:5n-3 1.28 ± 0.18 -0.084 ± 0.034

22:1n-11 1.78 ± 0.46 -0.12 ± 0.11 20:1n-11* 8.40 ± 1.27 -0.10 ± 0.096

20:1n-11* 6.98 ± 1.25 -0.20 ± 0.092 20:1n-9* 5.44 ± 0.68 -0.11 ± 0.095

Initial FA concentrations are provided in mean mass percent ± SD of FA in the blubber. FA are listed in order of the highest to lowest fractional
mobilization value. FA that tend to be mobilized have positive fractional mobilization values while FA that tend to be conserved have negative
values

Italicized text indicates major FA (C1 % of total blubber FA by mass)

Asterisks (*) indicate a significant difference (P \ 0.0038) in FA concentrations at the beginning and at the end of the fast within each year of the
study
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given number of double bonds, mobilization decreases with

chain length; Raclot and Groscolas 1995; Conner et al.
1996; Raclot 2003). Similarly, some FA mobilized by

fasting, lactating Weddell seals do not conform to the

molecular structure of highly mobilized FA (Wheatley
et al. 2008), as determined by Raclot (2003).

The inter-year differences in northern elephant seal pup

body mass and blubber FA mobilization patterns may be
due to a change in prey availability caused by a fluctuation

in oceanic conditions. The first year of this study, 1999,
was a post El Niño year; the second year, 2000, was con-

sidered a ‘‘normal’’ year (Noren 2002; Noren et al. 2003).

During the 1998 post-breeding season foraging trip under
El Niño conditions, adult female northern elephant seals

took longer trips, gained less mass, and returned with lower

adipose tissue proportions, compared with previous years
(Crocker et al. 2006). Significant changes in adult female

diving patterns suggest that prey may have been difficult to

locate during El Niño conditions (Crocker et al. 2006), and
1999 milk FA signatures indicate that a shift in diet may

have occurred (Pettinger 2000). Because pup mass is

directly related to maternal body mass and composition
(Arnbom et al. 1993; Deutsch et al. 1994; Crocker et al.

2001), it is not surprising that pups born in 1999 weighed

less than pups born in 2000. Likewise, dietary effects on
FA composition of maternal milk (Pettinger 2000) may

explain differences in pup blubber FA mobilization pat-

terns during the 1999 and 2000 postweaning fasts. In
hooded seals, many FA in maternal milk appear to be

deposited directly and without modification into blubber of

pups (Iverson et al. 1995). Thus, the FA composition of
female northern elephant seals’ milk likely influences the

FA composition of their pups’ blubber at weaning. Vari-

ability in pup blubber FA signatures at weaning could lead
to variability in FA mobilization patterns during the post-

weaning fast. The only other study that has investigated

annual variability in phocid blubber FA mobilization pat-
terns during fasting was conducted on lactating female

Weddell seals (Wheatley et al. 2008). Similar to the present

study, annual variability in mobilization patterns of a few
FA (5 FA, Wheatley et al. 2008; 6 FA, present study) was

observed in Weddell seals.

In conclusion, we find that northern elephant seal pups
appear to mobilize a few specific FA from their blubber

during the postweaning fast. Although the concentrations

of certain FA changed significantly during the fast, the
general FA signature of northern elephant seal pup blubber

was maintained. Inter-annual differences in blubber FA

mobilization patterns may be related to variability in oce-
anic conditions that influenced pre-parturition maternal

foraging strategies. Blubber FA mobilization patterns

during the postweaning fast may ensure that northern ele-
phant seal pups meet their energetic and physiological

demands while maintaining the integrity of the major

thermoregulatory structure required for foraging at sea.
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Strandberg U, Käkelä A, Lydersen C, Kovacs KM, Grahl-Nielsen O,
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