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Lactation is a critical and energetically expensive period of reproduction, especially for female sea otters (Enhydra
lutris) and their pups, both of which have resting metabolic rates that are ca. 2.5-fold higher than terrestrial mam-
mals of similar size. The simultaneous energy budgets for female Alaskan sea otters and their pups during the first
three months postpartum were calculated based on published activity budgets for wild animals and metabolic
rates for specific behaviors of captive sea otters. Pups were classified into three behavioral/size categories: Cate-
gory 1 (C1) 0-<4 wk. old; Category 2 (C2) 4-<8 wk. old; and Category 3 (C3) 8-12 wk. Energy for growth

Keywords:

En}:;vgy budget (Energygrowtn) averaged 0.0416 MJ day~! for all pups. The combined daily energy expenditure to support resting
Alaska metabolism and activity (Energy; . ,) for C1 and C2 pups was 1.31 and 2.61 M] day ', respectively, of which
Enhydra lutris most (C1: 99%; C2: 84%) was associated with resting-equivalent behaviors (i.e., resting, nursing and being

groomed by the female). Energy; . , for C3 pups was 4.62 MJ day ™' of which 49% was associated with resting-
equivalent behaviors, while 35% was associated with active behaviors (i.e., feeding, swimming and grooming).
The underlying resting metabolic rate for all behaviors represented 100% of Energyinges: for C1, 94% for C2 and
85% for C3 pups. Energy; . , for all females was similar regardless of pup age and averaged 10.88 MJ day !
(range 10.79-11.03). Energy;  , for C1 females was associated mainly with self-grooming and pup grooming
(30%) and swimming (25%), while only 10% was associated with feeding. Energy; ;- , for C3 females was mainly
associated with feeding (37%) with less energy devoted to swimming (10%) and grooming (14%). Lactation en-
ergy (Energyiactation) in C3 females was 3.5-fold greater than in C1 females. Ingested energy for C1 females was
19.55 MJ day !, which increased to 22.13 MJ day ! for C2 females and 26.53 M]J day ! for C3 females. As with
pups, the underlying resting metabolic rate for all female behaviors represented 70% of Energyinges: for C1 females
and 72% for C2 and C3 females. Hence, thermogenesis dominated the metabolism of female sea otters as with
their pups. These results provide a quantitative picture of the energetics of Alaskan female sea otters and their
pups during early pup rearing in a species that has one of the highest mass specific resting metabolic rates of
any mammal and the most altricial neonate born at sea.
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1. Introduction

Mammalian female reproductive effort can be defined as the addi-
tional energy required for supporting offspring from the moment of
pregnancy until weaning (Beck et al., 2003; Gittleman and Thomson,
1988; Millar, 1977). Lactation is the most energetically demanding
phase of reproduction and the most susceptible to failure (Boyd, 1998;
Costa et al.,, 1986; Costa and Gentry, 1986; Gamel et al., 2005;
Gittleman and Oftedal, 1987; Gittleman and Thompson, 1988; Jenness,
1986; Millar, 1977; Rogowitz, 1996). As a result, female mammals
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often face a choice of either allocating resources to existing or future off-
spring (Parent-Offspring Conflict), and this choice will ultimately affect
lifetime reproductive success and fitness (Gonzalez-Voyer and Kolm,
2010). If resources are scarce, adults may abandon offspring to maintain
body condition so that they can breed again when conditions improve.
If the young are nearly self-sufficient, abandonment is part of normal
weaning (Gonzalez-Voyer and Kolm, 2010). However, very young mam-
mals will starve if abandoned. Although all mammals supply milk to their
young, the duration of lactation varies across species (Balshine, 2012;
Case, 1978a). Lactation duration can be as little as 4-5 days in phocid
seals (Order Carnivora, Family Phocidae) or over 2.5 years in chimpanzees
(Pan troglodytes) and orangutans (Pongo pygmaeus) (Lefévre et al., 2010;
Pellow, 1984). Even after weaning, the mother and young of some spe-
cies, such as primates, may remain together for years enabling offspring
to learn foraging skills and predator avoidance (Gijsbertus et al., 2006).
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Once a female reaches peak milk production, further energy de-
mands by the growing offspring can no longer be provided by lactation
alone. At this point, the young begin eating solid food to supplement
milk to meet their daily energetic demands (Langer, 2008). This is ben-
eficial to the female and initiates the weaning process, which may be
gradual or abrupt (Langer, 2008). At full weaning, the young are capable
of foraging independently, although mortality is often high during the
first year (Galef, 1981). The weaning mass of young mammals influ-
ences survival and serves as an indicator of maternal effort and popula-
tion stress (Boltnev et al.,, 1998; Lee et al., 1991).

Lactation can result in a three-fold increase in resting energy metab-
olism relative to a non-breeding female (Costa et al., 1986; Gittleman
and Thompson, 1988; Rogowitz, 1996). Female mammals compensate
for an increase in energetic demand during lactation by mobilizing en-
ergy stores (mainly fat), increasing food consumption or reducing ener-
getically expensive activities (Bowen et al., 2001; Gittleman and
Thompson, 1988; Mellish et al., 2000; Rogowitz, 1996). The particular
compensatory strategy used will have an impact on the growth and de-
velopment of the offspring (Burns et al., 2004). Female polar bears
(Ursus maritimus) fast during the final phase of gestation and initial
phase of lactation in the den and rely on body fat and protein for milk
production. Depletion of female fat stores, if food is scarce, can result
in cub starvation due to the cessation of lactation (Derocher and
Stirling, 1998). Among marine mammals, phocids and baleen whales re-
duce activity and thermoregulatory costs (through migration to warmer
waters) and rely on energy reserves (i.e., blubber) to support lactation
until offspring are weaned (Beck et al., 2003; Bonnet et al., 1998;
Boyd, 1998; Gittleman and Thompson, 1988; Skibiel et al., 2013). This
strategy is referred to as capital breeding in which feeding and repro-
duction are spatially and temporarily separated and include a fasting
period during offspring development.

The most common compensatory strategy for increased energetic
demands due to lactation is to increase food intake, which can be 1.7
to 2.9-fold greater than that of non-lactating females (Costa et al.,
1986; Gittleman and Thompson, 1988; Mellish et al., 2000; Rogowitz,
1996). Many sea lions and fur seals (Order Carnivora, Family Otariidae)
use an income-based foraging strategy where they feed throughout a
long lactation period (Bonness and Bowen, 1996; Burns et al., 2004;
Costa et al., 1986; Gamel et al., 2005). The energetic demand on female
sea otters to sustain their own metabolic requirements and those of
their maturing pups is very high and ultimately may influence the
time of weaning. The resting metabolism of adult sea otters is 2-3
times higher than that of similar-sized terrestrial mammals, and conse-
quently they must consume about 25% of their body mass in food each
day (Finerty et al., 2009; Kenyon, 1975; Osterrieder and Davis, 2009;
Yeates et al., 2007). Young marine mammals have higher mass specific
metabolic rates than adults, which is necessary to maintain a core body
temperature of ca. 37° C in the marine environment (Thompson et al.,
1987), although heterothermy often occurs in young marine mammals
(Laws, 1953; Irving et al., 1962; Yeates et al., 2007).

The goal of this study was to construct simultaneous energy budgets
for wild female sea otters and their pups during the first three months
postpartum based on: 1) detailed simultaneous activity budgets, 2) pub-
lished metabolic rates for certain behaviors in captive California sea ot-
ters and 3) growth rates of captive Alaskan sea otter pups. As a result,
these are the most comprehensive estimates of field metabolic rate
and food consumption yet assembled for female sea otters and their
pups because they include the energetics of resting thermogenesis, ac-
tivity, lactation and pup growth.

2. Materials and methods
2.1. Study site

Simpson Bay (ca. 60.6° N, 145.9° W) is a relatively shallow fjord lo-
cated in northeastern Prince William Sound, Alaska, with an average

water depth of 30 m (maximum depth 125 m). It is approximately
21 km? in area — 7.5 km long in the northern and western bays, 5 km
long in the eastern bay and 2.5 km wide at the entrance of the bay.
Simpson Bay is a well-studied site for sea otter ecology (Cortez et al.,
2016; Finerty et al., 2009; Gilksinson et al., 2011; Osterrieder and
Davis, 2009; Osterrieder and Davis, 2011; Wolt et al., 2012) because of
its easy access, protection from rough seas, and continual presence of
sea otters (Fig.1).

The benthos consists primarily of soft sediments (mud, mixed mud
and gravel) with some rocky reefs (Gilkinson et al., 2011; Noll et al.,
2009). None of the large-bodied kelps (e.g., Nereocystis) that elsewhere
form canopies are present, but large fronds of sugar (Laminaria
saccharina), split (Laminaria bongardiana), and sieve (Agarum
clathratum) kelp cover the benthos in many areas of the bay from the
subtidal to a depth of approximately 10 m (R.W. Davis, pers. Obs.).
After near extinction from the 19th century fur trade, the bay was re-
colonized by male sea otters in 1977, and females moved into the area
between 1983 and 85 (Garshelis, 1983; Rotterman and Jackson, 1988;
VanBlaricom, 1988). Since 2002, this Alaskan bay has been used during
the summer (June-August) by an average of 125 4 15.2 sea otters, in-
cluding adults and subadults (93 4 9.0) and pups (32 + 7.0), giving
an average summer density of 6.0 otters km~2 (updated from Wolt
et al,, 2012). During the winter, the number of otters in the bay de-
creases to ca. 50, although where they go is poorly understood (Wolt
et al. 2012). This research was conducted under a Fish and Wildlife Per-
mit 078744.

2.2. Activity budgets

Data collection for the activity budgets of females and pups has been
described (Cortez et al., 2016). Briefly, we recorded the behavior of fe-
male sea otters with dependent pups during the summer months of
May-August 2008-11. The research team, composed of a driver, record-
er and spotter, made observations from a 7-m skiff. When a female and
pup were sighted, the skiff was maneuvered close enough (ca. 100 m) to
observe their behavior with the aid of binoculars (Nikon 10-22 x) with-
out disturbing them. The behaviors of the females and pups were re-
corded simultaneously once per minute for 30 min (i.e., instantaneous
focal follow; Altmann, 1974) before switching to another pair. If a fe-
male showed signs of disturbance (e.g., swimming away from the
skiff), the behavioral observations were not included in the analysis, al-
though this was rare.

Six behaviors were recorded for females (resting, swimming, feed-
ing, self-grooming, pup-grooming and interacting) and seven behaviors
were recorded for associated pups (resting, swimming, feeding, self-
grooming, being groomed, nursing, interacting) (Supplementary Data
1). The pups were divided into three behavioral and size classes (Cate-
gories 1-3) based on relative size, swimming ability and fur
(i.e., lanugo, molting, adult pelage) (Table 1). The percentage of time
spent in each recorded behavior was summed to compile 24-h female
and pup activity budgets.

2.3. Energy budgets

2.3.1. Energy budget for pups

The energy required for the growth in wild pups (Energygrowtn;
M] day~ ') was based on the average rate of daily mass gain for
seven captive sea otter pups from Alaska during the first three
months after birth held in the Alaska SeaLife Center, Shedd Aquar-
ium and Seattle Aquarium. Only non-releasable orphaned pups that
were admitted at a very young age were included in these calcula-
tions. Captive pup age was estimated based on several factors in-
cluding the umbilicus, dentition, body mass, pelage and behavior.
A multilevel growth curve model was used to generate a relation-
ship between body mass and age as a single growth curve (Inde-
pendent Variable: Age [Days after birth]; Dependent Variable:



M. Cortez et al. / Journal of Experimental Marine Biology and Ecology 481 (2016) 81-91 83

10°0"0"N 1556°0°0"E 180°0°0"W 133°0°0"W 105°0°0"W 148°00"W 145°0°0"W 142°00"W
. 2
11 z -]
£ 5
H:S =)
. ©
z =z
o | ~o
2 £
2 7 e =Z ©
i ~—— o o
rey | o
/Alaska 2
/ | L
T T T T
180°0°0"W 1585°0°0"W 148°0°0"W 145°00"'W
145°54'36"W 145°51'36"W 145°48'36"W
:

A

P

I “"‘,\/C
//7/

60°41'24"N

»n Creek

.

/ Raging Creek

60°41'24"N

60°30°36"N

L]
60°30'36"N

60°37'48"N

60°37'48"N

T
1456°64'36"W

0 700 1,400 2.800

T
145°61'36"W

T
146°48'36"W

4,200 5.600

e e e P .t

Fig. 1. Simpson Bay, Prince William Sound, Alaska.

Body mass [kg]; Nested Variable: Individual Pups). This approach
was necessary because the frequency of weighing differed
among pups. The result was best described by the polynomial
equation:

Body Mass(kg) = 1.49—8.65 x 107>(Age) + 1.98
x 1073(Age)?—2.17 x 1077 (Age)® + 9.28
x 10~ 8(Age)*

Table 1
Criteria for estimating the three age categories for pups.
Adapted from Osterrieder and Davis (2009).

where age was the number of days after birth (Fig. 2). Using this
equation, a mean body mass and daily mass gain (kg day~') were
then calculated for each pup category (C1: Days 2-30; C2: 31-60;
C3: 61-90). Growth was assumed to be lean tissue with a composi-
tion of 85% water and 15% protein (Fomon et al., 1982). Energygrowth
was calculated as the product of daily mass gain (kg day '), the frac-
tion of lean tissue that is protein (0.15), cost of protein synthesis
(4500 k] kg~ ! protein) and the conversion factor of 0.001 MJ k]!
(Webster, 1985).

Age estimate Behavior Length (compared to female) Fur

(Weeks)
Category 1 0-4 No swimming or diving <50% Dense natal fur
Category 2 4-8 Swimming with coordinated body movements; no diving 50-67% Initial molting of natal fur
Category 3 8-12 Swims and makes shallow dives® 68-75% Molt complete with adult pelage

2 Dives longer than 30 s.
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Fig. 2. Growth curve compiled from body masses of captive Alaskan sea otter pups
(scatterplot) and an average growth rate (bold line; kg day~') which was best described
by the equation: a. Body Mass (kg) = 1.49-8.65 x 10~ >(day) + 1.98 x 10~ 3(day)?-
217 x 10~>(day)? + 9.28 x 10~¥(day)*.

The combined daily energy expenditure to support resting metabo-
lism and activity for each pup category (Energy, . .; MJ day~!) was cal-
culated using the activity budget and the oxygen consumption
(ml 0, min~! kg~ !) for each behavior based on measurements from cap-
tive California sea pups (Tables 2 and 3; Thometz et al., 2014; Supplemen-
tary Data 2). Energy; . ,includes the energy expenditure for all behaviors
in the daily activity budget, including resting, which is associated with
thermogenesis (regulated production of heat) to offset heat loss in
water. Based on the descriptions in Thometz et al. (2014), the metabolic
rates for C1 pups were comparable to those for the pre-molting pups,
while the metabolic rates for C3 pups were comparable to those for
molting pups. The metabolic rates for the C2 pups were assumed to be
an average of the pre-molting and the molting pup values. The in-air
and in-water measurements were averaged since there was no signifi-
cant difference between them. The nursing and being-groomed behaviors
in pups were considered energetically similar to resting behavior.

The daily, mass-specific energy expenditure for each behavior
(kj day~ ' kg—!) was estimated as the product of the rate of oxygen con-
sumption for that behavior, a conversion factor of 0.02 k] mI~! 0,
(Schmidt-Nielsen, 1997), and the total minutes spent each day devoted
to that behavior (i.e., proportion of 24 h in each behavioral activity bud-
get state multiplied by 1440 min day™') (Yeates et al., 2007; Thometz
et al,, 2014). Total energetic cost for each behavior (MJ day~') was cal-
culated as the product of the mass specific energy expenditure for each
activity and the mean body mass for each pup category (based on the
growth rate of captive pups; see above) divided by 1000 to convert k]
to MJ] (Thometz et al., 2014; Yeates et al., 2007). Finally, Energy; . .
for each pup category was calculated as the sum of the daily energetic
costs for all behaviors.

The daily net energy expenditure (Energyy..; MJ day~!) for pups
was estimated as the sum of Energygow and Energy, . , (Table 4).
Metabolizable energy (Energyme;) accounts for the Heat Increment of
Feeding (HIF), which was assumed to be 10% of Energyingesr, and was

Table 2
Behavioral metabolic rates for each pup category adapted from Thometz et al. (2014).

calculated using the Energy,e¢ (Energymer = Energype: / 0.9) (Costa
and Kooyman, 1984). To calculate the digested energy (Energyaigest),
urinary energy (i.e., energy used for the synthesis of urea) from milk
consumption was assumed to be 2% of Energyinges: and was calculated
using the Energyme: (Energygiges: = Energyme: / 0.98) (Oftedal and
Iverson, 1987). Finally, ingested energy (Energyinges:) was calculated
by assuming an assimilation efficiency of 97% for milk (Energyingest =
Energydiges: / 0.97) (Oftedal and Iverson, 1987).

Average daily milk ingestion (kg day~') was calculated as the
quotient of the Energyinges: (M] day~!) of the pups and the energy
content of sea otter milk (Milkenergy; MJ kg™') (Table 4). Energyingest
takes into account the energy required for activity, resting, growth, HIF,
assimilation efficiency and urinary energy. MilKepergy Was based on
the proximate composition of sea otter milk (63% water, 23% fat, 11%
protein and 1% carbohydrate [lactose]) and the equation: MilKenergy
(kcal 100 g~ 1) = 9.11 (% fat/100) + 5.86 (% protein/100) + 3.95
(% carbohydrate/100) (Jenness et al., 1981; Oftedal et al., 1983).
Using the conversion factor of 0.04184 to convert kcal 100 g~ to
M] kg™ !, Milkepergy Was 11.67 MJ kg~ '.

2.3.2. Energy budget for females

For each female category, the combined daily energy expenditure to
support resting metabolism and activity (Energy;,  .; MJ day~!) was
calculated using the activity budget and the oxygen consumption
(ml O, min~! kg™ !) for each behavior based on measurements from
captive adult sea otters (Table 5; Yeates et al., 2007). As with the pup en-
ergy budget, Energy, . , includes the energy expenditure for all behav-
iors in the daily activity budget, including resting which is associated
with thermogenesis (regulated production of heat) to offset heat loss
in water. Pup grooming behavior by females was considered energeti-
cally similar to self-grooming. When calculating the energy for swim-
ming, the routine swimming speed for females with pups in Simpson
Bay was not as energetic as that assumed by Yeates et al. (2007) and
originally measured by Williams (1989). Therefore, a linear regression
was calculated using the resting metabolic rate (13.3 ml O, kg~ !~
min~!) at a speed of 0 m s~ ! and the previously measured value
of surface swimming at 0.8 m s~! (29.6 ml 0O, kg=! min~ 1),
which was best described by the linear regression (Surface Swim-
ming Metabolic Rate = 13.5 + 20.1(Speed) (Williams, 1989). The
normal speed of swimming for female sea otters with pups was esti-
mated to be 50% of that observed by Williams (1989), so the energetic
cost at 0.4 m s~ ! was calculated to be21.5ml 05 kg~ "min~ .

The mass-specific energy expenditure for each behavior (k] day ™!
kg~!) was estimated as the product of the rate of oxygen consumption
for a behavior, a conversion factor of 0.02 k] ml=! 05! (Schmidt-
Nielsen, 1997), and the total minutes spent each day devoted to that be-
havior (i.e., proportion of 24 h in each behavioral state from the activity
budget multiplied by 1440 min day™~') (Yeates et al., 2007). Total ener-
getic cost for each behavior (M] day ™~ ') was calculated as the product of
the mass specific energy expenditure for each activity and a mean body
mass of 20 kg (Ballachey et al., 2003; Garshelis et al., 1986; Rotterman
and Monnett, 2002; Scheffer, 1951) and divided by 1000 to convert k]
to MJ (Yeates et al.,, 2007). Finally, Energy; , , for each female category
was calculated as the sum of the daily energetic costs for all behaviors.

Behavior Pup Metabolic Rates

Category 1 Category 2 Category 3

ml O, min~! kg™! k] min~' kg ™! ml O, min~! kg™! k] min~"' kg~! ml 0, min~ ' kg™! kJ min~"' kg ™!
Resting 24.6 049 241 048 23.5 047
Swimming 31.6 0.63 31 0.62 304 0.61
Feeding 31.6 0.63 323 0.65 33 0.66
Grooming 54.1 1.09 53 1.06 51.7 1.04
Interacting 31.6 0.63 31 0.62 304 0.61
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Table 3
Activity and energy budgets for each pup category. Metabolic rates for each pup category adapted from Thometz et al. (2014). Activity budgets are from Cortez et al. (2016).
Activity budget Energy budget
Behavior  Category 1 Category 2 Category 3 Category 1 Category 2 Category 3
Prop. ofday’ min Prop.ofday min Prop.ofday min kjday 'kg~! TotalMJday '® kjday 'kg~' TotalMJday~' kjday 'kg~' Total MJday '

Resting 0.991 1427 0.880 1268 0.569 820 705.0 1.30 (98.8) 613.5 2.18 (83.7) 386.9 2.24 (48.6)
Swimming 0.005 7 0.069 100 0.174 251 4.4 0.01 (0.6) 61.9 0.22 (8.5) 153.0 0.89 (19.2)
Feeding 0.000 0 0.017 24 0.169 244 0.0 0.00 (0.0) 15.6 0.06 (2.1) 161.4 0.94 (20.3)
Grooming  0.001 1 0018 26 0.029 42 0.9 0.00 (0.1) 27.3 0.10 (3.7) 432 0.25 (5.4)
Interacting 0.004 5 0.016 23 0.059 84 33 0.01 (0.46) 14.5 0.10 (2.0) 515 0.30 (6.5)

Percentage of total energy budget shown in parentheses.
2 Proportion of 24-h period spent in each behavioral state.
b €1 mass: 1.84 kg; C2 mass: 3.56 kg; C3 mass: 5.80 kg.

Since the energy ingested by the pup is supplied entirely by the fe-
male, the energetic cost of lactation (Energyjactation) Was calculated
using the ingested energy intake by the pup (see Energyinges: for pups)
and a lactation efficiency (i.e., efficiency for the conversion of food ener-
gy or body reserves into milk energy) of 0.80 (Energyjactation = Pup
Energyingest / 0.80; Prentice and Prentice, 1988) (Table 6). The net ener-
gy (Energy,e.) for females was estimated as the sum of Energy,  , and
the Energyiactation. AS With sea otter pups, metabolizable energy
(Energymet) accounted for the Heat Increment of Feeding (HIF), which
was assumed to be 10% of Energyinges:, and was calculated from the
Energyne: (Energymer = Energypne: / 0.9; Costa and Kooyman, 1984). To
calculate digested energy (Energyaiges:) for the females, urinary energy
(i.e., energy used for the synthesis of urea) was assumed to be 10% of
Energyingest and was calculated using Energyme: (Energygiges: =
Energymet / 0.9; Costa, 1982). Lastly, ingested energy (Energyingest)
was calculated by assuming an assimilation efficiency of 82%
(Energyingest = Energyaiges: / 0.82; Costa, 1982). Daily food ingestion
(kg) was calculated by dividing the Energyingest (MJ day ') by the aver-
age energy content of bivalves (3.42 MJ kg~ !) from Simpson Bay deter-
mined by bomb calorimetry (Supplementary Data 3).

2.4. Data analyses

SPSS (Version 15 statistical software, Chicago, IL) was used at
a = 0.05 to test for the correlations between female and pup energy
expenditure per behavior (dependent variables) due to the pup catego-
ry (independent variable) controlling for any differences within years
(covariate) using multivariate analysis of covariance (MANCOVA). The
differences in mean energy spent among the behaviors were tested
for each category of pup using Tukey HSD post hoc tests.

3. Results
3.1. Energy budget for pups
Based on the mean growth rate of captive sea otters pups in Alaska

(Fig. 2), the estimated growth rate of C1 pups (1.84 kg mean body mass)
during the first 30 days after birth was 35.0 g day ™!, although it was

Table 4

Energetics calculations for the three categories of pups. Energy values are in units of MJ day

! and milk consumption in units of g day~

non-linear and slower during the first 15 days of age (18.1 g day ™ !)
than during the second 15 days (50.8 g day ™ !). After 30 days, the
growth rate became more linear and increased. The mean growth rate
of C2 pups (3.56 kg mean body mass) was estimated to be
70.2 g day ™!, twice the value for the less mature C1 pups. The estimated
growth rate of C3 pups (5.80 kg mean body mass) increased slightly
to 79.8 g day~'. Based on the assumptions described above, the
Energygrowrn was 0.0236 M] day~ !, 0.0474 M] day ' and
0.0539 MJ day~ ! for C1, C2 and C3 pups, respectively (Table 4).

The estimated Energy, ., , for C1 pups was 1.31 MJ day~ ' of which
99% was associated with resting (this included nursing and being
groomed with metabolic rates that were assumed to be equivalent to
resting), and 1% was associated with attempted swimming, self-
grooming and interacting (Table 4; Fig. 3). The estimated Energy; . ,
for C2 pups was 2.61 M] day ™~ ' of which 84% was associated with resting
equivalent behaviors (i.e., resting, being groomed and nursing as with
the C1 pup), 8% with swimming, 4% with grooming and 2% with feeding
on solid food (Fig. 3; Table 3). C2 pups also began interacting, which
represented 2% of Energy; . .. The estimated Energy,  , for C3 pups
was 4.62 MJ day ™! of which 49% was associated with resting equivalent
behaviors, which was similar to that for the adult females (Fig. 3;
Table 3). C3 pups were capable of swimming, which represented 19%
of Energy; . ,. Although grooming and feeding behaviors were still de-
veloping, 20% of the Energy, . , was associated with shallow dives and
5% with grooming. C3 pups interacted with the female and other otters,
which represented 6% of the Energy; . a.

The Energyinges: for a C1 pup was 1.56 MJ day~ !, which increased 2-
fold to 3.10 MJ day~! for a C2 pup and a further 1.8-fold to
5.46 M] day~! for a C3 pup (Table 4; Fig. 4). Daily milk ingestion for
C1, C2 and C3 pups was 134, 266 and 468 g day !, respectively, which
was 7-8% of mean body mass (Fig. 5).

The MANCOVA showed a significant (P < 0.0001) difference in the
energy associated with each behavior among the three pup categories.
The amount of energy associated with each behavior was also signifi-
cantly different among pup categories (resting: P < 0.0001; self-
grooming: P < 0.0001; being groomed: P < 0.0001; feeding:
P < 0.0001; being groomed: P < 0.003; swimming: P < 0.0001, nursing:
P <0.0001, interacting: P < 0.0001). A Tukey post-hoc test showed that

1

Category Energy, . , (M]day™!) Energyerowth Energyne (M] day~') Energyme” Energyadigest” Energymgest‘l Daily Milk Ingestion®
(Mjday™ 1) (Mjday ™) (MJday™ 1) (MJday™ 1) (gday™ ")
1 1.31 0.0236 1.34 1.48 1.51 1.56 134
2 2.61 0.0474 2.65 295 3.01 3.10 266
3 4.62 0.0539 4.67 5.19 5.30 5.46 468

a
b

Energynet = Energy; + 2 + Energygrowth:

Energymet = Energyye / 0.9 (Heat Increment of Feeding).

€ Energydigest = Energymec / 0.98 (Urinary Energy).

d Energyingest = Energyaiges: / 0.97 (Assimilation Efficiency of Milk).

€ With the assumption of pups nursing exclusively.
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Table 5
Activity and energy budgets for each female category. Female metabolic rates for each behavior are adapted from Yeates et al. (2007). Activity budget are from Cortez et al. (2016).
Behavior Female Metabolic rates Activity budget Energy budget
Category 1 Category 2 Category 3 Category 1 Category 2 Category 3
mlO;min~!  KkImin~! Prop.of min Prop.of min Prop.of min kjday~! Total MJ kjday~!  Total MJ kjday~!  Total MJ
kg~! kg~! day? day day kg~! day~! kg! day~! kg~! day!
Resting 13.3 0.27 0.504 725 0.525 756 0458 659 195.9 3.92(35.5) 204.0 4.08 (37.7) 1779 3.56 (33.0)
Swimming 22 0.44 0.215 309 0.159 229 0.082 118 1365 2.73 (24 8) 100.6 2.01(18.6) 52.0 1.04 (9.6)
Feeding 216 0.43 0.085 122 0132 190 0325 467 52.6 1.05(9.5 81.8 1.64 (15.1) 201.0 4.02 (37.3)
Grooming  29.4 0.59 0.194 279 0172 248  0.090 130 1645 3.29 (29. 8) 146.3 2.93 (27.0) 76.7 1.53 (14.2)
Interacting  24.5 0.49 0.003 4 0.012 17 0.045 65 2.1 0.04 (0.4) 85 0.17 (1.6) 320 0.64 (5.9)

Percentage of total energy budget shown in parentheses.
2 Proportion of 24-h period spent in each behavioral state.

the energy expended by C1 pups in each behavior was significantly dif-
ferent from that for C2 and C3 pups.

3.2. Energy budget for females

The Energy; + , for C1, C2 and C3 females were nearly identical (only
2.2% difference), although the allocation of energy to particular
behaviors differed. The estimated Energy, ; , for a C1 female was
11.03 M] day ! of which 36% was associated with resting, 30% with
self-grooming and pup grooming, 25% with swimming, 10% with feed-
ing and <1% with interacting (Table 5; Fig. 6). The estimated
Energy; . . for a C2 female was 10.82 M]J day ! with the primary differ-
ence in energy allocation resulting from an increase associated with
feeding (15%) and a decrease with swimming (19%) (Table 5; Fig. 6).
Energy expenditure associated with resting (38%) and self-grooming
and pup grooming (27%) was similar to that for a C1 female. The esti-
mated Energy; .. , for a C3 female was 10.79 M] day ™~ ! with less energy
allocated to swimming (10%) and much more (37%) to feeding than C1
and C2 females (Table 5; Fig. 6). The energy expenditure associated with
resting decreased slightly (33%), while that for self-grooming and pup
grooming (14%) was about half that for C1 females.

Energyiactation for a C1 female was the lowest of all categories at
1.95 M] day !, because C1 pups were small and could not ingest as
much milk as older pups (Table 6; Fig. 7). This resulted in a slow growth
rate of 35 g day . Although the Energy, . . for a C2 pup was similar to
that for a C1 pup, the growth rate for a C2 pups doubled (70 g day ™ 1),
and the Energyjacation increased to 3.88 MJ day~ . The growth rate for
a C3 pup (80 g day~ ') was similar to that for a C2 pup, but the
Energy, + , for a C3 pup increased significantly. As a result, the
ENergyiactation for a C3 female increased to 6.83 M] day~'. The
Energyingest for a C1 female was 19.55 M] day !, which increased to
22.13 M] day~! for a C2 female and 26.53 M] day~! for a C3 female
(Table 6; Fig. 8). The daily food ingestion for a C1 female was
5.72 kg day~ !, which was 29% of body mass for a 20 kg female
(Fig. 8). A C2 female ingested 6.47 kg day ! (32% of body mass), and a
(3 female ingested 7.76 kg day ! (39% of body mass).

The MANCOVA showed there was a significant difference in energy
expenditure for each female category associated with grooming

Table 6

Energetics calculationsfor the three categories of females. Energy values are in units of MJ day

(P < 0.0001), feeding (P < 0.0001), swimming (P < 0.0001) and
interacting (P < 0.0001). The Tukey post hoc tests showed that there
was a significant decrease in the amount of energy associated with
pup grooming for all female categories. The C1 and C2 females allocated
similar amounts of energy for interacting and feeding, which differed
significantly from that for C3 females. The energy associated with swim-
ming differed among the three female categories.

4. Discussion
4.1. Energy budget for pups

In young mammals, energy is required for growth as well as rest-
ing metabolism and activity, so competing energetic demands exist
that do not occur in mature mammals. Mature sea otters already
have a resting metabolic rate that is 2.6-fold greater than the allome-
tric prediction for terrestrial carnivores (McNab, 2008). Sea otter
pups have a resting metabolic rate (0.49 k] min™' kg™ or 29.4 k] hr— !
kg~ ! for a body mass of 1.84 kg; Table 2, Thometz et al., 2014) that is
1.8-fold greater than an adult otter (16.2 kJ hr~! kg~ for a body
mass of 27.3 kg; Table 2, Yeates et al., 2007). However, if the allome-
tric mass specific scaling factor of 0.75 for carnivores (McNab, 2008)
is used, then sea otter pups have a resting metabolic rate
(34.2 k] hr~ ! kg~%7°) that is similar (9% less) to adult sea otters
(36.7 k] hr=!' kg=%75). Relative to other neonatal mammals, sea
otter pups have an average scaled resting metabolic rate that is 2.4-
fold (range 1.8-3.0) greater than neonatal dogs (Canis lupus
familiaris) (13.4 k] hr—! kg~°7%; Crighton and Pownall, 1974),
rhesus monkeys (Macaca mulatta) (14.9 k] hr—! kg=%75; Dawes
et al., 1960), sheep (Ovis aries) (19.4 k] hr—! kg~ °7%; Dawes and
Mott, 1959) and humans (11.4 kJ hr.=! kg=%7%; Hill and
Rahimtulla, 1965). Hence, the 2.6-fold increase in resting metabolic
rate in adult sea otters relative to adult carnivores is similar to the 2.4-
fold increase in resting metabolic rate of sea otter pups relative to neo-
natal terrestrial mammals. However, relative to neonatal Northern fur
seals (Callorhinus ursinus) (30.7 k] hr~! kg~ %75; Donohue et al.,
2000), harbor seals (Phoca vitulina) (22.4 k] hr—! kg~%7>; Burns et al.,
2005) and Northern elephant seals (Mirounga angustirostris)

1

Category Energy; + o (MJ day™ ! ) Energyiactation” Energynetb (M] day™ ! ) Energymet” Energymgestd Energy:ngeste
(Mjday™") (M) day™1) (Mjday™") (M day™")
1 11.03 1.95 12.98 1443 16.03 19.55
2 10.82 3.88 14.70 16.33 18.15 22.13
3 10.79 6.83 17.62 19.58 21.75 26.53

a
b

Energyiactation = ENETgYpup ingest / 0.8 (Lactation Efficiency).
Energyner = Energyr + 2 + Energyiactaion-

¢ Energymer = Energyner / 0.9 (Heat Increment of Feeding).

d Energygigest = Energyme: / 0.9 (Urinary Energy).

¢ Energyingest = Energygiges: / 0.82 (Assimilation Efficiency of Clams).
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Fig. 3. Energy expenditure (MJ day~') as a function of behavior for C1, C2, C3 sea otter
pups. Gray: Category 1; White: Category 2; Black: Category 3. C1 swimming, grooming
and interacting accounted for <0.01 MJ day .

(31.1 k] hr=! kg~%7%; Rea and Costa, 1992), the resting metabolism of
neonatal sea otters is only slightly (20%) higher.

The elevated resting metabolic rate in neonatal sea otters results pri-
marily from thermogenesis (regulated production of heat) necessary for
the thermoregulation in the marine environment. Basal metabolism is
so high that it represents a large percentage of the average energetic
cost of other behaviors for all age categories of pups: 77% of swimming,
74% of feeding, 45% of grooming and 77% of interacting. With regards to
the daily Field Metabolic Rate (FMR; M] day~!), the underlying resting
metabolic rate for all behaviors represented 100% of Energyinges: for C1,
947% for C2 and 85% for C3 pups. Hence, thermogenesis dominates the
metabolism of sea otter pups, which indicates the vital role it plays in
the survival of the smallest endothermic neonate born at sea.

Compared to Energy; 4 ., the Energygrowen was only 1-1.5% of
Energyingest in C1 (0.024 MJ day '), C2 (0.047 MJ day ') and C3 pups
(0.054 MJ day— ') (Table 4). Sea otter pup growth is similar to that in
fur seals and sea lions. These neonatal otariids grow slowly over a period
of 4-12 months and mainly acquire lean tissue as opposed to fat (Bowen

85%

84%

2 84%

1 2 3
Pup Category

Fig. 4. Comparison of pup Energy; ; , (white bars) and the Energyinges: (black bars) in
M] day . The percentage of Energyingest that is represented by Energy; 4 , is shown
above the bars. The remaining Energyinges: Was allocated to Energygrowen and due to the
Heat Increment of Feeding (HIF), urinary energy and the assimilation efficiency.

500 1 8%
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g day”’
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0 T
1 2 3
Pup Category

Fig. 5. Daily milk ingestion (g day ') and as a percentage of body mass for the three pup
categories.

et al, 1992; Georges et al.,, 2001; Oftedal et al., 1987). Otariid pups usu-
ally grow at 60-380 g day !, which is significantly less than the growth
rate of phocid pups (800-7000 g day ') (Boness and Bowen, 1996).
Compared to the elevated growth rates in pinnipeds, growth rates of
chimpanzees (Pan troglodytes) (12-13 g day™ '), gorillas (Gorilla sp.)
(16 g day— "), and humans (7.7 g day~') are minor (Case, 1978b).
Growth rates from birth to weaning of wild sea otter pups in Prince Wil-
liam Sound averaged 83 g day ™ ! and 95 g day ! for female and male
pups, respectively (Monnett et al., 1991). The captive C1 pups in this
study grew at 35 g day~ !, which increased to 70.2-79.8 g day ! in
the C2 and C3 pups, respectively. Hence, pup growth rates reported by
Monnett et al. (1991) are probably from older (i.e., >C2) pups. Similar
to C1 pups, Northern fur seal pups have a very slow growth rate during
the perinatal period (1-10 days). Since fur seals are born with minimum
body fat and a neonatal pelage with poor insulating qualities, most of
the young pups' metabolism is associated with thermogenesis instead
of growth (Boltnev et al., 1998). The highest growth rates recorded in
fur seals occurred in preweaning pups after molting as they acquired
body fat (Boltnev et al., 1998). Like the preweaning Northern fur seal
pups, C3 pups that have molted their natal pelt also have a higher
growth rate.
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3.00 A

2.50 A

MJ day-!

2.00 A
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0.50 A

0.00 4

Resting Swimming Feeding Grooming Other

Behavior

Fig. 6. Energy expenditure as a function of behavior for the three categories of females.
Grooming behavior includes self-grooming and pup grooming. Gray: Category 1; White:
Category 2; Black: Category 3.
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30

MJ day-!

1 2z 3

Female Category

Fig. 7. Female Energy; | , (white bars), Energyiactation (gray bars) and the Energyinges
(black bars) in MJ day~'. The percentages of Energyinges: that are represented by
Energy; . , or Energyjactation are shown above the bars. The remaining Energyinges; is due
to the Heat Increment of Feeding (HIF), urinary energy and the assimilation efficiency.

4.2. Sea otter pup behavioral development

As the most altricial mammal born at sea, C1 sea otter pups are total-
ly dependent on the females for survival. These very small pups spend
most of their time in resting equivalent behaviors, including resting,
nursing or being groomed, and lack the strength or coordination for
swimming, feeding or self-grooming. The absence of highly energetic
behaviors resulted in a relatively low Energy, ; , (1.31 MJ day~!) com-
pared with C2 and C3 pups. The Energyinges: for C1 pups (1.56 M day ')
was provided entirely by milk (134 g milk day~!), and nursing was
considered a resting equivalent behavior (Payne and Jameson, 1984).
By minimizing Energy; ; ,, these pups can allocate more energy to
thermogenesis and growth (Gaillard et al., 1997; Koteja, 2000).

Lactose and fat in sea otter milk provide energy, while the protein is
essential for growth (Jenness, 1986). For the first 90 days, the pups con-
sumed 7-8% of their body mass in milk. Sea otter milk is 62% water, and
its dry mass is composed of about 61% fat, 29% protein and 0.03% lactose
(Jenness et al., 1981; Oftedal, 1984). Pinniped milk is 49-59% water and
has little or no lactose, while the dry mass of fat is higher (~74-82%) and
protein mass is lower (11-22%) (Oftedal, 1984). Terrestrial carnivore
milk, which is 18-34% dry mass, usually contains 7-25% lactose, 32-
55% fat (the highest being from the brown bear) and 25-38% protein
(Oftedal, 1984). Hence, the composition of sea otter milk is similar to
that of pinnipeds with a slightly lower fat content. However, the amount
of protein in sea otter milk is similar to that of terrestrial carnivores.
Since sea otter pups use fur for thermo-insulation, fat does not

39%

7 4 32%

29%

kg day’

1 2 3

Female Category

Fig. 8. Daily food consumption (kg day~!) and as a percentage of body mass for a 20 kg
female.

accumulate as a blubber layer, and the elevated protein levels can be
used for growth.

As young mammals grow, their energy requirements increase, and
the energetic cost of milk production by the female increases (Kunz
and Orrell, 2004). C2 pups consumed 266 g milk day~! with an
Energyingest of 3.1 MJ day ™!, which was largely associated with the in-
crease in Energy,  , (2.61 M] day~!). Even though 84% of their energy
expenditure was allocated to resting equivalent behaviors, there was an
additional expenditure of energy due to swimming (~8%). Feeding and
self-grooming behaviors also begin to develop in C2 pups, although only
2% and 4% of the energy expenditure was used for these behaviors, re-
spectively. In addition, these pups begin to molt their natal pelage
(Payne and Jameson, 1984) and swim alongside the females making
short, shallow dives while the females are foraging (Cortez et al.,
2016). C2 pups begin to solicit food from the female, and this behavior
continues until weaning (Payne and Jameson, 1984). Solid food provid-
ed by the female for C2 and C3 pups supplements milk energy, and this
transition usually coincides with the peak lactation period (Langer,
2008).

The Energy; . . for C3 pups was 4.62 MJ day~! with 49% associated
with resting behavior similar to the females. By 8-10 weeks, the pups
are strong swimmers in both the prone and supine position and begin
diving with the foraging females (Payne and Jameson, 1984). About
19% of their energy was allocated to swimming, while 20% was allocated
to foraging with the female or feeding on items obtained from the fe-
male. The development of these active behaviors corresponded to the
increase in Energy; 4 .. C3 pups had an Energyingesc 0f 5.46 M] day— .
If all their energy came from nursing, then these pups would have con-
sumed 468 g milk day~'. However, there was a minor contribution of
solid food to the C2 and C3 pup's diet. An estimated 17% of prey cap-
tured by C2 females was shared with their pups, which increased to
25% for C3 females (M. Cortez, unpub. obs.). Regardless of the increasing
contribution of solid food to the diets of C2 and C3 pups, most of the
Energyinges: still came from milk. Since, 7% of the day was spent nursing,
similar to C1 and C2 pups, C3 pups may become more efficient at con-
suming milk in a nursing bout, which has been seen in other mammals
(i.e., Steller sea lion pups (Eumetopias jubatus), Northern fur seals,
human infants, and horse foals) (Blaxter, 1989; Cameron, 1998; Costa
and Gentry, 1986; Higgins et al., 1988).

4.3. Energy budget for females

With pup mortality occurring predominantly during the first 60 days
after birth (Monnett and Rotterman, 2000; Riedman et al., 1994; Siniff
and Ralls, 1991), neonatal care is critical and reflected in the females' ac-
tivity budget. The female not only feeds the pup but also protects it from
environmental and predatory threats while maintaining the insulating
properties of its fur for thermoregulation (Cortez et al., 2016). The
provisioning of any offspring during lactation is an energetically and nu-
tritionally expensive process and is also correlated with some of the
highest daily energetic expenditures (Langer, 2008; Mellish et al., 2000).

As mentioned previously, mature sea otters have a resting metabolic
rate that is 2.6-fold greater than the allometric prediction for terrestrial
carnivores (McNab, 2008), and this increase results primarily from ther-
mogenesis (regulated production of heat) necessary for thermoregula-
tion in the marine environment. As with pups, the resting metabolism
of adult females is so high that it represents a large percentage of the
average energetic cost of other behaviors: 61% of swimming, 63% of
feeding, 46% of grooming and 55% of interacting. With regards to the
daily Field Metabolic Rate (FMR; M] day '), the underlying resting met-
abolic rate for all behaviors represented 70% of Energyinges: for C1 fe-
males and 72% for C2 and C3 females. Hence, thermogenesis
dominates the metabolism of female sea otters as with their pups.

Overall, there was little difference in the Energy, , . (range 10.79-
11.03 M] day ') among the three categories of females, although
their activity budgets were very different. There was little difference
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in the daily energy expenditure associated with resting, while the
energy expenditures associated with swimming and grooming (self-
grooming and pup grooming together) decreased as the pups matured.
The daily energy expenditure for feeding increased as the demands
from the pup increased. C1 females expended 2.73 M] day ™~ ! (25% of
Energy; , ,) in swimming around the study area carrying their pups,
often making long, meandering loops that brought them back to the
same location without any apparent reason. The purpose of this behav-
ior remains uncertain. It may be related to heightened vigilance and
predator avoidance by reducing the time that newborn pups are left un-
attended at the surface (i.e., bald eagles; Cortez et al., 2016; Gelatt et al,,
2002; Reed, unpub. obs.) or to remain active for thermoregulation. The
energy expended in meandering swimming decreased to 2.01 M day '
(19% of Energy, ; ,) for C2 females and 1.04 MJ day~' (10% of
Energy, . ,) for C3 females as the pups grew and the potential threat
of bald eagle predation diminished.

The mass-specific metabolic rate of small mammals is much higher
than that of larger mammals, and the former are unable to store enough
energy as fat to compensate for long periods of fasting (Oftedal, 2000).
Lactation is the most expensive stage of reproduction and is associated
with an increase in foraging effort by up to 30% in larger species
(Gittleman and Thompson, 1988). California sea lions (Zalophus
californianus) increase their energy intake by nearly 4-fold over mainte-
nance levels during peak lactation and sustain these levels for six
months to support growing pups (Williams et al., 2007). Lactating
Northern fur seal females consume 80% more food than a non-
lactating female (Costa and Gentry, 1996). Even though elephant seals
are capital breeders, females need to increase their foraging effort by
10% to store sufficient energy prior to the female's fasting period during
lactation (Costa et al., 1986). In terrestrial mammals, increases in energy
intake during lactation can be as high as 48% in pine voles (Microtus
pinetorum) or 160% in red deer (Cervus elaphus) (Costa et al., 1986).

As the sea otter pups matured, their energy needs increased. With
this elevated energy requirement from the pups, the females' foraging
effort also increased, and the energy allocated to other activities, such
as swimming at the surface, decreased. The energy expended in feeding
increased 3.8-fold from 1.05 MJ day ! (10% of Energy; . .) for C1 fe-
males to 4.02 M] day~ ! (37% of Energy, . ,) for C3 females. This increase
was associated with an elevated Energy)actation, Which increased 4.5-fold
from 1.95 MJ day ' (10% of Energyinges:) in C1 females to 8.83 MJ day !
(26% of Energyingest) in C3 females. Since the lactation efficiency is 80%,
most of the cost to the female is in the energetic content of the milk,
which comes from the diet (i.e., Energyingest). The Energyinges: for C1
females increased to 22.13 and 26.53 MJ day~' for C2 and C3 females,
respectively. C1 females consumed 5.72 kg prey day ™' (29% of body
mass or ca. 560 clams day~!), while C2 females consumed 6.47 kg
(32% of body mass or ca. 634 clams day~'). C3 females, which had to
support the energetic needs of a larger and more active pup, consumed
7.76 kg prey day~ ! (39% of body mass or ca. 760 clams day~'). Howev-
er, the actual number of clams consumed will depend on their mean
mass, which we can only estimate.

Water conducts heat 25-fold faster than air, which makes sea otters
susceptible to hypothermia in the cool waters of the North Pacific. Most
marine mammals rely on blubber for thermal insulation. In contrast, sea
otters rely entirely on fur that traps an air layer next to the skin and
provides 70% of the thermal insulation to maintain a stable core body
temperature (Costa and Kooyman, 1982; Davis et al., 1988; Kenyon,
1975; Williams et al., 1992). The marine otter (Lontra felina) also has
no body fat, but it offsets heat loss by reducing the time spent in at sea
(Estes, 1986; Valqui, 2012; Vianna et al., 2010). More than 80% of their
time is spent in the dens, and they only go to the water to feed
(Valqui, 2012; Vianna et al.,, 2010). Sea otter pups do not acquire the co-
ordination to efficiently groom themselves until about eight weeks of
age (Payne and Jameson, 1984). Therefore, they depend on the female
for most of the fur maintenance during the first few months of life
(Hanson et al., 1993; Kenyon, 1975). The energy expended by females

to groom themselves and their pups decreased from 3.29 MJ day '

(30% of Energy, 4 ,) for C1 females to 1.53 M] day~ ' (14% of
Energy; . ) for C3 females as the C3 pups developed the ability to
self-groom and molted into their adult fur.

4.3.1. Catabolism of body tissue

The reliance on energy stored as fat is evident across different taxa of
mammals. Black and brown bears fast for periods of 4-5 months (from 1
mo prior to parturition to 2-3 mo postpartum), while lactating polar
bears fast for as long as 8 months (Oftedal, 2000). Pregnant blue whales
(Balaenoptera musculus) and fin whales (Balaenoptera physalus) acquire
a large blubber layer that can represent 38% and 25% of their body mass,
respectively, during the foraging season (Oftedal, 2000). However, even
these large body energy reserves may not even be sufficient for the en-
tire course of lactation. Larger phocids can support their daily energy re-
quirements for lactation entirely through fat, while smaller phocids
(e.g., harbor seals) must feed during the latter part of lactation
(Oftedal, 2000). Otariid females are income-breeders, and they only
rely on body fat for about 5-9 days after parturition and then make reg-
ular foraging trips throughout lactation (Oftedal, 2000).

C1 females forage, on average, only 2 h each day (Cortez et al., 2016),
which represents only 9% of the daily activity budget during the first
month postpartum. This is an extraordinarily low foraging effort for an
animal with a newborn pup that needs to ingest 19.55 MJ day !,
which was assumed to come entirely from the female's diet. This de-
crease in foraging behavior has been observed in females with young
pups in other parts of Alaska and California (Gelatt et al., 2002;
Thometz et al., 2014). The ability of the C1 female to obtain around
5.72 kg of food (ca. 560 clams or 8 clams dive™ ') in only 2 h time (aver-
age female dive duration: 1.69 min; Wolt et al., 2012) is difficult to rec-
oncile with normal feeding behavior of sea otters without pups.
However, pregnant females may develop some subcutaneous fat in
the dorsal caudal area (RW. Davis, unpub. obs.). In addition, otherwise
healthy lactating or pregnant females that have died from boat strikes in
Kachemak Bay, Alaska had abundant mesenteric fat in the omental
bursa, around the kidneys and in the inguinal area that is not otherwise
seen in males or non-breeding females that have been forensically ex-
amined (V.A. Gill unpublished data; Supplementary Data 4). As with
otariids, these body fat deposits may allow females to reduce foraging
without entering a state of starvation and devote more time to caring
for their pups during the critical first two weeks when the neonate is
very vulnerable to hypothermia and predation. If 50% of the Energyinges
comes from body fat stores instead of the diet during the first 14 days
postpartum, then C1 females would use 0.13 kg fat day~! (energy
equivalent of fat: 39 MJ kg™ '; Prentice and Prentice, 1988) or a total
of 1.8 kg (ca. 9% of body mass assuming a 20 kg female). This may ex-
plain the paradoxically low foraging effort observed in C1 females
with vulnerable, newborn pups.

5. Conclusion

Neonatal C1 pups had a slow growth rate, which doubled in C2 and
C3 pups although the Energygowsn represented only 1-1.5% of
Energyingested for all age classes. The remainder was associated with
Energy; . .. For the first four weeks of life, the pup's activity was associ-
ated primarily with resting equivalent behaviors (i.e., resting, being
groomed, nursing). As they matured, the C2 and C3 pups exhibited
more active behaviors such as feeding, swimming and self-grooming.
The increase in Energy, . , required an increase in the Energyingest.
Throughout the first three months after birth, pups consumed 7-8% of
their body mass in milk, but this was supplemented increasingly with
solid food in C2 and C3 pups.

Sea otter females used several strategies to compensate for the in-
crease in energetic demands of the developing pups. Energyingest was
36% greater in females with C3 pups relative to those with C1 pups,
which represented a 1.3-fold increase in food consumption from 29%
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of body mass in C1 females to 39% of body mass in C3 females. Although
the Energy, . , was similar for all three females, C1 females devoted
more energy to swimming while C3 females expended more energy in
feeding. The increase in feeding effort in C3 females was needed to
support the 3.5-fold increase in milk production and provide, to a lesser
extent, solid food for their pups. In contrast, C1 females fed only 9% of
the day, and it is likely that they relied, at least in part, on stored body
fat for metabolism and milk production during the first few weeks
postpartum.

This study reveals the energetic strategies that female Alaskan sea
otters use to support one of the highest metabolic rates in any adult
and neonatal carnivore and the extreme effort of the female to raise
an altricial pup at sea. This effort will increase as growing pups approach
weaning during the autumn and early winter when air and surface
water temperatures drop to freezing. How female Alaskan sea otters
cope with the increasing energetic demands of feeding themselves
and the pup remains uncertain and a topic for future research.
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