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Figure 5. Effects of age class and mass in kilograms (kg) on hemoglobin (top) and hematocrit (bottom) in a) gray, b) harbor, and c)

northern elephant seals.
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Figure 6. Effects of age (in weeks) and mass in kilograms (kg) on a) hemoglobin and b)

hematocrit during the post-weaning fast in weaned northern elephant seal pups.
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Australian fur seal

Australian fur seal pups were measured nine months after birth for comparison of
oxygen store development throughout their nursing period. Pups were measured at less
than a month (0), one, five, six, eight, and nine months of age. Mass significantly
(p<0.01) increased with age (in months). A post-hoc Steel test revealed significant
differences between the first and second months after birth and every subsequent month
sampled thereafter. Significant (p<0.01) increases of Hb and Hct at various stages

throughout the nine-month period were due to both age and mass (Figure 7).
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Figure 7. Effects of age (in months) and mass in kilograms (kg) on a) hemoglobin and b)

hematocrit in nursing Australian fur seal pups.
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Northern fur seal

The northern fur seal dataset provided oxygen stores of six individuals who were
measured multiple times from weaning to adulthood, so individual variation could be
analyzed in the current study. Mass significantly (p<0.01) increased with age for all six
individuals throughout the years. A best-fit model selection using the Akaike Information
Criterion (AIC) score indicated that mass combined with individual variation

significantly (p<0.01) impacted blood oxygen stores in northern fur seals (Figure 8).

Steller sea lion

Similar to the NFS dataset, the dataset from Steller sea lions provided oxygen
stores of 12 individuals who were measured multiple times from less than a year old to
adulthood, allowing for an analysis of individual variation in the current study. Mass
significantly (p<0.01) increased with age for all 12 individuals. Likewise, a best-fit model
using AIC indicated that mass and individual variation significantly (p<0.01) impacted

hemoglobin and hematocrit levels in SSL (Figure 9).
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Myoglobin

This study concatenated data from multiple previous studies to compare
myoglobin development in a phocid and an otariid pup, the northern elephant seal and the
Australian fur seal (AUFS). Myoglobin data for weaned pups, juvenile, and adult NES
were available, while myoglobin data for AUFS was only available for nursing pups.
Because myoglobin measurements for each species were sampled at different points of
development (i.e. nursing and post-weaning), the data were analyzed separately by
species and the results were then compared.

Myoglobin data were obtained for northern elephant seal pups during an eight-
week PWF, and for juveniles and adults. Mb significantly (p<0.05) changed throughout
the post-weaning fast, with increases between 0 to 2, 0 to 5, and 0 to 8 weeks and
decreases after two weeks (Figure 10). Additionally, myoglobin significantly (p<0.01)
increased among weaned pups, juveniles, and adults. In both datasets, myoglobin was
significantly affected by age and mass (p<0.05).

Age and mass both had significant (p<0.05) effects on the development of
myoglobin in AUFS pups. No myoglobin measurements were available for one month
and five month old pups. However, significant (p<0.05) increases in myoglobin were
detected in pups that were less than a month old (0), six months, and nine months of age
while there were no significant changes between pups that were eight months old versus

nine months old (Figure 11).
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Discussion

Significant physiological and developmental differences exist between families
Phocidae and Otariidae. Generally, body mass was a significant factor in differentiating
oxygen store capacity among phocid and otariid species. These results are consistent with
other studies addressing the relationship between body size and diving behavior in
phocids. (Schreer and Kovacs 1997). A larger body size is associated with a greater
oxygen store capacity and therefore may affect diving ability; seals with larger body
masses are likely to have larger blood volumes and more muscle mass than smaller seals
and therefore, are likely to have increased diving capacities. Between the two families,
phocids are generally larger, have lower mass-specific metabolic rates, and contain
higher concentrations of oxygen in their tissues (Lenfant et al. 1970; Berta et al. 2006).

Northern and southern elephant seals are the most extreme divers as well as the
largest members of the family (Le Boeuf and Laws 1994; Berta et al. 2006). Northern
elephant seals regularly dive up to 600 m with dives greater than 1,500 m (Le Boeuf
1994, 1996). Southern elephant seal males have been recorded regularly making dives in
excess of 2,000 m (Mclntyre et al. 2010). The northern elephant seals were significantly
larger in all age classes than all other pinniped species used in this study (Figure 4).
Accordingly, NES are significantly superior divers among the six species in this study.

Intermediate-sized phocids display diving behavior relative to their body size,
with the smallest phocids tending to exhibit the shallowest dives. However, there are
exceptions. For example, the smallest phocid in this study, the harbor seal, can dive down
to 450 m for approximately 30 minutes (Bowen et al. 1999; Gjertz et al. 2001; Berta et al.
2006). Alternatively, bearded seals are larger phocids, weighing between 250-400 kg, and
usually dive in coastal waters to depths between 130-200 m for less than ten minutes
(Gjertz et al. 2001; Berta et al. 2006).

Compared to adult phocids, adult otariids tend to be smaller and show sexual
dimorphism between males and females. Because of this, species within this family
typically follow two patterns: 1) smaller otariids make shorter and shallower dives, and 2)
males tend to dive deeper than females (Schreer and Kovacs 1997; Berta et al. 2006). A

notable difference in body size exists between sea lions and fur seals. Sea lion adults
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generally weigh three times that of adult fur seals. This implies that diving differences
between sea lions and fur seals has some dependency on mass. Among the otariids in this
study, the Steller sea lion is the largest of the family, with adults reaching up to 350 kg in
females and 1,100 in males (Loughlin 2009). Among all adult fur seals, the Australian fur
seal is the largest fur seal, reaching a max of 360 kg and the northern fur seal is one of the
smallest fur seals, weighing between 60-120 kg (Warneke 1979; Arnould and Hindell
1999; Kirkwood and Arnould 2008; Gelatt et al. 2015; David A.S. Rosen, pers. comm.).
Therefore, among the three species of otariids in the current study, there are variable
effects of mass on the total body oxygen storage that likely influence diving abilities
between sea lions and fur seals adults and males and females.

There are several physiological differences between phocids and otariids that
affect their diving behavior. Phocids are adapted to sustain long and deep dives for
foraging, whereas otariids are built with more hydrodynamic bodies that reflect their
short and shallow diving behavior (Berta et al. 2006). Additionally, phocids tend to be
larger, have lower mass-specific metabolic rates, larger oxygen store capacities, and
elevated blood oxygen stores compared to otariids (Lenfant et al. 1970; Costa 1993; Berta
et al. 2006). For example, phocids can store approximately 60 milliliters of oxygen per kg
(ml Oz kg'l) of body mass compared to 40 ml O, kg™ in otariids (Kooyman 1985; Costa
1993). Having larger body mass is associated with low mass-specific metabolic rates
while lower body mass is associated with elevated mass-specific metabolic rates (Costa
1993). Lower metabolic rates allow phocids to make deeper dives for longer periods of
time without resorting to anaerobic metabolism (Costa 1993; Berta et al. 2006). All of
these factors contribute to phocids’ abilities to sustain deep, prolonged dives.

There are two diving strategies that describe the type of diving behavior exhibited
by both families: energy conserving and energy dissipative (Hochachka and Mottishaw
1998; Berta et al. 2006). Phocids’ diving is “energy conservative”. While diving, they
exhibit the most extreme bradycardia and vasoconstriction and swim at slower speeds
which allow them to minimize their metabolic costs.

Otariids exhibit a diving strategy described as “energy dissipative” (Hochachka
and Mottishaw 1998; Berta et al. 2006). Diving occurs during short time periods at

relatively shallow depths. Otariids tend to trade-off time spent foraging for quicker
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swimming speeds and their dive behavior tends to follow the vertical distribution of prey
in the water column rather than their physiological limits (Gentry 2001; Costa et al. 2001;
Berta et al. 2006). This indicates that although body mass can affect oxygen storage
capacity, other physiological factors play a role in oxygen store development and diving
ability.

This study confirmed the primary differences between the two families occurred
during the transition from maternal dependence to independence. Three maternal
strategies are utilized by the pinnipeds: aquatic nursing, foraging cycle, and fasting
(Bonner 1984; Gentry and Kooyman 1986; Oftedal et al. 1987; Costa 1991a; Boness and
Bowen 1996; Schulz and Bowen 2005). The only pinniped that utilizes the aquatic
nursing strategy is the walrus, where pups are born on ice floes but nurse with their
mothers at sea (Boness and Bowen 1996). The remaining two strategies are used by the
phocids and the otariids.

Phocids generally use the fasting strategy, exhibiting intense and short lactation
periods, in which pups must rapidly gain substantial weight and adequate oxygen stores
over a limited time of 4-50 days. After nursing concludes, pups are abandoned and must
rely on the blubber stores gained during lactation to sustain them during the PWF.
Amongst the species examined in this study, the gray seal and the northern elephant seal
followed this strategy. Gray seal pups are born weighing approximately 10 kg and triple
their mass over the course of about 18 days (Coulson and Hickling 1964; lverson et al.
1993). The weaned pups in this study weighed 37.78 + 5.56 kg, indicating this three-fold
increase in body mass from birth and nursing. Gray seal pups have a plastic PWF,
ranging from 10-28 days, in which the duration of their fast depends on their body
condition at the time of weaning (Hall 1998; Noren et al. 2005, 2008). This correlates
with the females’ health and body condition at the time pups are born (Hall 1998). Due to
this plasticity, pups can end their fast earlier or later depending on their body condition.

The northern elephant seal also exhibited this strategy. Pups weigh approximately
30 kg at birth, three times the mass of gray seal neonates, and nurse for 27 days before
they are weaned (Le Boeuf et al. 1972; Le Boeuf and Laws 1994; Noren et al. 2003).
Similarly, during nursing, they triple their birth mass before their plastic post-weaning
fast of 2-2.5 months begins (Rea and Costa 1992; Noren et al. 2008). The NES pups used
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in this study were sampled as they began their fast. At this time, the pups weighed 135.6
+ 18.13 kg. Throughout the PWF, the pups lost substantial amounts of mass. By the
eighth week of the fast, pups averaged 95.87 + 15.82 kg, having lost approximately 40
kg. This strategy of fasting allows periods of rapid mass growth and loss in a short
amount of time and requires vast quantities of energy output. For example, during
nursing, phocids gain 0.8-7.1 kg per day compared to 0.06-0.38 kg per day in otariids
(Boness and Bowen 1996). This forces phocid pups to rapidly develop their oxygen
storing capacity and diving ability for early-in-life survival.

Alternatively, otariids utilize the foraging cycle strategy. Females alternate
nursing their pups and departing to forage, leaving the pups to fast on land for short time
spans. Pups tend to depend on their mothers for a prolonged time and, therefore, gain
weight and adequate diving abilities slowly. This strategy allows some species’ pups to
nurse for up to three years. In this study, the Australian fur seal and Steller sea lion are
examples of the foraging cycle strategy.

Australian fur seal pups are 7-8 kg at birth and nurse for about ten months, during
which time the female rotates between 6-7 days foraging at a sea with intermittent
nursing periods of a few days (Arnould and Hindell 2001; Kirkwood et al. 2006). This
pattern continues on average for one year, at which point the pup completes its weaning.
During this study, AUFS pups that were less than a month old weighed 7.99 + 1.90 kg.
By the end of the nine-month study period, they weighed 23.79 + 5.95 kg, indicating they
gained on average 0.06 kg per day. Steller sea lions also nurse their pups in cycles,
alternating three days at sea and up to two days nursing on land (Rea et al. 2000). These
pups gained weight at approximately 0.3-0.12 kg per day (Burns et al. 2004; Richmond et
al. 2006). The captive Steller sea lion pups less than one-half year-old in this study
weighed 30.54 + 7.7 kg. Towards the end of the first year, the pups weighed 63.33 £ 9.9
kg, nearly doubling their mass by adding approximately 0.18 kg per day. In both cases,
these otariids gained weight slowly over a prolonged nursing period, bypassing the
requirement of a PWF and necessity of rapid physiological development.

It was previously believed that all phocids followed the fasting strategy, while all
otariids followed the foraging cycle strategy; however, these strategies are not specific to

family, rather they are species-specific. There are exceptions among the species of both
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families that may be in part due to the physiological nature of the species or due to other
variables, for example latitudinal differences. Two species used in the current study, the
harbor seal and the northern fur seal, are examples of exceptions.

Harbor seals have exhibited maternal characteristics consistent with an
intermediate strategy that includes both phocid and otariid characteristics (Boness and
Bowen 1996). Lactating females partake in small foraging trips lasting about seven hours
during mid-to-late lactation; during this time, they are often accompanied by their pups
(Bowen et al. 1999). Another characteristic that differentiates harbor seals from the
typical fasting strategy is the amount of fat stores in females at the beginning of
parturition. Females have approximately 21 kg of fat, which is substantially less that most
phocid females and more like that of otariids (Bowen et al. 1992; Boness and Bowen
1996). Harbor seals have extremely short lactation periods of 15-17 days, which is
characteristic of phocids (Muelbert and Bowen 1993). Harbor seals are smaller members
of family Phocidae, which may explain why they have less amounts of body fat stores
than other phocids. Additionally, harbor seals birth highly precocial pups already born
with substantial layers of blubber, so it may not be necessary for reproducing females to
accrue vast stores of fat and energy to sustain their pups (Boulva and McLaren 1979;
Bowen et al. 1992; Bowen et al. 1999; Burns et al. 2005).

In contrast, northern fur seals are small, subpolar otariids that have adapted to
more phocid-like maternal strategies, likely due to their high latitude breeding. Pups are
born weighing 5-6 kg with dense fur, several millimeters of subcutaneous fat, and
metabolic rates that are comparable to those of harbor seals (Miller and Irving 1975; Blix
and Steen 1979). Females exhibit foraging cycles, alternating 1-3 days nursing on land
with foraging trips lasting as long as two weeks; however, pups are weaned abruptly at
approximately four months and must become independent (Bartholomew and Hoel 1953;
Peterson 1968; Gentry and Holt 1986; Baker and Donohue 2000). Additionally, during
the short lactation period, northern fur seal pups store much more fat compared to other
otariid species, which sustains the newly independent pups as they begin a pelagic post-
weaning lifestyle that may last up to 21 months (Gentry and Holt 1986; Baker and
Donohue 2000; Baker 2007; Lea et al. 2010; Liwanag 2010; Rosen et al. 2012). This
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higher latitude breeding has likely caused the northern fur seal to adapt to a strategy that
is intermediate between the phocid and otariid maternal strategies.

Different diving and foraging styles and maternal strategies can affect how
oxygen storage develops and is utilized throughout pinnipeds’ lives. However, each
species has unique, underlying physiological mechanisms that drive oxygen storage
capacity. The distribution of the total amount of oxygen stores available within the body
tend to fall into two categories that correlate with diving ability. Otariids, who dive to
shallower depths for shorter durations tend to have a larger proportion of oxygen stored
in their lungs (Ponganis et al. 2011). For example, the northern fur seal has a total O
store of approximately 42 ml O, kg%, with lung, blood, and muscle constituting 24, 43,
and 33% of concentrations, respectively. Alternatively, northern elephant seals have a
total O store capacity of approximately 94 ml Oz kg™*. Of this capacity, 3% constitutes
the contribution from the lungs, while the blood and muscle contributes 71 and 26%,
respectively (Lenfant et al. 1970; Simpson et al. 1970; Thorson and Le Boeuf 1994;
Ponganis et al. 2011; Ponganis 2015; Ponganis and Williams 2015). Deeper divers do not
have to rely on uptake of oxygen within the stores in their lungs, which helps mediate
lung collapse and bradycardia by decreasing the need for gas exchange at depth
(Ponganis et al. 2011; Ponganis and Williams 2015).

Blood oxygen stores are the largest stores of available O2 in most marine
mammals. Determining blood oxygen stores includes the following parameters: blood
volume, hemoglobin concentration, and the amount of oxygen acquired from the
hemoglobin. Among these parameters, pinnipeds have elevated values; for example, gray
seals and northern elephant seals have blood volumes of 213 and 216 ml kg and average
hemoglobin concentrations of approximately 20 and 25 grams per deciliter (g dI?),
respectively (Ponganis and Williams 2015). It is important to compare hemoglobin with
blood volume because having higher relative blood volume allows for more red blood
cells per unit volume of blood and has been correlated with diving ability (Berta et al.
2006). Among the pinnipeds, phocids tend to have more elevated values than the otariids.
Comparatively, in this study, the average hemoglobin concentration was 19.48 + 1.59 and
21.64 + 3.64 g dI'* for gray seals and northern elephant seals, respectively. There were no

differences between age classes for the gray seal. In contrast, juvenile and adult elephant
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seals had substantially higher concentrations than the weaned NES pups, at 22.5 + 1.44
and 24.4 + 1.73 g dI'X. This exemplifies that although phocids and otariids tend to follow
patterns within their families, there are still interspecific differences that occur.

Two other major factors influence blood oxygen stores: hematocrit and spleen
size. Together, hemoglobin and blood volume increase the hematocrit, which is the
percent packed red blood cell volume. Consequently, marine mammals also tend to have
elevated levels of hematocrit (Davis 2014). Among the blood oxygen stores, hematocrit
has been shown to vary with age, stress, and animal handling. For example, increased
levels are induced by factors such as handling or abrupt weaning and abandonment
because stress causes splenic contractions, which increases the amount of red blood cells
circulating within the body (Castellini et al. 1996; Hall 1998; Jargensen et al. 2001;
Thomas and Ono 2015). Thus, it is important to consider external factors that may be
influencing values when comparing oxygen stores among species. The spleen may also
affect the amount of oxygen circulating throughout the body. The spleen is a reservoir for
red blood cells and the site of red blood cell production, and is believed to account for
43% of increase in blood volume (Bryden and Lim 1969; Qvist et al. 1986; Ponganis et
al. 1993; Thorson 1993). During a dive, seals’ spleens contract, releasing stored red blood
cells, which would increase the amount of red blood cells, and, therefore, oxygen in the
circulatory system (Ponganis et al. 1993; Castellini et al. 1992, 1996; Thomas and Ono
2015).

Blood oxygen stores are correlated with the length of the nursing and post-
weaning durations in phocids. Based on this, Burns et al. (2007) hypothesized that
species with shorter terrestrial periods must have more mature oxygen stores to
compensate for less time on land for physiological development. The current study
utilized only hemoglobin and hematocrit as measurements of blood oxygen stores and
myoglobin as muscle oxygen stores. However, it is important to note sources cited in this
study used additional parameters to calculate blood and muscle oxygen stores other than
hemoglobin, hematocrit, and myoglobin. Therefore, there is a distinction between oxygen
stores in the current study and cited literature (Thorson 1993; Burns et al. 2004, 2005;
Noren et al. 2005; Richmond et al. 2006; Spence-Bailey et al. 2007; Somo et al. 2015).
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Overall among the phocids, the northern elephant seals had the highest mean Hb,
followed by harbor seals and gray seals. Harbor seals were the only phocid in this study
for which data were available on nursing pups. The nursing pups had relatively elevated
values of Hb and Hct compared to other age classes. Oxygen stores tend to be elevated in
pinniped neonates because pups require high oxygen affinity while in the uterus in order
to acquire enough oxygen (Burns et al. 2005). This was evident in the harbor seals, whose
blood oxygen values of nursing pups were elevated compared to the other age classes.
These values declined in weaned pups but increased by the time pups were juveniles. It is
believed this decrease is due to dilution of blood cell production, which cannot keep up
with the rapid body growth and subsequent rapid increases of plasma volume of phocid
pups while they are nursing (Thomas and Ono 2015).

In studies of wild individuals, Burns et al. (2005) found harbor seal pups were
weaned with blood oxygen values similar to those of adults. In contrast, northern
elephant seal pups, which have an extended post-weaning fast had values that were much
smaller than those of adults (Thorson and Le Boeuf 1994; Burns et al. 2005). The results
of the current study were consistent with those findings. Weaned harbor seal pups in this
study had Hb values that were 80% that of adults at the time of weaning, while NES pups
had Hb values 70% that of adults. It is important to note that most of the harbor seal pups
used in this study were captive individuals who were brought into a rehabilitation center,
thus were in variable health and body conditions (Thomas and Ono 2015). This may have
affected the lower blood oxygen values observed in the nursing and weaned pups.
Similarly, weaned gray seal pups, who also have shorter PWF than NES pups, had blood
oxygen stores that were mature, i.e. similar to adult values. This supports the idea that
pups with shorter terrestrial durations, who begin independently foraging at an earlier
age, are weaned with blood oxygen stores that are more mature than pups with longer
terrestrial periods.

This pattern was also evident in the otariids as most otariids are weaned with
adult-like oxygen stores (Burns et al. 2004). Among the three otariid species, the northern
fur seals have the shortest terrestrial duration at four months. At the time of weaning,
pups had Hb values at 17.55 + 1.08 g dIX. This was elevated compared to concentrations

in weaned Steller sea lion pups at one year old, which was 13.60 + 2.20 g dI*X. However,
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it was slightly lower compared to Australian fur seal pups that were nine months old,
with values over 18 g dI'X. Once again, it is important to note that both NFS and SSL
individuals were captive, so there may have been constraints on their natural life cycles
and diving abilities. Australian fur seals are the largest of the fur seals, and these pups
were wild individuals compared to NFS and SSL, so this may have affected this outcome.
However, northern fur seal pups had Hb values that were no different from adult values.
It is evident that pups have to quickly become physiologically equipped early in life
because they are abruptly weaned and must immediately begin their first foraging
migration (Baker 2007).

Comparatively, there are two developmental patterns observed within each family
(Burns et al. 2004). For phocid pups, the post-weaning fast is an integral part of their
physiological development and correlates to the maturity of their oxygen stores at
weaning and diving ability. Pups rapidly develop adequate oxygen stores to sustain early
independent diving and foraging. In contrast, otariids have much longer lactation periods
that allow them to slowly mature physiologically so that by the time they are weaned,
pups have oxygen stores that are adult-like. There is longer-term investment in
physiological development that prevents otariids from requiring a terrestrial post-weaning
fast before they begin diving. However, this study showed there were species-specific

differences in development that should be considered, as discussed below.

Gray seal

In this study, age significantly affected mass between weaned pups and adults and
between juveniles and adults. At birth, gray seals weigh approximately 10 kg. During the
18-day nursing period, pups gain weight at a rate of approximately 1.3-1.8 kg per day and
begin their PWF weighing an average of 37.9 kg (Worthy and Lavigne 1983; Iverson et
al. 1993). The weaned pups in the current study averaged 37.78 + 5.56 kg, which was
consistent with previous studies (Hall 1998; Hall et al. 2001; Noren et al. 2005, 2008).
However, juvenile body mass was lower than the previous studies; probably due to
biological factors, such as time of year, age in relation to that specific age class, etc.

(Noren et al. 2005). The exact age of these animals is unknown. Weaned pups are up to
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one year of age, while juveniles are between a year old and sexual maturity. Therefore,
there can be substantial differences in weight unless all of the studies measured
individuals of the same known age. Therefore, it is likely that these mass differences are
due to age at the time of measurement.

Adults weighed up to three times more than juveniles, averaging 118.48 + 31.03
kg. These values were also substantially lower than previously published values (Noren
et al. 2005). This may also be due to a number of biological factors, including age
relative to sexual reproduction or time of year, including breeding, fasting, and individual
foraging efforts. Another factor that should be considered is the ratio of female-to-male
individuals. Twelve females and a single male were sampled. The male in this study
weighed 157.20 kg, which was 40 kg larger than the average mass of the females.
Although this was a marginal difference, gray seals are sexually dimorphic by the time
they reach sexual maturity, at which point males are capable of weighing up to three
times more than females.

In contrast, age class did not affect hemoglobin or hematocrit per gram body mass
values between weaned pups, juveniles, and adults. These results were inconsistent with
previous studies that longitudinally sampled pups for blood and muscle oxygen stores
(Noren et al. 2005, 2008; Hall et al. 2001). Noren et al. (2005) found significant
differences among age classes in both Hb and Hct. However, the individuals in that study
were measured at the following age categories: neonates (three days postpartum), pups
sampled at 0-, 12-, and 24-days post-weaning, yearlings, and adults (greater than six
years). This current review used broader age categories and may not have shown those
increases at a detailed level. Additionally, because individuals were measured solely by
age class, it is not clear at which point in time those individuals were sampled. For
example, it is unknown whether the weaned pups in this study were undergoing their
post-weaning fast or if they were between post-weaning and their first year of life.

For this study, mass was the significant factor affecting blood oxygen stores.
These results supports multiple studies that have determined that body mass and
composition at the time of weaning determine the length of the post-weaning fast in gray
seals. This species shows great plasticity in the PWF duration, ranging from 10-28 days.

Research has found pups that are smaller and leaner at weaning tend to have shorter

60



terrestrial durations and begin foraging at an earlier age than pups that are larger and
heavier (Hall 1998; Hall et al. 2001; Noren et al. 2005, 2008). A possible explanation for
plasticity during a PWF involves phases of food deprivation that occurs when an animal
is fasting (Noren et al. 2008). There are three phases, characterized by different types of
fuel used for energy. During phase I, animals are using reserves of glycogen as their main
source of energy. In phase 11, the body begins to oxidize fat stores for energy. Phase I,
terminal starvation, is the point at which 30-50% protein is being catabolized (Noren et
al. 2008). It is crucial for fasting pups to begin foraging before they reach phase IlI,
which can result in death by starvation. Therefore, although smaller and leaner pups may
not yet have blood oxygen stores that are mature for foraging, they must end their PWF
to avoid using too much of their energy reserves. It was beyond the scope of this study to
determine exact PWF durations for this species. However, the current study highlighted
the significant effect of mass on blood oxygen stores, which supports the conclusion that
phocid pups use post-weaning fasts to acquire oxygen stores adequate for diving. This
explanation has helped define the plasticity of the PWF in gray seals and may also apply
to other species of phocids.

Harbor seal

Harbor seal age class was the significant factor affecting blood oxygen store
development. Harbor seal pups are highly precocial at birth. Pups shed their lanugo in
utero and are born with blubber reserves (Bowen et al. 1992; Muelbert and Bowen 1993).
These pups are also large relative to maternal size compared to other phocid seals
(Kovacs and Lavigne 1986; Bowen 1991; Bowen et al. 1992; Muelbert and Bowen
1993). During the 21-28 day nursing period, pups continuously enter the water with their
mothers, which may result in mature oxygen stores soon after birth (Lawson and Renouf
1987; Muelbert and Bowen 1993; Burns et al. 2005). Among the phocids utilized in this
study, there was only nursing data for harbor seals. Nursing pups had more elevated Hb
levels at 20.14 + 2.63 g dI* compared to published values of nursing gray and northern

elephant seal pups (Thorson 1993; Noren et al. 2005).
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In this study, weaned pups and juveniles had hemoglobin values that were 80 and
97% that of adult values. The results of the current study are consistent with Burns et al.
(2005), who found neonates, weaned pups, and juveniles had mature oxygen stores that
were 57, 75, and 90% that of adults. This supports the conclusion that harbor seal
development is accelerated compared with other phocids. Harbor seals are weaned with
adult-like oxygen stores, unlike NES pups, who require a longer terrestrial period to
develop oxygen stores and are weaned with relatively immature stores.

This accelerated development is likely due to the short terrestrial period and early
onset of diving behavior of harbor seal pups. Throughout lactation, pups gradually spend
more time in the water and increased their dive depths and durations (Jgrgensen et al.
2001). During this time, blood oxygen stores do not significantly decrease throughout
nursing, which is consistent with this study’s findings. The only significant increases in
hemoglobin occurred between weaned pups and juveniles and between weaned pups and
adults, with no difference between nursing and weaned pups. These data were similar to
findings from Burns et al. (2005). Blood oxygen stores (on a mass-specific basis) varied
with age and were only significantly different between yearlings and adults and nursing
pups. However, despite the highly precocial nature of harbor seal pups, they are still not

physiologically mature at the time of weaning.

Northern elephant seal

For northern elephant seals, age class significantly affected mass, Hb, and Hct.
Mass significantly changed among weaned pups, juveniles, and adults. NES pups weigh
approximately 30 kg at birth (Le Boeuf et al. 1972), which is three times that of all other
species’ pups in the current study. During the 28-day nursing period, pups triple their
mass to greater than 90 kg and increase their body fat up to 50% (Rea and Costa 1992;
Iverson et al. 1993; Noren et al. 2008). The weaned pups utilized in this study began the
PWF weighing 135.26 + 18.13 kg. On average, the weaned pups consistently lost 12 kg
every 2-3 weeks. By the end of the 8-week sampling period, pups lost nearly 30% of their

pre-weaning body weight.
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NES pups show plasticity and can shorten and extend the duration of their PWF
from 2-2.5 months, although the range is not as variable as gray seal pups. Also similar to
gray seals, body composition at weaning contributes to the length of the fast because it
determines how much fat and protein can be utilized throughout the post-weaning fast
(Noren et al. 2003; Somo et al. 2015). Noren et al. (2003) found that the length of the
post-weaning fast increased with body mass, where pups that were heavier and fatter at
the beginning of weaning fasted upwards of two months, while smaller and leaner pups
ended their fast earlier. However, there is a trade-off associated with fasting plasticity.
Pups that end their fast prematurely may not be physiologically mature to be adequate
divers. For example, studies have shown that leaner NES pups who fasted for 5-6 weeks
ended their PWF with approximately 69% of adult mass-specific oxygen stores compared
to fatter pups who fasted for 10-11 weeks, which had approximately 78% that of adults
(Thorson 1993; Noren et al. 2003, 2008). Although this study did not compare
differences between PWF durations, the results are still consistent with body composition
being a major factor in developing oxygen stores during the fast.

This study found Hb was significantly affected by age and mass throughout the
weaning period, while there was not an effect on Hct. Hb concentrations were elevated at
0-weeks weaning at 19.32 + 1.71 g dI*%, then continuously decreased to 14.14 + 5.38 g dI’
by the eighth week of weaning. Overall, there were significant increases in Hb and Hct
among weaned pups, juveniles, and adults. This is consistent with Thorson (1993) who
found that blood oxygen stores increased 44-55% from the end of the PWF to adulthood.
Although this study showed decreases in blood oxygen stores throughout the weaning
period, Thorson (1993) found that Hb significantly increased during the PWF. This could
be due to differences in how pups were sampled, as has been shown in a previous study
(Somo et al. 2015). In some studies used for this analysis, seals were sampled once across
a population for different age classes. Alternatively, other studies used in this analysis
sampled the same individuals multiple times over a specific time period.

Noren et al. (2005) speculated phocids with shorter terrestrial durations obtain
mature levels of blood and muscle oxygen stores earlier in life. For example, at the end of
the PWF at about 90 days of age, elephant seal pups have adult-like levels of Hb when

they begin independently foraging. In comparison, gray seals are less than half of the age
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of elephant seal pups (<45 days) when they end their post-weaning fast and begin
independently foraging (Noren et al. 2005). At this time, gray seal pups have similarly
mature oxygen stores as elephant seal pups, who still have at minimum, one month left of
their fast. NES pups have been observed during weaning, taking experimental swimming
and diving trips within the first few weeks of their fast (Reiter et al. 1978; Thorson and
Le Boeuf 1994). During this time, dive duration increases from 1.7 to 5.9 minutes with a
maximum of 15 minutes (Thorson 1993). Northern elephant seal pups may require a long
terrestrial period to develop the amount of oxygen stores adequate for their diving
abilities. Once they begin foraging, they adopt the prolonged and continuous diving that
is seen in adults; for example, one of the individuals Thorson (1993) studied during its
first trips out to sea after weaning, increased its dive depth from 16 m to greater than 200
m (Thorson 1993). This indicates that there was adequate oxygen developed during

weaning, allowing pups to begin their extreme diving early on.

Australian fur seal

In this study, mass and age affected Hb and Hct levels throughout the nine-month
nursing period. At less than one month old, neonatal AUFS pups had levels of Hb at
17.24 + 3.60 g dI'}, which is similar to other pinniped neonates. These values decreased
after the first month of birth, then significantly increased throughout the rest of nursing.
Hct followed this same trend and stabilized around the five-month point.

Physiological development appears to be slower in otariid species that have
longer lactations. Compared to the phocids, which had mature blood oxygen levels at the
time of weaning between 1-2 months, the Australian fur seal pups did not acquire more
adult-like levels of hemoglobin and hematocrit until approximately 5-6 months of age.
This coincides with the period at which AUFS pups molt their natal coat (3-4 months)
and begin spending more time swimming and diving (Warneke and Shaughnessy 1985;
Donohue et al. 2000). The current study did not have access to raw adult AUFS data.
However, published analyses on adults from Spence-Bailey et al. (2007) showed that Hb
and Hct were significantly less in pups than in adults. By nine months of age, Australian

fur seal pups only had 71% mass-specific total body oxygen stores of adults.
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Although physiological development is slower than phocids, otariids develop
diving and foraging skills throughout their nursing period. Average dive depths and
duration increased in pups that were five and seven months old at approximately 4.4 +
0.3 mand 0.35 + 0.03 minutes and 8.1 + 0.5 m and 0.55 + 0.05 minutes, respectively.
Max depths for pups five and seven months old exceeded 30 and 60 m, respectively,
although this was still significantly lower than adult females, who were recorded at
approximately 80 m. There was no significant change in pups’ mean dive durations
(Spence-Bailey et al. 2007). Although this evidence shows that pups are rapidly gaining
diving and foraging experience, their dive depths and durations are substantially less than
adults. Adult females on average spent less than three minutes diving and at depths of
approximately 60 m (Arnould and Hindell 2001; Spence-Bailey et al. 2007). Thus, even
though pups take longer to develop, they are more physiologically equipped at the point
of weaning and do not require the PWF that phocid pups do (Burns et al. 2004).

Northern fur seal

The northern fur seals and Steller sea lions from which data were utilized
in this study were all captive females at the Vancouver Aquarium (David A.S. Rosen,
pers. comm.). Six individual fur seals were measured over several years, which allowed
for the opportunity to look at oxygen store development at a finer, individual scale. Age
significantly affected mass in all six females, with the weaned pups averaging
approximately 13 kg while adults reached on average 25 kg. It is important to note that
the adult average masses were 25-40 kg, which is substantially smaller than values of
wild northern fur seal females, which weigh 40-50 kg (Gelatt et al. 2015; David A.S.
Rosen, pers. comm.). It is unknown exactly why there is such a difference between the
mass of the wild and captive individuals, although there is speculation that a combination
of factors including captivity and lack of active reproduction influence this (David A.S.
Rosen, pers. comm.).

Increases in mass positively affected the development of blood oxygen stores in
NFS, although there was individual variation driving these changes (Figure 8a). There

were no significant differences among age classes, with both Hb and Hct remaining
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stable at approximately 17 g di**and 51%, respectively, among weaned pups, juveniles,
and adults. Shero et al. (2012), comparing blood and muscle oxygen stores between wild
pups (less than a month old) and adults, found a positive relationship between age and Hb
and Hct. Pups had hemoglobin and hematocrit values approximately 12 g dI** and 41%
compared to adults who had 16 g dI* and 45%, respectively. The northern fur seals
utilized in the current study were captive individuals, therefore, they may not exhibit the
same diving and foraging behavior as wild individuals, which may have affected the
results from this current study.

Northern fur seals are unique otariids in that they abruptly wean their pups after
four months of intense nursing (Bartholomew and Hoel 1953; Peterson 1968; Gentry and
Holt 1986; Baker and Donohue 2000). They also store larger amounts of lipid than other
species in the otariid family. These are adaptations to high latitude breeding (Arnould et
al. 1996; Donohue 1998; Baker and Donohue 2000). Baker and Donohue (2000)
examined diving behavior of nearly weaned pups. Most dives were shallow, between 2.7-
3.3 m and all under one minute long, with maximum depths reaching 10-18 m under
three minutes. For this species, time spent in the water throughout the nursing period was
based on the development of the adult pelage. They also observed that once pups reached
100 days old, they spent an average 35% of their time in the water before their post-
weaning migration. Once pups are abruptly weaned, they immediately begin their first
post-weaning migration at which point their diving abilities begin to dramatically

improve as they spend more time submerged at sea and take longer dives (Baker 2007).

Steller sea lion

Like the northern fur seals, the Steller sea lion data came from captive females at
the Vancouver Aquarium. There were 12 individuals measured multiple times across
several years. Mass significantly increased among nursing pups, juveniles, and adults.
Nursing pups’ mass increased by 67% to juveniles and juveniles increased their mass by
33% by adulthood. Like NFS, the adult females weighed substantially less for wild

individuals. Wild female Steller sea lions can reach approximately 350 kg (Loughlin
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2009), but the captive females averaged 165 kg. Lack of active reproduction in a captive
environment may explain this difference.

Typically, in the wild, neonates are born averaging about 20 kg (Davis et al.
2006). During nursing, they grow slowly, gaining less than 0.5 kg per day (Burns et al.
2004; Richmond et al. 2006). In this study, pups early during the nursing period weighed
approximately 23 kg and reached approximately 62 kg before they were one year old.
These pups gained approximately 0.11 kg per day. Steller sea lion pups usually undergo
short fasting periods in which they substantially lose weight when their mothers leave for
foraging trips (Rea et al. 2000). However, since the pups used in the current study were
captive, they did not undergo the same short-term physiological changes.

SSL blood oxygen stores increased significantly due to mass and were affected by
individual variation. Hemoglobin values in nursing pups were low at 13.60 + 2.20 g dI!
and continued to increase to 14.45 + 2.34 and 15.42 + 1.42 g dIt in juveniles and adults,
respectively. Similar increases in Hct were noted among the three age classes. Nursing
pups had Hct levels of approximately 39%, which increased to nearly 42% and 44% in
juveniles and adults. These values are consistent with findings that suggest that once pups
are weaned, they have blood oxygen stores that are 80-90% that of adults (Burns et al.
2004). These values are low compared to that of studies that utilized wild animals.
Richmond et al. (2006) compared changes in mass-specific blood oxygen stores in
yearlings, juveniles, and adults. Both juveniles and adults had substantially higher blood
oxygen stores than yearlings. It is possible that these discrepancies are also due to

captivity.

Myoglobin

This study provided the opportunity to compare myoglobin development in a
phocid and an otariid pup, the northern elephant seal and the Australian fur seal. Muscle
oxygen store capacity includes myoglobin content and muscle mass (Kooyman 1989;
Noren et al. 2005). Myoglobin development is important in pinnipeds because it is the

second largest storage of oxygen, accounting for approximately 30-35% capacity in
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phocids and otariids. Consequently, it is important to understand how Mb changes
throughout the terrestrial period.

In the weaned NES pups, Mb significantly increased between the cessation of
nursing and 2 weeks and then began to decrease from 5-8 weeks post-weaning (Figure
10). Somo et al. (2015) suggested that, as in blood oxygen stores, elevated levels of Mb
early on during the post-weaning fast may have been caused by exposure to hypoxia in
utero. However, during the prolonged PWF, there was not a substantial increase in Mb
until the eighth week of weaning. This indicates that although the PWF may benefit
blood oxygen concentrations, it does not necessarily promote the development of muscle
oxygen stores (Somo et al. 2015). This study demonstrated significant increases in Mb
among weaned pups, juveniles, and adults, which is consistent with other studies.
Thorson (1993) found nursing pups had 2.9 + 0.8 grams per 100 grams (g 100 g%) of
myoglobin. By the end of the PWF, this had increased to 5.1 + 1.2 g 100 g and then
increased further to over 6 g 100 g in adults. In this study, juveniles had significantly
lower Mb concentrations than adults, 6.16 + 0.80 and 7.9 + 1.17 g 100 g%, respectively.
This is consistent with Thorson (1993) who found increases of 28-31% of muscle oxygen
storage capacity in pups at the end of the PWF and adults.

There were also significant changes in Mb throughout the nursing period in
Australian fur seal pups. Substantial increases were noted in pups that were less than one
month old to pups that were six months and nine months old, while there were no
measurable differences in pups that were between eight and nine months of age (Figure
11). Australian fur seal pups do not undergo a PWF like phocids do. After about 3-4
months, when their natal fur is shed, pups begin to develop their diving and swimming
skills in shallow pools (Warneke and Shaughnessy 1985; Hume et al. 2001; Spence-
Bailey et al. 2007; Deacon and Arnould 2009). Spence-Bailey et al. (2007) found that
pups spent <8% of their time in the water before they molted. Afterwards, they spent
approximately 27% of their time in the water diving. This allows pups to begin
developing their muscle oxygen stores early on. This is evident in the significant increase
in Mb content from pups <1 month old and six months old. Additionally, the significant
increase between pups six and nine months old is likely due to increased diving.

However, just as the PWF in northern elephant seals did not significantly affect
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myoglobin content past eight weeks, there was no change in myoglobin content after
AUFS pups reached eight months old.

Although this study only compared AUFS pups, other studies examined juveniles
and adults. Pups’ myoglobin concentrations were significantly lower than that of
published adult female values, at 4.16 + 0.70 grams Mb per 100 grams wet muscle™ (g
Mb 100 g wet muscle™) (Spence-Bailey et al. 2007). By the time pups were nine months
old, they had only acquired approximately 21% that of adult female values. This is
substantially lower compared to NES pups, who once weaned, have values that are 68%
that of adult values (Thorson 1993; Thorson and Le Boeuf 1994; Noren et al. 2005). This
is consistent with other studies that have compared myoglobin development in phocids
and otariids. Phocids’ muscle oxygen stores increase after weaning and generally reach
adult values by the end of the first year while concentrations in otariids gradually increase
during their prolonged nursing and do not reach adult values until after the second year
(Burns et al. 2004, 2005; Richmond et al. 2006).

Noren et al. (2005) compared development among neonates, weaned pups,
yearlings, and adult gray seals. Gray seals store approximately 27% of their total oxygen
storage capacity in the muscle (Noren et al. 2005). Neonates had the smallest amount of
Mb at 1.7 + 0.1 g 100 g muscle™. Throughout the PWF, mean Mb increased by
approximately 29% although the increase was not considered significant. However, it
was noted the sample size may have been too small for statistical significance. There
were significant differences found among pups, yearlings, and adults. By the time pups
are weaned, they acquire myoglobin levels approximately 68% that of mass-specific adult
values. In comparison, northern elephant seal pup of the same age were still undergoing
their PWF, and, therefore, had less mature values than gray seal pups. However, once
NES pup were weaned, they had mature levels 76% that of adults, indicating they are
more physiologically developed at the time of weaning (Thorson 1993; Thorson and Le
Boeuf 1994; Noren et al. 2005).

However, there is a substantial difference in Mb concentrations between gray and
NES juveniles and adults. Gray seal yearlings and adults in the Noren et al. (2005) study
had the highest values at 3.2 + 0.3 and 4.0 + 0.3 g 100 g muscle™. The NES juveniles and
adults in this study had Mb concentrations of 6.16 + 0.80 and 7.9 + 1.17 g 100 g muscle™?,
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respectively, indicating more muscle oxygen storage capacity. Phocids with shorter
nursing and PWF durations should be more physiologically equipped with large amounts
of blood and muscle oxygen stores earlier in life than those that have longer terrestrial
periods (Noren et al. 2005). However, those who have greater diving capabilities may
require more time to develop adequate stores to sustain their diving activities, such as the
northern elephant seals. NES have one of the longest terrestrial periods of pinnipeds.
Because they need to develop oxygen stores that can sustain their extreme diving
patterns, pups may need a longer time for their oxygen stores to sufficiently mature.

Gray and northern elephant seals are altricial at birth compared to harbor seal
pups. Harbor seals are highly precocial at birth, with pups shedding their lanugo and
developing a blubber layer in utero and able to swim and dive shortly after birth
(Knudston 1977; Boulva and McLaren 1979; Lawson and Renouf 1987; Bowen et al.
1992; Muelbert and Bowen 1993; Jgrgensen et al. 2001; Burns et al. 2005). Burns et al.
(2005) found significant differences in muscle oxygen store development among age
classes in harbor seals. Neonates had the smallest amount of muscle oxygen stores at 4.0
+ .6 ml Oz kg*. These values increased t0 5.9 + .5 and 7.0 = .7 ml O kg in nursing and
weaned pups, respectively, although these increases were not considered significant. This
development appears to be consistent with that of the gray seals and northern elephant
seals. Harbor seals quickly develop some minimal limit of muscle oxygen storing
capacity to sustain their early diving and swimming (Burns et al. 2005).

There were differences in muscle oxygen stores between pup and juvenile and
adult harbor seals. Juveniles and adults had significantly higher values than pups at 16.3
+ 1.6 and 14.7 + 1.1 ml Oz kg, respectively. Although pups are highly precocial at birth,
Burns et al. (2005) found neonates had myoglobin concentrations that were 37% of
adults. During nursing and post-weaning, these values slightly increased so that by the
time of weaning, total muscle oxygen stores were 64% that of adults. Gray seals showed
similar increases in muscle oxygen stores throughout their terrestrial period, with
newborns having values of 4.2 + 0.1 ml Oz kg* and weaned pups reaching over 6 ml O
kg (Noren et al. 2005). Similar to harbor seals, gray seal juveniles and adults had 12.9 +
1.3 and 15.9 + 1.3 ml O, kg%, respectively, of muscle oxygen stores. These two phocids

have similar diving abilities; gray seals dive along continental shelves around 250 m

70



while harbor seals can reach 150 m with maximum depths of 450 m (Gjertz et al. 2001,
Beck et al. 2003; Noren et al. 2005; Berta et al. 2006; Burns 2009).

Research on muscle myoglobin data is sparse in otariids; there were not data for
northern fur seals but there were published data on Steller sea lions. Richmond et al.
(2006) found significant increases in myoglobin development due to age. Pups were
sampled at 1-, 5-, and 9-months old during the lactation period as well as juveniles and
adults. Nursing pups had the smallest muscle oxygen storage capacity at 2.3 + 0.1 and 5.5
+ 0.3 ml Oz kg* for one month old and five month old pups. These values did not
significantly increase until pups were nine months old, to 9.9 + 0.6 ml O kg™*. Pups
begin increasing and developing their diving and swimming abilities at 5-6 months after
birth, which corresponds to the significant increase in muscle development between pups
that are five and nine months old (Merrick and Loughlin 1997; Loughlin et al. 2002;
Raum-Suryan et al. 2004; Burns et al. 2004; Richmond et al. 2006).

From this point forward, muscle oxygen storage significantly increased from pups
and juveniles to 15.2 + 1.1 ml O2 kg*. There were significant differences between adult
female and male Steller sea lions. Females averaged 14.0 ml Oz kg?, which was not
measurably different from juveniles. However, males had significantly higher muscle
oxygen storage capacity at 23.9 + 1.8 ml O, kg™. Steller sea lions are the largest of all the
otariids and exhibit extreme sexual dimorphism (Pendleton et al. 2006; Loughlin 2009;
Maniscalco 2014). Pitcher et al. (2005) found significant differences between sexes in
diving abilities in juveniles. There has not been much research that has focused on
differences in diving behavior between adult males and females. However, there is a
correlation between body size and diving capacity (Shreer and Kovacs 1997). For
example, the otariids in this study had blood oxygen storing capacity that increased with
mass. Therefore, due to the substantial differences in body size, male Steller sea lions
may have greater diving abilities than females.

In all pinnipeds utilized in the current study and others, muscle myoglobin did not
significantly increase until pups begin independently foraging and reached adolescence.
Research has demonstrated a lag between muscle oxygen store development and blood
oxygen store development (Thorson and Le Boeuf 1994; Burns et al. 2005, 2007; Noren

et al. 2005). It has been suggested that blood and muscle oxygen stores cannot be
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developed simultaneously (Burns et al. 2005). Furthermore, the development of muscle
myoglobin increases with increased muscular activity (Folkow et al. 2010; Geiseler et al.
2013).

Blood constitutes the largest oxygen stores, with phocids and otariids containing
over 60% and 40% of their total body oxygen stores in the blood (Figure 19; Kooyman et
al. 1981; Kooyman 1985; Ponganis et al. 2011). The development of hemoglobin may be
prioritized to sustain the metabolic demands of vital tissues such as the heart, lungs, and
brain (Burns et al. 2005). In this study, hemoglobin and hematocrit levels were relatively
mature compared to myoglobin concentrations. This is consistent with various other
studies (Thorson 1993; Thorson and Le Boeuf 1994; Burns et al. 2004, 2005, 2007, 2009;
Noren et al. 2005, 2008; Somo et al. 2015; Thomas and Ono 2015). For example, Burns
et al. (2005) suggested blood oxygen store development may support early diving and
swimming until the muscle oxygen stores can develop in harbor seals, which lends to
their highly precocial nature.

Several studies hypothesized that blood oxygen stores mature earlier to provide
oxygen needed for aerobic metabolism until myoglobin can develop (Burns et al. 2004,
2007, 2009; Lestyk et al. 2009; Prewitt et al. 2010; Geiseler et al. 2013; Burns et al.
2015). While pups are in utero, they are consistently exposed to hypoxia while their
mothers are diving, which may elicit the prenatal development of blood oxygen stores
(Elsner et al. 1969). This stimulates an increase in red blood cell production (Thomas and
Ono 2015). Additionally, there must be a high oxygen affinity of fetal blood in order to
receive sufficient oxygen from the mother across the placenta (Burns et al. 2005).
Myoglobin has a higher affinity for oxygen than hemoglobin. If there were high
concentrations of Mb in a pup while in utero, myoglobin would deplete oxygen from the
blood, which would explain why it is advantageous for pups to have a lag in their muscle
oxygen store development (Geiseler et al. 2013).

Myoglobin development depends on the type and function of muscle (Prewitt et
al. 2010). For example, cardiac muscle is more developed at birth and weaning than
skeletal muscle (Burns et al. 2005). Additionally, muscle mass is proportioned differently
throughout the body between pups and adults. Pups have greater proportions of their

muscle mass in the postural muscles such as the shoulder and neck, which are utilized for
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nursing and movement on land, while adults had the most mass and Mb concentration in
the major swimming muscles (Lestyk et al. 2009). Finally, pups’ muscles cannot sustain
aerobic metabolism in part because of their high mass-specific metabolic rates, which
requires more enzyme activity and energy (Lestyk et al. 2009; Prewitt et al. 2010; Burns
et al. 2015). These are all factors that affect the development of myoglobin in pups
before they begin independently foraging.

Although there is some myoglobin development throughout the nursing and
weaning period, concentrations do not begin to reach adult values until after independent
foraging (Thorson and Le Boeuf 1994; Burns and Castellini 1996; Burns et al. 2005).
This has implications for both phocids and otariids. The PWF in phocids is thought to be
a period of physiological development so that pups can sustain some sort of aerobic
diving. Otariids are able to swim and dive at earlier ages throughout their nursing period;
however their Mb levels are not mature. For example, in this study, the weaned northern
elephant seal pups had Mb levels that were approximately 59% that of adult values,
whereas juveniles had values that were 81% that of adult values. Similarly, the nursing
AUFS pups in this study had Mb levels that were less than 25% that of published adult
values. This suggests that prenatal and terrestrial development can only do so much for
muscle maturation. Further aquatic activity and hypoxia may be necessary for pups’
muscle oxygen stores to mature, which does not occur until they begin regularly diving
(Burns et al. 2009).
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Conclusion

The results of this study showed distinct physiological differences in oxygen store
development exist between phocids and otariids. The diversity of age class related to
post-natal development (terrestrial duration and maternal strategies) and associated body
mass contributed to significant effects in development between the two families and

among species.

e Overall, phocids had significantly higher amounts of hemoglobin and hematocrit
than otariids in this study. These greater oxygen-storing capacities support
previous observations that phocids have superior diving abilities. However, there
were species-specific differences in oxygen store development, dependent on
age, mass, and terrestrial duration.

e  Gray seals’ blood oxygen stores were significantly affected by mass, consistent
with studies comparing body mass and composition and post-weaning fast
durations (Hall et al. 2001; Noren et al. 2008).

e  The highly precocial harbor seal pups had adult-like levels of blood oxygen
stores, likely due to their accelerated development (Burns et al. 2005).

e Northern elephant seals’ oxygen store development was significantly affected by
age and mass, likely due to their extreme terrestrial period (nursing and post-
weaning fast). NES had significantly higher amounts of hemoglobin and
hematocrit than any other species in this study, which is indicative of their
extreme diving abilities.

e Otariids’ oxygen stores were consistently affected by mass and had slower
physiological and terrestrial development (i.e. nursing). AUFS pups did not gain
mature hemoglobin and hematocrit levels until they were 5-6 months of age.

e In contrast, there were no significant differences in blood oxygen stores due to
age in the northern fur seals. This is likely because NFS have adapted phocid-
like nursing and weaning strategies to contend with high latitude breeding (Baker
and Donohue 2000).
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e Steller sea lions had significant increases in hemoglobin and hematocrit but did
not obtain mature stores until weaning at approximately one year.

e Innorthern elephant seal pups, Mb significantly increased between the first two
weeks of the post-weaning fast and decreased thereafter, likely due to the
substantial mass loss during their extensive fast. Mb also significantly increased
in Australian fur seal pups that were six and eight months old, which coincides
with the time in which pups begin learning and improving their diving and
foraging skills (Spence-Bailey et al. 2007; Deacon and Arnould 2009). This
study also supported other studies that have shown muscle oxygen store
development lags behind blood oxygen store development (Thorson and Le
Boeuf 1994; Burns et al. 2005, 2007; Noren et al. 2005).

This study compared oxygen store development in six distinct phocids and
otariids and is the first to make in-depth comparisons among these species. Although
there are general trends between the two families, distinct differences exist in maternal
strategies, terrestrial durations, and overall factors, thereby affecting blood oxygen store
development (i.e. age class, mass, individual variation). The results presented here
emphasized the importance of considering pups’ physiological development at a species-
specific level, which is important for future research in understanding the ontogeny of

individual species.
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