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Abstract Two key factors inﬂuence the diving and hence
foraging ability of marine mammals: increased oxygen
stores prolong aerobic metabolism and decreased
metabolism slows rate of fuel consumption. In young
animals, foraging ability may be physiologically limited
due to low total body oxygen stores and high mass
speciﬁc metabolic rates. To examine the development of
dive physiology in Steller sea lions, total body oxygen
stores were measured in animals from 1 to 29 months of
age and used to estimate aerobic dive limit (ADL).
Blood oxygen stores were determined by measuring
hematocrit, hemoglobin, and plasma volume, while
muscle oxygen stores were determined by measuring
myoglobin concentration and total muscle mass.
Around 2 years of age, juveniles attained mass speciﬁc
total body oxygen stores that were similar to those of
adult females; however, their estimated ADL remained
less than that of adults, most likely due to their smaller
size and higher mass speciﬁc metabolic rates. These
ﬁndings indicate that juvenile Steller sea lion oxygen
stores remain immature for more than a year, and
therefore may constrain dive behavior during the transition to nutritional independence.
Keywords Aerobic dive limit Æ Development Æ Oxygen
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Introduction
Species adapted for prolonged diving have certain
physiological characteristics that promote aerobic
metabolism while submerged. Most notable are increased blood and muscle oxygen stores, and the ability
to suppress metabolic rate while diving (Castellini and
Kooyman 1989; Butler and Jones 1997). To enhance the
amount of oxygen available in the blood, marine
mammals have an elevated mass speciﬁc plasma volume
(PV), larger red blood cells (RBC), and more hemoglobin (Hb) per RBC than terrestrial mammals of similar
size (Lenfant 1969; Lenfant et al. 1970; Kooyman 1985).
Muscle myoglobin (Mb) concentrations are 10 to 20
times greater in diving mammals compared with terrestrial mammals (Castellini and Somero 1981; Kooyman
1998) and are proportional to dive capacity (Noren and
Williams 2000). Increased Mb loads, in combination
with enhanced oxidative capacity in their skeletal muscles, allow marine mammals to maintain aerobic
metabolism under hypoxic conditions (Butler and Jones
1997; Kanatous et al. 1999; Davis et al. 2004). Peripheral
vasoconstriction and bradycardia also help optimize the
use of blood and muscle oxygen stores and therefore aid
in extending aerobic metabolism and dive duration
(Davis and Kanatous 1999; Davis et al. 2004).
Although these physiological adaptations are present
in adults, previous research has revealed that young divers
have oxygen stores signiﬁcantly less than adults (aves:
Ponganis et al. 1999; Noren et al. 2001; cetaceans: Dolar
et al. 1999; Noren et al. 2001, 2002; otariids: Horning and
Trillmich 1997; Costa et al. 1998; Sepulveda et al. 1999;
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Baker and Donohue 2000; Fowler 2005; phocids: Thorson
and LeBoeuf 1994; Burns and Castellini 1996; Clark 2004;
Burns et al. 2005; Noren et al. 2005). Blood oxygen stores
in juveniles are reduced due to their lower mass speciﬁc
PV, hematocrit (Hct), Hb, and RBC counts compared
with adults (aves: Ponganis et al. 1999; cetacean: Dolar
et al. 1999; Noren et al. 2002; phocids: Clark 2004; Burns
et al. 2005; otariids: Horning and Trillmich 1997; Costa
et al. 1998; Sepulveda et al. 1999; Baker and Donohue
2000; Fowler 2005; Richmond et al. 2005). Muscle oxygen
stores are also immature, with juveniles having lower
myoglobin concentrations (Noren et al. 2001; Clark 2004;
Burns et al. 2005; Noren et al. 2005; Fowler 2005) and an
absence of diﬀerentiation in Mb concentration between
primary swimming and non-swimming muscle types
(Dolar et al. 1999; Kanatous et al. 1999).
Total body oxygen stores and rate of oxygen use are
important in determining the aerobic potential of an
animal. If oxygen becomes depleted during a dive lactic
acid begins to accumulate (Kooyman et al. 1980). By
deﬁnition, the aerobic dive limit (ADL) is empirically
determined by measuring post dive lactate accumulation
(Kooyman et al. 1980; Butler and Jones et al. 1997).
Previous research has demonstrated that ADL can also
be estimated by dividing total body oxygen stores by
diving metabolic rate (DMR; Castellini et al. 1992;
Ponganis et al. 1993). In pinnipeds, these calculated
ADL (cADL) are similar to ADL determined by measured lactate accumulation (or diving lactate threshold,
DLT; Ponganis et al. 1993, 1997; Burns and Castellini
1996; Butler and Jones 1997; Hurley and Costa 2001).
Steller sea lions provide a unique subject in which to
study the development of aerobic dive potential because
of their long developmental period and late onset of
independent foraging (Calkins and Pitcher 1982; Merrick et al. 1988; Trites and Porter 2002). While young sea
lions may not wean until one to 2 years of age, some
evidence indicates supplemental feeding may occur after
5 months of age (Raum-Suryan et al. 2002). However,
dive behavior and movement patterns continue to be
limited in Steller sea lions until at least 1 year of age
(Raum-Suryan et al. 2002, 2004; Loughlin et al. 2003;
Pitcher et al. 2005). These results suggest that Steller sea
lion pups are either physiologically or behaviorally
constrained in their diving ability. This subject is especially relevant in light of the population decline of Steller
sea lions and the hypothesis that suggests the decline
may be due to a failure of juveniles to recruit into the
adult population (York 1994). Physiological constraints
in dive behavior could limit the prey resources available
to newly independent juveniles and therefore limit
nutrient intake and negatively inﬂuence survival.
To address whether physiological development limits
the dive activity of young Steller sea lions, this study
measured the components of tissue oxygen stores, and
determined the cADL for individual sea lions ranging in
age from 1 to 29 months of age. Oxygen stores and
cADL values were then compared with adult cADL
values and the dive behavior of similarly aged individ-

uals to assess physiological limitations in young Steller
sea lions and estimate potential impacts on foraging
ability.

Methods
Animal collection and age determination
Between 2002 and 2003 Steller sea lions (n=53) ranging
in age from 1 month to 3 years were captured
throughout their Alaskan range by the Alaska Department of Fish and Game (ADFG) and National Marine
Mammal Laboratory (NMML). Sea lions from
4 months to 3 years of age were captured using an
underwater capture method developed by the ADFG
(Raum-Suryam et al. 2004). Pups found on rookeries
were estimated to be 4 weeks of age (error±2 week)
based on the average birth date of June 15 and lack of
umbilicus (Pitcher et al. 2001). The age of older animals
was assessed using date, body size, and degree of canine
tooth eruption, or canine growth annuli (King et al.
2003; Laws 1962). Approximately 1–2 h post capture
animals were anesthetized using isoﬂourane gas
according to methods outlined in Heath et al. (1997).

Muscle collection and analysis
After anesthetization, two muscle biopsies of approximately 25 mg each were collected from live animals
using a disposable sterile 6 mm biopsy punch. One
biopsy was collected from the pectoralis, a primary
swimming muscle in otariids, and the second from the
latissimus dorsi, a superﬁcial non-swimming muscle used
for terrestrial locomotion and posture (Fig. 1). The biceps femoralis, also a non-swimming muscle, was used
for analysis in three adult males where latissimus dorsi
samples were not available. Previous analysis indicated
no diﬀerence in Mb content of these two muscles
(Richmond 2004). Three additional muscle samples were
obtained, within 12 h of death, from animals collected
for subsistence use by the Aleut Community of St. Paul,
Alaska, and from two stranded adult animals necropsied
by ADFG (deceased 3–5 days). Muscle samples (n=10)
from 1-month-old Steller sea lions were collected from
deceased pups less than 6 h post mortem. Samples
were frozen on dry ice and maintained at 80C until
analysis.
Frozen muscle samples were thawed, weighed and
Mb concentration was determined using the methods
described by Reynafarje (1962). Rat (Rattus norvegicus)
vastus medialis (0.17±0.02 Mb g%) and young elephant seal (Mirounga angustirostris) longissimus dorsi
(2.46±0.07 Mb g%) samples were used as low and high
Mb controls, respectively, in each assay. Detailed sample
handling and assay validations have been described
previously (Richmond 2004).
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Fig. 1 Sea lion muscle diagram
adapted from Howell (1929)
showing muscles from which
biopsy samples were taken

Blood collection and analysis
Once live captured sea lions were anesthetized, blood
was collected from an interdigitial rear ﬂipper vein or the
caudal gluteal vein (Dierauf and Gulland 2001) into a
heparanized vacuum tube. Blood was collected as soon
as anesthesia took full eﬀect to standardize protocol and
minimize the eﬀect of isoﬂourane on Hct (Castellini
et al. 1996). Hematocrit was determined in duplicate
using a standard clinical microhematocrit centrifuge
(8 min at 14,000 G) and Hb was analyzed using the
methanocyanide technique (Sigma kit 525–A).
To measure PV, Evan’s blue dye (0.5 mg kg1) was
injected through an intravenous catheter placed in an
interdigital rear ﬂipper vein. The catheter was then
rinsed with approximately 3 ml of heparinized saline (1–
5 IU ml1) to assure complete delivery of the dye. Three
blood samples were collected into heparanized vaccutainers at 10, 20, and 30 min post injection. Blood was
centrifuged for 8 min at 1,380 G, plasma removed and
frozen on dry ice prior to storage at 80C until processing. If samples were lipemic they were centrifuged at
14,000 G for 20 min at 0C to separate lipid from
plasma. Concentration of Evan’s blue dye in the plasma
was determined spectrophotometrically at k=624 and
740 nm (Foldager and Blomqvist 1991; El-Sayed et al.

1995). Serially collected plasma samples were ﬁt to a
regression line, and the instantaneous dilution volume
determined from the y-intercept (El-Sayed et al. 1995).
Individuals with positive slopes were removed from the
analysis. Blood volume (BV) was calculated from
hematocrit and PV measurements (Eq. 1; Kooyman
et al. 1980; Ponganis et al. 1993):
BV ¼

PV
ð100  HctÞ=100

ð1Þ

Total body oxygen stores and aerobic dive limit
Total body oxygen stores were calculated as the sum of
the available oxygen in lung, blood, and muscle. All
components were measured and calculated for each
individual unless otherwise mentioned. Diving lung volume was estimated as 55 ml kg1 based on the measured
lung volume in Steller sea lions from Lenfant et al.
(1970), and the diving lung compression determined for
California sea lions by Kooyman and Sinnett (1982).
Lung oxygen content was estimated as 15% of diving
lung volume (Eq. 2; Kooyman et al. 1983; Ponganis et al.
1993). These values were assumed to be constant with age
on a mass speciﬁc basis.
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Lung ml O2 ¼ Mass  ð55 ml kg1 Þ  ð0:15Þ

ð2Þ

Blood oxygen stores were estimated based on the sum of
the available oxygen in arterial and venous blood compartments (Eqs. 3, 4; Ponganis et al. 1993). One-third of
the total blood volume was considered arterial while the
remaining two-thirds were venous. We assumed that
arterial blood was 95% saturated at the start of a dive
and 20% saturated at the end of the dive, and that venous blood contained 5 vol% less oxygen than the initial
arterial saturation. The blood oxygen capacity was
determined by multiplying the Hb content by the oxygen-binding capacity of Hb. Arterial oxygen content was
95% of the blood oxygen capacity. These calculations
result in approximately 72% of the total oxygen capacity
of the blood being available for maintenance of aerobic
metabolism while diving.

The ADL was determined by the total amount of
available oxygen and the rate at which it was used.
Resting metabolic rate (RMR) was calculated using
basal metabolic rate (BMR) equations from Kleiber
(1975) multiplied by age-speciﬁc scaling factors for
Steller sea lions that account for growth (Winship et al.
2002). Estimates were comparable to RMR measured in
free-ranging Steller sea lions of similar age and size
(Hoopes et al. 2004).
RMR012 months ¼ 292:88  Mass0:75
 ð0:083  age in months
þ 3:5Þ
ð6Þ
RMR18 years ¼ 292:88  Mass0:75
 ð0:071  age in years þ 2:32Þ
ð7Þ

Arterial ml O2 ¼ 0:33  BV
 ð0:95  0:20 saturationÞ
 ð1:34 ml O2 g Hb1 Þ  ðg HbÞ
ð3Þ
Venous ml O2 ¼ 0:67  BV
 ðarterial O2 content  5 vol%Þ
ð4Þ
Since no PV data was available for 1-month-old pups,
blood oxygen stores were estimated using 5-month-old
mass speciﬁc PV and the average Hct and Hb values
measured in 1-month-old pups (Richmond et al. 2005).
Blood oxygen stores were estimated for adult males
using average mass speciﬁc BV and Hb values from
adult females (M. A. Castellini, unpublished).
Muscle oxygen stores were estimated from muscle
mass and Mb load. We assumed that all oxygen in the
muscle was available to the sea lions while diving. For
animals less than 6 months of age, muscle mass was
assumed to be 30% of total body mass, as determined by
complete dissection of 1-month-old pups (Richmond
2004). Animals greater than 6 months of age were assumed to be 37% muscle, based on measurements from
juvenile California sea lions (Ponganis et al. 1997). Total
muscle mass was divided into swimming (52%) and nonswimming (48%) muscle types based on the complete
dissection of 1-month-old sea lions (Richmond 2004).
Muscle oxygen stores for adult female sea lions were
calculated from the average Mb concentrations reported
by Kanatous et al. (1999) for swimming and nonswimming muscle types. For all other age classes, muscle
oxygen stores were calculated using the Mb concentration for the individual paired samples according to the
following equation:
Muscle ml O2 ¼ Mass  Mb  ð1:34 ml O2 g1 MbÞ
 ð% muscle massÞ
 ð% muscle typeÞ
ð5Þ

A range of possible cADL were calculated based on three
multipliers of RMR. The minimum rate of energy used
during a dive was estimated by one times RMR (Ponganis et al. 1997; Hurley and Costa 2001). Multiples of
two and four times resting represent estimates based on
the minimum cost of transport and maximum observed
ﬁeld metabolic rates in Steller sea lions (Rosen and Trites
2002) and other otariids (Feldkamp 1987; Costa et al.
1989; Arnould and Boyd 1996; Donohue et al. 2000). To
convert RMR to oxygen consumption a respiratory
quotient of 0.76 (19.3 kJ l1O2) was used. This assumes
an equal portion of lipid verses protein fuel source
(Schmidt-Neilsen 1997), and is intermediate between the
lipid rich diet of nursing pups, and the protein rich diet of
foraging animals (Adams 2000; Iverson et al. 2002).
Statistical analysis
Animals were grouped into 1 month age categories to
determine if age had a signiﬁcant inﬂuence on PV, BV,
blood oxygen stores, muscle oxygen stores, total body
oxygen stores, or ADL, using one-way ANOVA. The
rate of change in total body oxygen store and ADL due
to age was also analyzed using a linear regression, so
that oxygen stores and cADL could be estimated for
animals of known age. To determine if Mb concentration varied due to muscle type, age, or their interaction,
a repeated measures ANOVA was used with muscle type
as the within subject factor and age as the between
subject factor. Tukey post-hoc was performed to evaluate mean diﬀerences among age categories.
Gender diﬀerences in adult muscle oxygen stores,
total body oxygen stores, and ADL were analyzed using
unpaired T test. Due to the small sample size within each
age category, gender diﬀerences in young sea lions could
not be evaluated. Gender diﬀerence in adult muscle
myoglobin content was assessed using a Repeated
Measures ANOVA of adult female Mb concentration
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measured by Kanatous (1997) and adult male Mb assayed in this study.
Prior to analyses, all variables were tested for normality using the Kolomogorov–Smirnov test. Statistical
analyses were completed using SPSS 11.5 software
package. Means are reported ± standard error (SE).
Values were considered signiﬁcant if P £ 0.05.

Results

Myoglobin concentration in both swimming and
non-swimming muscles increased signiﬁcantly with age
in juvenile sea lions (F6,45=40.64; P<0.001). However,
there were also signiﬁcant eﬀects of muscle type
(F1,45=287.33; P<0.001) and the interaction of type
and age (F6,45=33.04; P<0.001), with sea lions in all but
the youngest age category having higher muscle myoglobin concentrations in their swimming muscles as
compared with non-swimming muscles (Fig. 3). Adult
males had greater Mb concentrations than adult females
(F1,11=22.01; P<0.001).

Blood and muscle development
Total body oxygen store development

Development of hematology variables in Steller sea lions
was reported in detail by Richmond et al. (2005). Brieﬂy,
Hct and Hb values decreased after birth, reached the
lowest point in animals of approximately 3 months of
age, and then increased. A plateau in Hct and Hb increase occurred near the end of the ﬁrst year of life.
There were signiﬁcant age related changes in PV and
BV on both an absolute (PV F5,44=61.28, P<0.001; BV
F6,58=20.69, P<0.001), and mass speciﬁc basis (PV
kg1 F5,44=7.07, P<0.001; BV kg1 F6,58=10.81,
P<0.001). While absolute PV and BV increased linearly
with age, mass speciﬁc PV and BV were similar among
all age classes of young sea lions (Fig. 2). Post-hoc tests
revealed that adult females had greater mass speciﬁc PV
than young sea lions (9 and 17 months, P<0.001;
21 months, P=0.003; 29 months, P=0.030) except
5 month olds (P=0.200). There were no signiﬁcant differences in mass speciﬁc BV among young sea lions
(P>0.05), but all ages were signiﬁcantly less than adult
female values (1–17 months, P<0.001; 21 and
29 months, P=0.002).

Mass speciﬁc blood, muscle, and total body oxygen
stores were all signiﬁcantly inﬂuenced by age (blood O2
in ml kg1 F6,53=9.01, P<0.001; muscle O2 in ml kg1
F7,52=76.19, P<0.001; total O2 in ml kg1 F7,52=49.23,
P<0.001; Table 1). However, the pattern of change with
age diﬀered between the store locations. Blood oxygen
stores reached values similar to adults by 9 months of
age (P=0.432), while muscle oxygen stores were not
similar to adult female values until 17 months of age
(P=0.465; Fig. 3), and never reached levels similar to
those observed in adult males (P<0.001). Mass speciﬁc
total body oxygen stores were similar to adult female
values by 21 months of age (P=0.928), but remained
less than adult males, even at 29 months (P=0.001;
Table 1). Adult females had signiﬁcantly lower mass
speciﬁc muscle oxygen stores (t11=5.36, P=0.006) and
total body oxygen stores (t11=5.083, P<0.001) than
adult males. In addition to the increase in mass speciﬁc
total body oxygen stores observed throughout develop-

Fig. 2 Developmental change in mass speciﬁc plasma (Open circle)
and blood volume (ﬁlled circle; mean ± SE). Sample size for each
age category indicated above symbol in parentheses. Mass speciﬁc
volumes that diﬀer from adult females are identiﬁed by (Asterisk).
Mass speciﬁc plasma and blood volume was similar in all animals
less than 29 months of age. Adult female values were provided by
M. A. Castellini (unpublished data)

Fig. 3 Muscle myoglobin concentrations (mean ± SE) in Steller
sea lions throughout development. Solid symbols represent swimming muscle type and open symbols represent non-swimming
muscle type. Young sea lions are circles and adults are triangles.
Sample size is indicated above symbol in parentheses. Average adult
female myoglobin concentrations are from Kanatous et al. (1999).
Rapid development in the ﬁrst year of life is slowed during year
two. Myoglobin concentrations in young sea lions did not reach
adult male values within the time frame of this study
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Table 1 Change in mass speciﬁc oxygen stores throughout development, and the relative percent of adult values
Age in
months

Young of the Year

1
5
9

N Mass (kg)

Blood O2

Muscle O2

(ml of O2 kg1) % of (ml of O2 kg1) % of % of (ml of O2 kg1) % of % of
adult
adult adult
adult adult
female
female male
female male
10
11
8

25.1±2.3
62.2±4.1
98.8±6.3

10.1a
12.4±0.7a,b
15.5±1.0b,c,d

55
68
85

2.3±0.1a
5.5±0.3a
9.9±0.6b

16
39
71

10
23
41

20.6±0.1a
26.2±0.9b
32.9±1.3c

51
65
81

41
52
66

13.6±0.5a,b,c
16.2±2.2b,c,d

75
89

12.0±0.6b,c
13.3±2.7b,c

86
95

50
56

33.7±0.4c
37.5±5.5c,d

83
93

67
75

98

15.2±1.1c

109

64

41.4±2.3d

102

83

100
171

59
100

40.4±1.0d
50.0±1.8**e

100
124

81
100

Yearlings

17
21

9 112.5±4.7
3 131.6±9.0

Juvenile

29

6 170.6±15.8 17.9±2.1c,d

Adults

Adult female
Adult male

Total body O2

8 237.5±9.2
5 650*

18.2±1.0
ND

d

100
ND

c

14.0
23.9±1.8d

Total body oxygen stores are the sum of lung, blood, and muscle oxygen stores available while diving. See equations in text for
calculations. Values shown are mean ± SE. Diﬀerent letters within a column indicate statistical diﬀerence at P<0.05
ND indicates no data available
Adult female mass and blood data from M.A. Castellini (unpublished data)
Average adult female myoglobin from Kanatous et al. (1997) used to calculate muscle oxygen stores
*Adult male mass from necropsy of one adult male
**Adult male total body oxygen stores were calculated using mass speciﬁc adult female blood volume and hemoglobin concentration

ment, the site of primary oxygen storage also shifted
from blood towards muscle as animals aged (Fig. 4).
Aerobic dive limit
Because the total body oxygen stores increased with age,
the cADL of young sea lions also increased with age
(F7,52=543.85, P<0.001; Table 2). Adult males and females had cADL that were longer than all other age
classes (P<0.001), and diﬀered due to gender
(t11=10.79, P<0.001). Assuming a diving metabolic
rate of twice resting, the ADL ranged from 0.7 min in 1month-old pups to 7.5 and 12.0 min in adult females and
males, respectively. In addition, the scope of cADL
based on the range of estimated diving metabolic rates
increased with age from less than 1 min in 1-month-old
pups to 18 min in adult males (Table 2).

Discussion
Few studies have measured both blood and muscle
oxygen stores concurrently to calculate total body
oxygen stores and estimate age related changes in
aerobic dive capacity (otariid: Fowler 2005; phocids:
Thorson and LeBoeuf 1994; Burns and Castellini
1996; Clark 2004; Noren et al. 2005; cetaceans: Noren
et al. 2001, 2002). As with previous studies of blood
or muscle development, young sea lions had oxygen
stores that were less than adults (otariid: Costa et al.
1998; Fowler 2005; phocid: Thorson and LeBoeuf
1994; Burns and Castellini 1996; Clark 2004; Burns
et al 2005; Noren et al. 2005; cetacean: Noren et al.
2002). This discussion will focus on interpreting the
pattern of change and identifying the factors that may
limit the rate of physiological or behavioral development in Steller sea lions.

Blood and muscle development
The pattern of oxygen storage capacity development in
the blood was very diﬀerent than that seen in muscle, in
both timing and magnitude. Hematocrit and Hb decreased shortly after birth reaching a nadir at approximately 3 months of age, after which values increased
reaching concentrations similar to adults at approximately 9 months of age (Richmond et al. 2005). This
trend was in contrast to the consistently low mass speciﬁc PV and BV that never attained adult levels, and the
absolute PV and BV that increased with age but still
remained lower than adult values. The lack of increase in
mass speciﬁc BV in young sea lions could be a result of
inability of erythropoiesis to surpass growth rate.
However, as hematology values were similar to adults
around 9 months of age (Richmond et al. 2005), the
failure of mass speciﬁc BV to increase to adult levels at
this time can not be attributed to limited production of
RBC, and must instead reﬂect diﬀerences in mass speciﬁc PV. Body composition may play a role in this
apparent diﬀerence. If young animals have 20% greater
fat reserves compared with adult females, then PV expressed on a lean body mass basis will be similar in
young animals and adult females. Indeed, adult females
in early lactation have approximately 10 to 15% body
fat (R.W. Davis, unpublished data) while young sea
lions (5–29 months of age) range from 29 to 47% body
fat (Rea 2002). Similarly in harbor seals, PV and BV are
not diﬀerent by age when scaled to lean body mass
verses total body mass (Burns et al. 2005).
Given that there was little change in mass speciﬁc BV,
the age related increase in mass speciﬁc blood oxygen
stores were primarily due to increases in the Hct and Hb
content in the blood. By 9 months of age, both Hct and
Hb were similar to those in adult females (Richmond
et al. 2005), and as a result blood oxygen stores were
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Fig. 4 Developmental trend in a mass speciﬁc total body oxygen
stores and b the percentage of oxygen stored in lung, blood, and
muscle. Closed circles are young sea lions and open circles indicate
adult animals. Total body oxygen stores increased linearly from 1
to 29 months of age according to the equation Total Body
O2=0.707 · (age in months) + 22.271, R2=0.736, P<0.001

85% of adult values. Several other studies have shown
that juvenile blood oxygen stores approach adult values
near the onset of independent foraging (Horning and
Trillmich 1997; Noren et al. 2002, 2005; Clark 2004;
Burns et al. 2005), suggesting that Steller sea lions could
be weaned near the end of their ﬁrst year of life.

Similar to other marine mammals, Steller sea lions
were born with muscle Mb content that is very diﬀerent
than adults (Lenfant et al. 1970; Thorson and LeBoeuf
1994; Dolar et al. 1999; Ponganis et al. 1999; Noren et al.
2001; Clark 2004; Fowler 2005). At birth, Mb stores
were low (1-month-old pups 0.5 g% vs. adult males
4.9 g%), and there was little diﬀerence in Mb concentration between muscle types in contrast to adults where
swimming muscles have a greater concentration of Mb
compared with non-swimming muscles. The rapid increase in Mb concentration seen in early development
slowed in the second year of life, even though Mb concentrations were still considerably less than adults
(Richmond 2004). Steller sea lion growth rates also
slowed in the second year of life from 0.25 to 0.13 kg
day1 (Winship et al. 2001; Fadely et al. 2004). The reduced growth rate and rate of muscle development may
reﬂect diminished energy intake associated with weaning
and the initiation of independent foraging (Calkins and
Pitcher 1982; Merrick et al. 1988; Fadely et al. 2004;
ADFG, unpublished data). In many species, this period
of newly independent foraging is associated with high
mortality and reduced growth (Le Boeuf et al. 1994;
Winship et al. 2001; Bowen et al. 2003). Northern elephant seal pups actually lose mass during their ﬁrst
independent foraging trip, and the increase in Mb concentration over this period is much slower than during
previous months (Thorson and Le Boeuf 1994). Thus,
changes in the pattern of muscle development in Steller
sea lions may indicate a shift towards nutritional independence.
While both blood and muscle oxygen stores increased
with animal age, they did not increase at the same rate,
with blood stores attaining values similar to adults at a
younger age compared with muscle. As a result, the
relative proportion of oxygen stored in blood and
muscle changed with age. While all age classes stored the
majority of oxygen in the blood, the ratio of oxygen in
blood to muscle changed from 5:1 to 3:2 as young sea
lions matured, indicating a growing reliance on muscle
oxygen stores. In addition, since muscle oxygen stores
were calculated based on the relative mass of swimming
versus non-swimming muscles in neonates, it is likely

Table 2 Change in calculated aerobic dive limit (cADL) with development in free-ranging Steller sea lions
Age in months

MAX cADL (1· RMR)

MID cADL* (2· RMR)

MIN cADL (4· RMR)

MAX–MIN diﬀerence

1
5
9
17
21
Sub-adult
Adult female
Adult male

1.3±0.03
2.2±0.10
3.7±0.18
4.7±0.05
5.5±0.93
6.6±0.38
15.0±0.40
23.9±0.88

0.7±0.02
1.1±0.05
1.8±0.09
2.3±0.28
2.7±0.46
3.3±0.18
7.5±0.19
12.0±0.44

0.3±0.01
0.6±0.02
0.9±0.04
1.2±0.01
1.4±0.22
1.6±0.09
3.7±0.09
6.0±0.22

1.0
1.6
2.8
3.5
4.1
5.0
11.3
17.9

Total body oxygen stores divided by three estimates of diving metabolic rate calculated from resting metabolic rate (RMR). Values shown
are mean ± SE
*Linear regression equation of mid-range cADL for animals 1–29 months of age
cADL=0.094 · (age in months) + 0.684, R2=0.907, P<0.001
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that the values reported here for older animals underestimate the actual value. If this is the case, then older
animals may rely even more heavily on muscle oxygen
stores than indicated here.
Increasing reliance on muscle oxygen stores with age
may be related to the development of cardiovascular
control. Young marine mammals generally do not possess the ability to regulate their cardiovascular system to
the same extent as adults (Castellini et al. 1994; Thorson
and Leboeuf 1994; Greaves et al. 2004; Noren et al.
2004). As a result, blood supplies oxygen to tissues
throughout the course of a dive (or apnea event). In
contrast, as animals develop cardiovascular control,
diving heart rate drops, blood is redistributed away from
the periphery and muscles, and blood oxygen is conserved for core tissues (Blix et al. 1983; Cherepanova
et al. 1993). Consequently, muscles must rely more
heavily on endogenous oxygen stores while diving
(Cherepanova et al. 1993; Davis and Kanatous 1999).
Thus, muscle oxygen stores become very important in
maximizing aerobic potential once cardiovascular control is well established. In harbor seals, a precocial species that begins diving within hours of birth,
cardiovascular control develops gradually over the ﬁrst
20 days of life (Greaves et al. 2004; Lapierre et al. 2004)
corresponding to Mb concentrations that nearly double
from birth to weaning (Clark 2004; Burns et al. 2005). If
Mb concentrations remain low once cardiovascular
control is established, reduced blood ﬂow to the
periphery would require muscles to rely more heavily on
anaerobic metabolism, therefore increasing recovery
times, and reducing dive eﬃciency (Butler and Jones
1997). In addition, increased muscle oxygen stores serve
to prolong dive durations because less oxygen is removed from blood stores, and both Hb and Mb can be
depleted at the same rate (Davis and Kanatous 1999).
Interspeciﬁc comparison
The few studies that have addressed the development of
total body oxygen stores have mainly focused on phocids,
which have a much shorter lactation period, typically dive
much deeper and longer than Steller sea lions, and
therefore have much greater mass speciﬁc total body
oxygen stores (Thorson and Leboeuf 1994; Burns and
Castellini 1996; Noren et al. 2002; Clark 2004; Burns et al.
2005; Fowler 2005). These studies have suggested that
marine mammals with short maternal dependency periods (e.g. harbor seal, elephant seal) should develop oxygen stores at a faster rate than species with long lactation
(e.g. Steller sea lion, Australian sea lion, and bottlenose
dolphin), regardless of the absolute store size. Steller sea
lions ﬁt this pattern, with juveniles not achieving oxygen
stores similar to adults until the end of their second year.
These studies have also suggested that pups begin independent foraging at similar relative oxygen store size,
compared with adult values (Thorson and LeBoeuf 1994;
Noren et al. 2002; Clark 2004; Richmond 2004; Fowler

2005; Noren et al. 2005). For example, at 1 month of age
(the end of maternal support) harbor seals and elephant
seals have mass speciﬁc total body oxygen stores that are
approximately 50 to 60% adult values, and this increases
to 73% of adult values at the onset of independent foraging (3 months of age) in northern elephant seals
(Thorson and LeBoeuf 1994; Clark 2004). If it is assumed
that Steller sea lions begin independent foraging at total
body oxygen stores that are of similar proportion to adult
stores, comparable with other marine mammal species
(approximately 75% of adult values; Thorson and LeBoeuf 1994; Noren et al. 2002, 2005; Clark 2004), then this
data suggests that Steller sea lions could wean at the end
of the ﬁrst year of life. This conclusion is supported by the
plateau in development of total body oxygen stores in the
second year of life, similar to observations after weaning
in other marine mammals with long or short maternal
dependence strategies (Thorson and Le Beouf 1994; Noren et al. 2002; Richmond 2004). If Steller sea lions continue to nurse through the second year of life, their mass
speciﬁc total body oxygen stores at weaning are equivalent to adult female values, and therefore no longer constraining of aerobic capacity. Thus, nursing through year
two may provide both nutritional and physiological
advantages.
Aerobic dive limit
In addition to reduced oxygen stores, young animals
also have a greater mass speciﬁc metabolic rate and
additional energy requirements for growth (SchmidtNielsen 1997). Young divers are also unable to maintain
heart rate suppression while diving to the extent reported in adult animals (Castellini et al. 1994; Thorson
and Leboeuf 1994; Greaves et al. 2004; Lapierre et al.
2004; Noren et al. 2004), and are therefore unlikely to
regulate use of oxygen stores as eﬃciently during breathhold (Davis et al. 2004).
Typically only 5 to10% of dives in aquatic birds and
mammals exceed ADL, because anaerobic metabolism is
energetically less eﬃcient than aerobic metabolism, and
requires an extended surface interval to remove accumulated lactic acid to restore normal pH values to the
system (Kooyman et al. 1980; Butler 2001; Costa et al.
2001). Juvenile animals may exceed their ADL more
frequently while diving than adults (Kooyman et al.
1983; Burns 1999). Diving beyond the ADL has been
correlated with reduced foraging eﬃciency in marine
mammals, due to the increased time required to process
byproducts of anaerobic metabolism (Boyd 1997).
It is important to recognize that ADL is not a ﬁxed
number, but a ﬂuid value that reﬂects the extent of
oxygen loading before a dive, and the rate of oxygen use
during a dive, both of which can vary (Wilson 2003;
Davis et al. 2004). Even though cADL rely on minimum
estimates of DMR and maximum oxygen stores, they
still oﬀer an acceptable metric for estimating aerobic
capacity for most diving mammals, and were used in this
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study to investigate the development of aerobic dive
potential in Steller sea lions.
The developmental changes in cADL demonstrate
that all young Steller sea lions had a reduced aerobic
dive capacity compared with adults, due both to lower
oxygen stores and greater use rates. When cADL were
compared with diving pattern of young sea lions and
adults, it became clear that the relationship between
behavior and physiology diﬀered by age class. For
example, the mean dive durations for young of the year
Steller sea lions (0.8 min: Merrick and Loughlin 1997;
Loughlin et al. 2003; 0.9 min: Rehberg 2005) and yearling animals (1.7 min, Rehberg 2005) were less than the
cADL estimated using a DMR of twice RMR, and 95%
of dives were shorter than the cADL estimated using
RMR. Although, if young sea lions have a DMR four
times RMR, then most dives are longer than the cADL,
suggesting that highly energetic dives would require
anaerobic metabolism. In contrast, adult females seem
to be diving well within aerobic threshold, while juveniles appear to be consistently diving at the upper range
of their aerobic scope. The median dive duration for
adult females (2.0 min) was similar to the cADL estimated using a DMR of four times RMR, and even the
maximum reported dive duration (8 min; Merrick and
Loughlin 1997) was less than cADL estimated with a
DMR of twice RMR. This suggests that adult animals
have more ﬂexibility in how they manage their oxygen
stores, and that physiology has the potential to constrain
juvenile behavior in young animals (Burns and Castellini
1996; Horning and Trillmich 1997; Costa et al. 1998;
Burns 1999; Noren et al. 2002).
The potential for physiology to limit diving behavior
and foraging eﬃciency of juvenile Steller sea lion is
critical in light of the hypothesis that one of the causes of
the decline in population numbers is a reduction in
juvenile survivorship as a result of reduced prey availability (York et al. 1996; Adams 2000). This hypothesis
assumes that juveniles, with lower diving capacity and
limited behavioral options, would be more susceptible to
shifts in prey availability than adults. This study has
demonstrated that the cADL of Steller sea lions less than
29 months of age was lower than that of adults, and that
young animals likely dive closer to their cADL than do
adults, as would be expected if foraging was more difﬁcult (Costa et al. 1989; Horning and Trillmich 1999;
Burns 1999). However, reduced dive capacity is only a
disadvantage if young sea lions are foraging on the same
resources as adults, and cannot shift to prey that are
easier to capture or found in shallower waters. Unfortunately, with limited information on the location and
composition of juvenile Steller sea lions prey species, and
no data on foraging eﬃciency, it is diﬃcult to determine
if observed behavioral diﬀerences would aﬀect survival.
It is clear that juveniles are indeed limited in their aerobic capacity, and that this limitation persists through
the ﬁrst 2 years of life. As a result, newly weaned Steller
sea lions, regardless of age at weaning (1 or 2 years of
age), cannot as easily access all the prey resources

available to adults, and therefore may be more vulnerable to shifts in prey abundance or distribution.
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