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a b s t r a c t
The metabolic hormones, growth hormone (GH) and insulin-like growth factor (IGF)-I, together with IGF
binding proteins (IGFBP), have been well studied in domestic species and are the primary components of
the somatotropic axis. This hormone axis is responsive to nutrient intake, associated with growth rate,
and accretion of protein and adipose. However, this relationship has not been evaluated in species that
rely heavily on adipose stores for survival, such as pinnipeds. The primary objectives of this research were
to investigate the response of the somatotropic axis to reduced nutrient intake and re-alimentation in
rehabilitated harbor seal pups, and to assess if these hormones are related to nutritional status and
growth rate in harbor seals. Stranded harbor seal pups (n = 24) arrived at the rehabilitation facility very
thin after fasting for several days (nutritional nadir). Throughout rehabilitation nutrient intake increased
and pups gained mass and body condition. Concentrations of GH and IGFBP-2 decreased with re-alimentation, while IGF-I and IGFBP-3 concentrations increased. Overall, GH and IGFBP-2 were negatively associated and IGF-I and IGFBP-3 were positively associated with growth rate and increased body condition of
harbor sea pups. Further, the magnitude of the growth response was related to the magnitude in response
of the somatotropic axis to varied levels of intake. These data suggest that multiple components of the
somatotropic axis may be used to assess the energy status of individuals and may also provide information on the level of feed intake that is predictive of growth rate.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
The metabolic hormones, growth hormone (GH) and insulinlike growth factor (IGF)-I, together with the IGF binding proteins
(IGFBP), are the primary components of the somatotropic axis,
which is associated with growth rate and accretion of protein
and adipose (Lawrence and Fowler, 1997). There are six IGFBP,
which regulate the biological actions of IGF-I (Jones and Clemmons, 1995), but IGFBP-2 and -3 are most associated with growth
rate and are responsive to nutrient intake (Sohlström et al., 1998;
Rausch et al., 2002; Govoni et al., 2003). Research on the somatotropic axis has primarily focused on domestic species with little
information available for wildlife.
Research on domestic animals and humans has shown that
nutritional status of an individual animal inﬂuences the somatotropic axis in predictable ways. Compared with animals fed ad libitum, animals fed a restricted diet over an extended period of time
have reduced growth rate, coupled with reduced concentrations of
IGF-I and IGFBP-3 and increased concentrations of GH and IGFBP-2
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(Straus, 1994; Breier 1999; Harrell et al., 1999; Rausch et al., 2002).
This increase in circulating GH concentration stimulated by reduced
nutrient intake is due to decreased clearance rate of GH (Breier,
1999). In many species, measures of the somatotropic axis are predictive of nutritional status and future growth rate (Connor et al.,
2000; Renaville et al., 2000; Freake et al., 2001; Rausch et al., 2002).
The limited information that exists for components of the
somatotropic axis in marine mammals suggests that GH and IGF-I
in phocids respond to fasting and increased intake in a similar manner compared with other mammalian species (Ortiz et al., 2003;
Eisert et al., 2005; Richmond et al., 2008). Concentrations of GH increased and IGF-I concentrations decrease in fasting northern
elephant seals (Ortiz et al., 2003), and increased nutrient intake
stimulates an increase in IGF-I concentrations in adult female
Weddell seals (Eisert et al., 2005). However, detailed investigation
of the response of multiple components of the somatotropic axis to
changes in nutritional state in young pinnipeds has not been
conducted.
Harbor seals (Phoca vitulina) are annual breeders, and most
pups in California are born within a 2-week period in late March
to early April (Burns, 2002). Pups average 8–12 kg at birth and typically nurse for 4–6 week on high fat milk (50% lipid), and gain an
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average of 0.6–0.7 kg d 1 throughout nursing, which corresponds
to 5–9% daily increases in body mass (Bowen et al., 2001a; Schulz
and Bowen, 2004; Lang et al., 2005). This rapid increase in overall
body mass includes rapid deposition of lipid (blubber) which is
essential to their survival (Muelbert et al., 2003; Burns et al.,
2005). Indeed, the ﬁrst year survival of harbor seal pups is positively correlated with body mass and body lipid, with larger pups
having a greater survival rate (Muelbert et al., 2003; Harding
et al., 2005). Therefore, pups with a greater growth rate leading
to increased size may also have a greater rate of survival.
The primary objectives of this research were to investigate the
response of the somatotropic axis to reduced nutrient intake and
re-alimentation in harbor seal pups, and to assess if these hormones are related to nutritional status and growth rate in harbor
seals. Rehabilitation of healthy but abandoned harbor seal pups
provide a unique model to study the physiologic effects of reduced
nutrient intake and re-alimentation because they arrive at rehabilitation at a low nutritional state after fasting for several days
(Richmond et al., 2008). During the subsequent rehabilitation
process, animals are fed and proceed through the re-alimentation
process gaining body mass and adipose stores (Richmond et al.,
2008). This experimental model provides an opportunity to conduct a longitudinal experiment on pinnipeds from natural genetic
stock with known nutritional status and intake. We hypothesize
that the somatotropic axis in harbor seals will respond to reduced
nutrition and re-alimentation as predicted by the domestic animal
model.
2. Methods
2.1. Animals and diet
Abandoned harbor seal (Phoca vitulina richardsii) pups brought
to The Marine Mammal Center (TMMC, Sausalito CA) were initially
assessed by a veterinarian and determined to be healthy but abandoned through physical examination, body weight measurement,
hematology and serum chemistry panel. Only pups that met this
‘‘healthy but abandoned” status were used for this study. Age
was estimated through a combination of umbilicus condition, percentage of lanugo fur and tooth eruption (Boulva, 1975; Bowen
et al., 1994; Gulland et al., 1997). At rescue, seals had typically
been fasting from one to several days (nutritional nadir) as determined by observation of more than 24 h without maternal care before rescue and thin appearance for age.
Pups were fed a Multi-Milk formula (Pet-Ag, Inc., Hampshire, IL)
with ﬁsh oil, lecithin granules, and a pinniped multi-vitamin (Mazuri, Purina Mills, Inc., St. Louis, MO) ﬁve times a day for approximately 4 week and were then weaned onto a mixed ﬁsh diet
consisting primarily of North Atlantic and Paciﬁc herring (Clupea
spp.) (Gage, 2002; Lander et al., 2003). Intake was recorded daily.
Formula contained approximately 36.0% fat, 6.1%, protein, 46%
water and 3700 cal L 1. The energy content of the herring
(1500 cal kg 1) was estimated by proximate composition analysis
of batches of fresh frozen herring of similar age class performed
by Mystic Aquarium & Institute for Exploration.
The study was conducted over two years (2005 and 2006). Fourteen pups each year (11 F, 3 M year 1; 8 F, 6 M year 2) met the criteria for healthy but abandoned. Based on the aging criteria, all
pups in this study were less than 10 days of age and most were
estimated to be approximately 5 days of age at initial assessment.
Mass was measured every week and blood samples (2 ml) were
collected from each pup every 2 weeks for approximately 11 week
or until release. Growth rate was calculated by determining the
change from initial body mass divided by the days in rehabilitation
and was reported in kg d 1. In the ﬁrst year of the study (2005)
standard length was assessed at the time of arrival and again at
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release. In the second year (2006), standard length and axillary
girth were measured every two weeks. A condition index (axillary
girth/standard length  100) was calculated for pups in 2006 (Fadely, 1997).
2.2. Blood handling and assays for GH, IGF-I and IGF binding proteins
Before the ﬁrst feeding of the day, after an 8 h overnight fast,
animals were manually restrained and blood was collected via
venipuncture of the extradural intravertebral vein (Bossart et al.,
2001). Blood was allowed to clot for 15 min and then centrifuged
at 3000g for 15 min at 4 °C. Sera were frozen and shipped on dry
ice to the University of Connecticut for analysis. Samples were
maintained at 80 °C until processing.
Sera were analyzed by heterologous radioimmunoassays validated for quantiﬁcation of IGF-I and GH in harbor seals (Richmond
and Zinn, 2009). Serially diluted pooled serum was parallel to the
standard curve for both IGF-I (R2 = 0.993) and GH (R2 = 0.986),
and percent recovery of added mass was 90–99% and 90–107%
for IGF-I and GH, respectively. Growth hormone intra- and interassay coefﬁcient of variation (CV) were less than 6% and 9%, respectively, for low (1.3 ng ml 1) and high (4.4 ng ml 1) GH pools. The
IGF-I intra- and inter-assay CV were 5% and 8% for low (68 ng ml 1)
and 7% and 15% for high (267 ng ml 1) IGF-I pools, respectively.
Among the six IGFBP currently identiﬁed, IGFBP-2 and -3 are
useful indicators of growth rate and nutritional status (Straus
and Takemoto, 1990; Smith et al., 1995; Govoni et al., 2003) and
therefore the focus of our investigations. Concentrations of
IGFBP-2 and -3 were determined by ligand blot following polyacrylamide gel electrophoresis (Freake et al., 2001). Membranes
were incubated overnight with approximately 1.6 MBq of 125I-labeled IGF-I (GE Healthcare Bio-Sciences Corporation, Piscataway,
NJ). After incubation, membranes were washed to remove unbound 125I-labeled IGF-I and then exposed to a multipurpose phosphor screen (Packard Instrument Company, Meriden, CT). The
remaining radioactivity bound to blots was imaged with a Cyclone
Storage Phosphor System (Packard Instrument Company), and
quantiﬁed with OptiQuant software (Packard Instrument Company). Binding proteins were quantiﬁed as digital light units per
mm2 and expressed in arbitrary units (AU) as a percentage of the
pooled serum standard IGFBP-3 included on each gel. Intra- and inter-assay CV were less than 4% and 7%, respectively, for both
IGFBP-2 and -3. Serially diluted pooled serum exhibited dilution
linearity for both IGBP-2 (R2 = 0.998) and IGFBP-3 (R2 = 0.983).
2.3. Statistical analyses
Longitudinal measurements of serum hormone concentrations
and morphometrics were analyzed as repeated measures with
the mixed model analysis of variance procedure (SAS Inst. Inc.,
Cary, NC). This model accounts for repeated samples from the same
experimental unit (Gill and Hafs, 1971). The statistical model initially included sex, year, and week of rehabilitation as independent
variables; however, gender did not signiﬁcantly affect any variable,
except mass, growth rate, intake, and IGFBP-2 concentration,
therefore gender was removed from the model for all other variables. The reduced statistical model increases the power to detect
differences. The ﬁnal model included week of rehabilitation, year,
and the interaction of week  year. Because axillary girth was
not measured in 2005, year was not included in the model for axillary girth or condition index. To evaluate differences among
weeks of rehabilitation, a pair wise comparison of the Least Significant Difference was used. Differences were considered signiﬁcant
if P 6 0.05 and trends if 0.10 > P > 0.05. A stepwise linear regression
analysis was conducted to assess the relationship between
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hormone variables and body mass. Variables were retained in the
model if a 6 0.15.
3. Results
Pups arrived at the rehabilitation facility thin and had been fasting for one to several days (nutritional nadir). During rehabilitation
feed intake generally increased (P < 0.01; Fig. 1a). However, caloric
intake declined slightly as animals were weaned from formula to
ﬁsh. Intake was greater in 2005 compared with 2006 (P < 0.01;
Fig. 2b). Pups gained body mass throughout rehabilitation
(P < 0.001; Fig. 3a); however, 2005 pups gained more body weight
at a faster rate compared with pups in 2006 (P < 0.01; Fig. 3b). Pups
in 2005 gained 0.16 ± 0.02 kg d 1 while 2006 pups gained
0.10 ± 0.02 kg d 1 representing a 2% and 1% gain of body mass
per day, respectively (P = 0.03; Table 1). Standard length increased
an average of 10 cm over the 8 weeks of rehabilitation (P < 0.01;
71.8 ± 1.4 cm to 81.6 ± 1.9 cm; week 1 and 9, respectively;
Fig. 3a). There was no difference in standard length between years
(P = 0.13) and no signiﬁcant interaction between year and week of
rehabilitation (P = 0.57). In 2006, axillary girth increased
(P < 0.001; Fig. 3a) and condition index improved with rehabilitation (P = 0.05; Fig. 3b). The condition index increased from
71.5 ± 1.6 to 81.4 ± 3.4 between week 1 and 11 (P = 0.01; Fig. 3b).
When pups arrived at the facility males and females had similar
body mass (P = 0.76; 8.1 ± 0.5 kg); however, by week 7 males were

Fig. 2. Body mass of 28 harbor seal pups (19 female, 9 male) throughout
rehabilitation and re-alimentation. Average mass per week of rehabilitation of all
pups is illustrated in graph (a), and separated by year in graph (b). Pups gained body
mass at a faster rate in 2005 compared with 2006 (P < 0.01). Values shown are
mean ± SE. Unique letters identify statistical difference observed by week of
rehabilitation, and () identify signiﬁcant annual difference within week.

Fig. 1. Mean caloric intake of 28 harbor seal pups (19 female, 9 male) throughout
rehabilitation. Most pups were weaned from formula to ﬁsh around week 4 of
rehabilitation. Graph (a) illustrates the intake for all pups with in the study, and
graph (b) separates intake by year of the study. Intake was greater in 2005
compared with 2006 (P < 0.01). Values shown are mean ± SE. Unique letters identify
statistical difference observed by week of rehabilitation, and () identify signiﬁcant
annual difference within week.

larger than females (P = 0.01; 15.2 ± 0.9 vs. 12.5 ± 0.6 kg, respectively; Table 1). Males grew at a faster rate (P = 0.04) compared
with females (0.16 ± 0.02 vs. 0.10 ± 0.02 kg d 1, respectively; Table
1). There was a trend for male pups to consume more than females
(P = 0.07; 1.3 ± 0.8 vs. 1.1 ± 0.5 kg d 1, respectively; Table 1).
Concentrations of GH (Fig. 4a) were greatest at nutritional nadir
(8.0 ± 0.52 ng ml 1, week 1) and then decreased with re-alimentation (2.2 ± 0.77 ng ml 1, week 9; P < 0.01). Throughout rehabilitation, concentrations of GH were greater in 2006 compared with
2005 (P = 0.01; Fig. 4b). In contrast to the pattern observed in GH
concentrations, IGF-I concentrations were reduced when pups arrived at rehabilitation facilities and increased with re-alimentation
(46 ± 11.0 ng ml 1, week 1; 151 ± 13.7 ng ml 1, week 9; P < 0.001;
Fig. 4c). The slight decline in IGF-I observed at week 11 was not signiﬁcant (P = 0.13) and was probably due to the release of larger
pups before week 11. Parallel with feed intake and change in body
mass, the 2006 IGF-I concentrations were less than concentrations
observed in 2005 (P = 0.05; Fig. 4d). Concentrations of IGFBP-3 increased (P < 0.01; Fig. 4e) while IGFBP-2 remained consistent
(P = 0.58; Fig. 4g) throughout rehabilitation. In 2005, IGFBP-3 increased at week 3 and then remained consistent (Fig. 4f). In contrast, 2006 concentrations of IGFBP-3 increased at week 3, but
then declined back to concentrations similar to week 0 and remained less than 2005 concentrations throughout the remainder
of rehabilitation (P = 0.06; Fig. 4f). Concentrations of IGFBP-2 in
2006 were consistent throughout rehabilitation while 2005
IGFBP-2 declined (P < 0.001; Fig. 4h). Overall concentrations of
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4. Discussion

Fig. 3. Standard length (SL), axillary girth (AG), and condition index of 14 harbor
seal pups (8 female, 6 male) throughout rehabilitation and re-alimentation in 2006.
Values shown are mean ± SE. Unique letters within a speciﬁc measure identify
statistical difference observed by week of rehabilitation.

IGFBP-2 were greater in 2005 compared with 2006 (P < 0.001). Female pups had greater overall concentrations of IGFBP-2 (P = 0.01;
85.2 ± 8.1 AU) compared with males (40.5 ± 13.4 AU). All hormones
measured explained 70% of the variability in body mass as assessed
by stepwise linear regression (mass = 10.06 + 0.025  IGF-I +
0.011  IGFBP-3 0.33  GH 0.012  IGFBP-2). Concentrations of
IGF-I (R2 = 0.56) and IGFBP-3 (R2 = 0.02) were positively correlated
with body mass, while GH (R2 = 0.10) and IGFBP-2 (R2 = 0.02) were
negatively correlated with body mass.

In this study, the inﬂuence of nutrition (reduced nutrient intake
and re-alimentation), on the response of the somatotropic axis and
growth rate was examined in harbor seal pups. Harbor seals are a
species commonly rehabilitated across North America and successfully released back into the wild (NMFS National Stranding Database). Harbor seal pups may strand for many reasons, including
premature separation of mother–pup pairs, maternal abandonment, sickness, injuries and human interference (Gage, 2002).
Proper body weight gain during the rehabilitation process is an
important factor for post-release survival (Lander et al., 2002).
Stranded harbor seal pups provide a unique model to study the response of the somatotropic axis to changes in nutritional status because they arrive in rehabilitation facilities at a low plane of
nutrition.
Since pups had been fasting for several days, our initial sample
represents a nutritional nadir, and likely illustrates an extremely
low plane of nutrition relative to healthy free-ranging animals of
a similar age (Richmond et al., 2008). Intake was initially low
and gradually increased. Intake plateaued after 5 weeks of rehabilitation when all pups were weaned to ﬁsh. After 5 weeks, intake remained consistent at around 2000 cal d 1.
In the wild, pups average 8–12 kg at birth and typically nurse
for 4–6 weeks on high fat milk (50% lipid), and gain an average
of 0.6–0.7 kg d 1 throughout nursing, which corresponds to 5–9%
daily increases in body mass (Bowen et al., 2001b; Schulz and Bowen, 2004; Lang et al., 2005). Here pups were fed formula consisting of approximately 36% fat and weaned around 5 weeks of age,
after 4 weeks of rehabilitation. At the start of rehabilitation all
pups were of similar body mass (8.1 ± 0.5 kg), regardless of year
or gender. All pups gained mass through out rehabilitation, but
at a much slower rate (<2% per day) than animals in the wild.
Consistent with patterns observed in domestic and wild
carnivors, GH was greatest when pups were at nutritional nadir
(Eigenmann et al., 1985; Nieminen et al., 2004). In domestic
species, elevated GH spares body protein and facilitates the use
of adipose stores for maintenance energy needs (Breier, 1999). As
intake increased, GH declined and plateaued, attaining values similar to free-ranging harbor seal pups of comparable age (Richmond
et al., 2008).
In contrast, IGF-I concentrations were decreased at the onset of
rehabilitation and gradually increased as re-alimentation occurred.
Similar patterns in IGF-I concentration have been observed in dogs,
cats, and pigs with reduced concentrations during prolonged food

Table 1
Gender and year differences in mean intake, morphometrics, and hormone concentrations of rehabilitated harbor seal pups.
Gender

Intake (kg d–1)*
Calories (cal d 1)
Mass (kg)
Growth rate (kg d 1)
Standard length (cm)
Axillary girth (cm)
Condition index
GH (ng ml 1)
IGF-I (ng ml 1)
IGFBP-3 (AU)
IGFBP-2 (AU)

Year

Males

Females

2005

2006

1.3 ± 0.8x
2542 ± 196x

1.1 ± 0.5y
2102 ± 131y

1.4 ± 0.8a
2610 ± 194a

1.0 ± 0.8b
2034 ± 139b

13.6 ± 0.8x
0.16 ± 0.02a
74.7 ± 2.2
57.7 ± 1.5
75.2 ± 1.3

11.8 ± 0.5y
0.10 ± 0.02b
75.2 ± 1.6
54.0 ± 1.3
74.2 ± 1.2

14.2 ± 0.7a
0.16 ± 0.02a
79.3 ± 2.7a
ND
ND

11.1 ± 0.6b
0.10 ± 0.02b
75.2 ± 1.7
55.8 ± 1.0
74.7 ± 0.9

2.5 ± 0.6a
128.7 ± 12.9a
137.0 ± 13.7a
95.9 ± 11.3a

4.7 ± 0.6b
77.1 ± 12.1b
98.1 ± 14.1b
29.9 ± 10.0b

3.4 ± 0.7
101.3 ± 15.3
124.2 ± 11.3
40.5 ± 13.4a

3.8 ± 0.5
103.8 ± 10.6
101.4 ± 16.8
85.2 ± 8.1b

Hormone concentrations measured include growth hormone (GH), insulin-like growth factor (IGF-I), and insulin-like growth factor binding proteins (IGFBP). Concentrations
of IGFBP are shown in arbitrary units (AU). Condition index was calculated as axillary girth/standard length  100 (Fadely, 1997). Values shown are mean ± SE. Different
letters within gender or year indicate signiﬁcant difference at P 6 0.05 (a, b) or trend if 0.05 < P < 0.01 (x, y). ND indicates no data collected.
*
A trend was observed for the interaction of gender and year for intake (P = 0.073).
There was a signiﬁcant interaction between gender and year for mass (P = 0.013).
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Fig. 4. Changes in growth hormone (GH), insulin-like growth factor (IGF-I), and insulin-like growth factor binding proteins (IGFBP) of 28 harbor seal pups (19 female, 9 male)
throughout rehabilitation and re-alimentation. Graphs (a, c, e, and g) illustrate average concentrations for all pups, and graphs (b, d, f, and h) separate concentrations by year
of the study. Pups had greater IGF-I, IGFBP-2 and IGFBP-3 concentrations, and reduced GH concentrations in 2005 compared with 2006 (P < 0.05). Values shown are
mean ± SE. Unique letters within a measure identify statistical difference observed by week of rehabilitation, and () identify signiﬁcant annual difference within week.

J.P. Richmond et al. / General and Comparative Endocrinology 165 (2010) 286–292

restriction and recovery of IGF-I concentrations following two or
more weeks of re-feeding (Maxwell et al., 1998, 1999; Sohlström
et al., 1998). Concentrations of IGF-I are often low in nutritional
deﬁcit to spare nutrients from lean tissue growth so that energy
can be allocated for maintenance energy needs (Gautsch et al.,
1998). The changes in IGF-I with changes in nutrient intake and
associated changes in growth rate (i.e., increased nutrient intake,
increased IGF-I, and increased growth rate, or reduced nutrient intake, decreased IGF-I and decreased growth rate) illustrates the
role IGF-I plays in modulating the response of the somatotropic
axis to nutrient intake resulting in changes in growth rate.
Concentration of IGFBP also responded dramatically to increased nutrient intake. There was almost a 2-fold increase in
IGFBP-3 concentration between week 1 and 3 of rehabilitation.
After which IGFBP-3 concentration remained relatively constant.
In most mammals, IGFBP-3 is positively associated with intake
and growth rate, and typically mirrors the pattern of IGF-I expression (Jones and Clemmons, 1995; Maxwell et al., 1998). The greatest increase in harbor seal IGFBP-3 was observed during the initial
re-feeding when caloric intake increased 5-fold. As rehabilitation
progressed and intake modulated so did IGFBP-3 concentrations.
In harbor seals, IGFBP-3 appears to be closely associated with energy intake, while IGF-I concentrations reﬂected changes in mass.
In contrast to the pattern observed in IGFBP-3 with re-alimentation, IGFBP-2 concentrations gradually declined with re-alimentation (observed in 2005, but not 2006). Increased IGFBP-2 is
observed in feed restricted canines (Maxwell et al., 1998) and is
negatively associated with growth rate in most species, although
response can vary by species (Nap et al., 1993; Govoni et al.,
2003). In most mammals, IGFBP-2 is thought to have an inhibitory
effect on IGF-I interaction with target tissues (Jones and Clemmons
1995). This pattern of change (i.e., increased GH and IGFBP-2 and
decreased IGF-I and IGFBP-3 in low nutritional state; compared
with decreased concentrations of GH and IGFBP-2 and increased
IGF-I and IGFBP-3 when individuals were at a higher plane of nutrition) are characteristic of the typical mammalian response of the
somatotropic axis to changes in nutrient intake (Gautsch et al.,
1998; Maxwell et al., 1998; Rausch et al., 2002; Richmond et al.,
2008).
Whereas a direct measure of post-release survival was not conducted in this study, other research has shown that a greater mass
at weaning results in increased ﬁrst year survival of harbor seal
pups (Muelbert et al., 2003; Harding et al., 2005). Although, rehabilitated pups were still smaller than comparable free-ranging
pups of similar age, the increased mass at release may confer an
advantage for the larger rehabilitated pups. Increased size may
provide larger pups with greater reserves for maintenance energy
until foraging skills can improve to provide sufﬁcient intake for
maintenance and growth (Noren et al., 2008). Evaluation of the
somatotropic axis in rehabilitated seals may provide an assessment
tool to evaluate rehabilitation success. Further, the evaluation of
the somatotropic axis in free-ranging pups may provide a physiologic measure that can assess the effect of changes in nutritional
status of an individual that inﬂuences growth rate and hence
survival.
Although all pups initiated rehabilitation at a similar mass,
males had a great growth rate leading to greater overall body mass
compared with female pups. In the wild, male pups are larger at
birth and weaning compared with females, but growth rates are
similar (Bowen et al., 2001a). The differential growth rate observed
in this study may suggest that male pups have a greater capacity
for compensatory growth than females after food restriction (Hornick et al., 2000). Similar to domestic species, female harbor seal
pups had greater concentrations of IGFBP-2 compared with males.
Since IGFBP-2 is negatively associated with growth rate (Govoni
et al., 2003), the increased concentration of IGFBP-2 in females
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may have contributed to their reduced growth rate, relative to
males, especially given that all other hormone concentrations measured were similar between males and females.
The inter-annual differences observed were unexpected, but
clearly illustrate the response of the somatotropic axis to varying
levels of nutrient intake and resulting differences in growth rate.
In 2005, pups were fed more (kg of ﬁsh) and had a greater overall
caloric intake. The caloric intake for pups was estimated assuming
batches of ﬁsh were of similar caloric content. The energy content
of herring can vary dramatically depending on age, season, and size
(Payne et al., 1999). It is not unusual to see batches of herring vary
by 1000 cal kg 1 or more. While pups in this study were all fed herring at a rate of approximately 10% body mass, overall caloric intake, using estimates of caloric value for herring, was greater in
2005 compared with 2006. Therefore, differences in energy content
of the batches of ﬁsh fed in the two years may have further increased the actual deviation in caloric intake between years. That
is, actual energy intake in 2006 may have been even less than what
was estimated. Regardless of the magnitude of the differences in
intake, the differential caloric intake between 2005 and 2006 resulted in differential growth rates. As a result, there was an unexpected treatment manipulation that provided an opportunity to
examine the response of the somatotropic axis to re-alimentation
as originally designed, and also examine the differential response
in growth rate and metabolic hormones to differential rates of feed
intake. Although intake rates and year of rehabilitation are confounded, these data provide important information on growth rate
and the endocrine response to the level of feed intake.
In 2006, pups with less caloric intake gained mass at a slower
rate compared with animals in 2005. Because axillary girth was
only measured in 2006, an assessment of condition index between
years was not possible. However, animals in 2005 had a greater
mass, but similar standard length to pups in 2006, suggesting that
the increase in mass was not due to linear growth, but more likely
due to increased body condition (Fadely, 1997). This differential intake and growth rate was also reﬂected in the response of the
somatotropic axis. Concentrations of GH were less and IGF-I,
IGFBP-3, and IGFBP-2 were all greater in 2005 compared with
2006. These differences in hormone concentration resulted in a
greater growth rate in 2005 and greater mass at release. As in
domestic species, the magnitude of the response of the somatotropic axis was related to the magnitude of the growth response in
harbor seals (Govoni et al., 2003). Since both caloric intake and
growth rate are greater in free-ranging pups compared with rehabilitated pups, it may be expected that the magnitude of the response of the somatotropic axis to nutrient intake in free-ranging
pups may be even greater than in the current study. Further, the
somatotropic axis may be used to predict growth response of individuals in the wild.
5. Conclusion
In support of our hypothesis, the somatotropic axis in harbor
seals responded to nutrient deﬁcit and re-alimentation as predicted based on the domestic animal model. When animals arrived
at TMMC they were thin and had likely been fasting for one to several days. At this nutritional nadir, IGF-I and IGFBP-3 were decreased, while GH and IGFBP-2 were elevated. Throughout the
re-alimentation process pups moved into a positive energy balance. As nutrient intake increased, GH and IGFBP-2 declined while
IGF-I and IGFBP-3 increased, which was associated with gain in total body mass and increased body condition. These trends were
similar to our predictions based on the domestic animal model.
Further, the magnitude of the growth response was related to
the magnitude in response of the components of the somatotropic
axis to varied levels of intake. These data suggest that the hormone

292

J.P. Richmond et al. / General and Comparative Endocrinology 165 (2010) 286–292

proﬁle of the somatotropic axis may be used to assess the energy
status of individuals and may also provide information on the level
of feed intake that is predictive of growth rate. By investigating
physiological factors that link nutrition and growth, we can assess
the impact of decreased nutrient intake on growth and body composition that may have implications for survival.
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