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Summary

This study investigated physiological and behavioural
aspects of diving development in pups of the harbour seal
Phoca vitulina Behavioural data (4280 h, 6027 dives) from
time/depth recorders (N=13) deployed on pups aged 0-19
days are presented concomitantly with physiological
measurements =8, sampled both early and late in the
nursing period) of blood oxygen stores and body
composition. Pups grew from 12.6+1.8kg (mean age 2
days, total body fat 16+4 %) to 22.2+2.5kg (mean age 16
days, total body fat 35+5%; means +s..) over the
duration of the experiment. Pups less than 5 days of age
had an elevated haematocrit and reduced plasma volume

diving ability increased: the proportion of time spent in
the water, dive depth, dive duration, bottom time and
maximum daily swimming velocity. In addition, the
proportion of dives that were identified by cluster analyses
as beingU-shaped increased significantly with age. On the
basis of the measured blood oxygen stores, less than 1% of
the recorded dives exceeded the calculated aerobic dive
limit. Thus, development in blood oxygen stores or rates of
oxygen consumption did not seem to restrain the rate of
neonatal dive development in harbour seals. It appears
that behavioural modifications (experience and learning)
may be the primary rate-limiting factors for ontogeny of

compared with older pups. Although plasma volume
and blood volume increased, mass-specific blood oxygen
stores (total haemoglobin) fell during the study period.
Simultaneously, the following behavioural indicators of

diving skills in neonates of this species.

Key words: harbour seaRhoca vitulina postnatal development,
diving, oxygen stores, haematocrit, body composition.

Introduction

Birth represents a dramatic change of environment thas short may reveal the degree to which behaviour or
poses both physiological and behavioural challenges to physiology constrains neonatal development.
newborn mammal. Physiological systems have to readjust in The period from birth to weaning is extremely short
a host of ways to extrauterine life: breathing, circulationamong phocid seals, and for the phocid pup the end of
metabolism, digestion, muscular action, electrolyte balancéactation also means the end of parental care (Kovacs and
thermoregulation, etc. all require rearrangements within a shoriavigne, 1986; Oftedal et al., 1987). Within the phocid
time frame (Guyton, 1991). Mastering behavioural challengegroup, bearded seafsignathus barbatusand harbour seals
is also crucial to survival. Many species of marine mammal®hoca vitulinaare exceptional in that they normally enter
give birth in the water (all whales and sirenians), andvater on the day they are born (Bigg, 1981; Kovacs et al.,
swimming skills for these newborns are essential to avoid996), and they stay highly active and aquatic throughout the
drowning. Seals give birth on solid surfaces, land or ice, butursing period (Lydersen et al., 1994; Bowen et al., 1999).
some species use floe ice or intertidal rocks that are quihysiology has been suggested to set the limits for
unstable temporally, and some species face high risks tkhavioural development in several seal species (Burns,
predation in the terrestrial environment (Lydersen and Kovac4,999; Baker and Donohue, 2000; Donohue et al., 2000),
1999). These circumstances require the early development while neonatal behavioural development in other pinnipeds
swimming and diving skills. is slow enough that it is unlikely to determine the rate

Although it is clear that the development of swimming andof physiological development (Horning and Trillmich,
diving skills requires both physiological and behaviourall997a,b).
components, a basic asymmetry between the two exists: This study explores the physiological and behavioural
physiology can, in principle, develop faster than is reflected iontogeny of harbour seal pups during the first weeks of life.
the behaviour of the animal, whereas the behavioural repertoit¢arbour seals give birth on rocks and beaches that are often
is effectively limited by the physiological scope. Investigationdlooded at high tide, and pups normally enter the water within
of mammals for which the period from birth to independencéours of being born (Knudtson, 1977). Studies of pups
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equipped with time/depth recorders (TDRs), which allowmass i, kg) for these pups resulted in the relationship that
undisturbed collection of diving behaviour in free-living was used to estimate the age of older pups:

animals, have revealed that suckling harbour seal pups spe M—11.6

as much as 40 % of their time in the water (Bowen et al., 1999 S ——
They swim and dive with their mothers, although they dive for 0.73
short periods compared with their mothers when the latter are,

performing bouts of relatively deep dives (Bowen et al., 1999)h1ass gain (K. M. Kovacs, C. Lydersen and C. Jargensen

The lactation period in this species lasts approximately Zﬁn ublished data). The coefficient of determination for this
da){s, but pups may not b.e able to catch enough prey to balar}%’?gtionship wag2=0.91. Only one of the pups sampled for
their energy -consumption for several weeks there":“Q[erShysiological ontogeny (see below) was aged on the basis of

(Mueilbert and' Bowen, 1993). . . . body mass; the others were newborn or were captured and aged
This experiment was designed to investigate Whetheil;1 the first 3 days of life

behaviour or physiology sets the rate of neonatal development.l.DRS (model Mke, Wildife Computers Inc., Redmond,

of diving in harbour seal pups. Time/depth recorders Wer@Vashington, USA) were deployed on 20 pups to document
deployg d on young, _free-hvmg harbour seal' PUpS 10 TeCOrf st rhed diving behaviour. They were attached dorsally using
their diving and aptmty patterns. The behavioural data wer ick-setting epoxy resin. A VHF tag (Televilt Positioning AB,
tf;]en comp_areg Vé"th developm entin E.lor? d oxygerr: Stolres. a ndesberg, Sweden) was also glued next to the TDR to facilitate
changes - in body composition, which ~are pnysiojogica ecapture. Recapture attempts were initiated from 1 July
variables that have a pronounced influence on diving (Buneénwards in both years. Dive recordings from pups that had been
and Jones, 1997; Donohue et al., 2000). abandoned by their mothers were discarded.

@)

ere 11.6 kg is newborn body mass and 0.73 kgldaylaily

Materials and methods

This study was conducted from 16 June to 10 July in b
1999 and 2000 on the west coast of Prins Karls Forle
(78°20N, 11°30E), the westernmost island of the high Arcti
Archipelago Svalbard (Fig. 1). This is the breeding site for t
world’s most northerly harbour seal population (Prestrud
Gjertz, 1990; Gjertz and Barset, 1992). As a consequenct
the high latitude, the study area experienced 24 h of dayli
throughout the study period.

In this study, 117 harbour seals were live-captured, 10
1999 and 107 in 2000, using set-nets deployed close to
shore, hoop-nets from zodiacs or direct capture on land
hand. Adults and subadults were secured in restraint-r
and treated with Zoletil (1 mgkébody mass, Virbac S.A.,
France). Pups were manually restrained when neces:
during sampling and left free to move in the proximity of the
mothers at other times during the experimental treatmel | karis
All seals were tagged (Rototags in the hind flippers a
colour marks on the head) and weighed (Salter spring scal | Forland
and blood samples were taken from the extradu
intravertebral vein.

Seal captures commenced on June 16 each year, w
coincided with the onset of the pupping season (Gjertz ¢
Barset, 1992). Ten very young pups were selected in 1999
again in 2000 from the captured mother/pup pairs for t
investigation of dive development. In this study, newbo
status was determined by the presence of placental remair
a fresh (bleeding) umbilical cord (age 0). Age up to 3 days
2 or 3 days) was determined from the condition of the umbilice;

. . . . o _Fig. 1. Map of Svalbard (inset) with Prins Karls Forland enlarged.
cord in conjunction with a subjective assessment of the OVer‘Pups with time/depth recorders were captured and recaptured in the

body condition and coordination abilities of the pup. Thirty-patched area around Forlandsayane, except for pup 1999-09, which
three pups were young enough to have their age determinedwas captured and recaptured in the hatched area towards the southern
this way; 16 of these were also recaptured and weighed attip of the island. All other animals included in the study were caught
later stage. A linear regression of ade @ays)versusbody  along the western coast of Prins Karls Forland.

Prins
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The TDRs were set to time dry periods and to sample depth The pups were considered ‘hauled out’ whenever the salt-
(x2m) and velocity (+0.05 or +0.02 M3 every 10s while the water switch of the TDR had been dry for 3min or more and
pups were in the water. The dive recordings were corrected féw be ‘in the water’ the rest of the time. Tide data were taken
baseline drift with Zero Offset Correction (ZOC, Wildlife from ‘Tide Tables for the Norwegian Coast and Svalbard
Computers Inc.). All dives performed within 300 s after a haulcalculated by the Norwegian Mapping Authority.
out period of 350s or more were excluded from the analysis In the year 2000, blood from the 10 pups carrying TDRs was
because the pressure transducers on the TDRs are unstadobalysed for haematocrit (Hct) and whole-blood haemoglobin
following prolonged haul-out periods (Lesage et al., 1999)(Hb) concentration, and blood volume and body composition
Furthermore, TDR data from the day of capture were excludedere determined both at the time of capture early in the
to avoid potential effects of disturbance on the activity budgetsursing period and upon recapture late in the nursing
or diving behaviour of the pups. The shortest dive recordingeriod. Haematocrit was measured using microhaematocrit
contained 10 full 24 h periods of sampling, so 10 days wereentrifugation of six replicates (Compur M1100 Minicentrifuge;
chosen at random from longer recordings to achieve a balanc€dmpur-electronic GmbH, Minchen, Germany). Because seals
design when age-related trends (assessed by least-squazas sequester red blood cells in the spleen and temporarily
linear regression) were analysed. lower their Hct (Zapol, 1987; Hurford et al., 1993), the highest

Depth registrations had to be at least twice the resolution efalue was used wherever several Hct measurements were made
the TDR (i.e.=4m) to be considered a dive. For all dives offrom the same animal (Ponganis et al., 1993; Castellini et al.,
4m or greater, five variables were computed using Divd996). The first blood sample taken had the highest Hct in
Analysis (DA, Version 4.0, Wildlife Computers Inc.): (i) all instances. Thus, comparisons with animals that were
duration (s); (if) maximum depth (m); (iii) bottom time (s) (the sampled only once were deemed acceptable. Haemoglobin
time spent a=80 % of the maximum depth of the dive); (iv) concentration was measured using the cyan-methaemoglobin
average vertical descent rate (sand (v) average vertical photometric method (Sigma Diagnostics, Product no. 525A).
ascent rate (nT$). In addition to the first three variables, Both Hct and Hb were also measured for additional
bottom time divided by dive duration, bottom time divided bypups (=37), subadults N=28) and adults N=32) for
maximum depth, maximum depth divided by dive durationcomparative purposes. Calculations were also made of the
average ascent rate divided by average descent rate améan corpuscular haemoglobin concentration (MCHC;
average descent rate divided by average ascent rate weyklbdrlredblood cells):
selected for cluster analyses (Schreer and Testa, 1996; Schri Hb x 100
et al., 1998; Lesage et al., 1999). Clustering was performed ¢ MCHC =———, 3)
all dives of 4m or greater, and was again performed on a Het
dives of 6 m or greater using the procedures outlined by Kraffvhere Hb is the measured whole-blood Hb concentration (in
et al. (2000). Briefly described, multicolinearity was reducedydi™) and Hct is the measured venous Hct.
via principal components analysis on logarithmically Plasma volume was determined using Evans Blue dye.
transformed values (PRINCOMP, SAS Institute Inc.); theA solution of Evans Blue (Sigma, product no. E2129;
resultant uncorrelated variables with an eigenvalue greater th@mgmr? dissolved in 0.9% NaCl solution) was injected
1 that explained more than 5% of the variance were retainebhto the extradural intravertebral vein at a dosage of
Variables for 1000 randomly selected dives were introduced 1.5 mgkglbody mass using finely graded 2ml syringes
a hierarchical cluster analysis (CLUSTER, SAS Institute Inc.)calibrated by weighing. Blood was sampled just prior to
The appropriate number of clusters was identified by théjection and 10, 20 and 30 min after injection of the dye.
agglomeration coefficient (TREE, SAS Institute Inc.), and theilSamples were centrifuged for 5min at 3000 revs#iand the
variable means were introduced as seed points in a noplasma was then removed and kept frozen until analysis.
hierarchicalk-means-clustering of all the dives (FASTCLUS, Because haemolysis and lipaemia impeded direct measurement
SAS Institute Inc.). on the plasma (Farjanel et al., 1996), the dye was extracted as

The baseline-corrected TDR records were transformed tdescribed by Campbell et al. (1958). Briefly, the plasma
ASCII files (BINEX, Wildlife Computers Inc.) and merged containing the dye was dissolved in a solution of Teepol
with velocity data extracted from the TDR records (3M,detergent and KHPQs and run through a column made up of
Wildlife Computers Inc.). Information was retrieved from thesyringes (2 ml) with 20 layers of circular fitted blotting paper
merged files on (i) duration and (ii) temporal distribution of(grade 3MM Chr, Whatman Intl. Ltd, UK). After the column
haul-out periods, (iii) maximum recorded velocity and (iv)had been washed with KAO solution, the dye was eluted

total distance swum. into a known volume of acetone and water. Photometric
The following relationship was used to transform all velocityabsorption was then read at 619 nm (Perkin-Elmer Lambda Bio
readings X) to true swimming speedg)( spectrophotometer). Additional eluate did not show any

absorption. The standard was prepared from dye at a known
concentration in distilled water and run through the columns
(Boyd et al., 1995). Negative true swimming speeds for lowas described above. Recovery from distilled water was
velocity readings were set equal to zero. 93-97 %, the same as that for dye added to fresh plasma. No

y=1.34% - 0.16%2+ 0.0493 - 0.072, )
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traces of Evans Blue were found in plasma or standards thandom sampling of days in the 12 longer data sets. All values
had been run through the columns. are given as means £b.

Absorbance values were logarithmically transformed, and The experimental protocol was approved by the Norwegian
linear regression was used to determine the dye concentratidmimal Research Authority and permission to conduct the
at the time of injection since the dye is gradually washed outeldwork and to perform all experimental manipulations was
(Lawson, 1962; El-Sayed et al., 1995). In instances whergranted by the Environmental branch of the Office of the
the slope of log(absorbancegrsustime was positive, the Governor of Svalbard.
absorbance values were averaged, and the mean observed
dye loss was calculated from all the samples in which
concentrations fell (7% in 20 min). This relationship was used Results
to find the original concentration of the injected dye. Plasma All 20 pups carrying TDRs were recaptured. In 1999, two
volume {/p) was calculated as the distributional volume of theTDRs failed to download. Five pups (three in 1999, two in
injected dye and this, in turn, was used to find the blood volum2000) were not fed by their mothers, and their dive recordings

(VB): were therefore discarded. Thus, 13 dive recordings (average
Vp x 100 duration 14.0+1.4 days) were analysed. Eight of the pups for
B= on O (4)  which dive recordings were obtained were also sequentially
100- Hct . L
sampled (twice) for blood oxygen stores and body composition
where Hct is the measured venous Hct. (Fig. 2). During the study period, the body mass of these pups

The aerobic dive limit (ADL) was calculated as by increased from 12.6+1.8kg (mean age 1.9 days; fat content
Kooyman et al. (1983), except that values for blood oxygei6+4 % of body mass) to 22.2+2.5kg (mean age 15.9 days; fat
stores were taken from the present study and we used thentent 35+5% of body mass) (Fig. 2).
muscle myoglobin content (1.4g myoglobin per 100g
muscle) from another study of harbour seal pups (Burns et Behaviour
al., 1999). In total, 4280 h of activity and 6027 dives were contained in

Body water content was assessed by hydrogen isotopke dive recordings from the 13 pups. Descriptive details from
dilution using tritiated water (HTO). Blood was sampled bythe TDRs are shown in Table 1, and the distributions of depth
venipuncture for background values before 1.0ml of HTGand duration for the dives are presented in Fig. 3. The pups
(specific activity 2.8MBqgm) was injected into the spent half their time in the water (51+21 %) and the other half
extradural intravertebral vein using finely graded 2 mlhauled out (49+21 %). Diving took place 1.1+0.8 % of the total
syringes calibrated by weighing. Following injection, bloodtime (range 0.1-2.8 %). Age-related diving trends are explored
was drawn into the syringe to verify contact with the vein andn a data set containing information from 10 days from the
to wash all the HTO from the syringe. One hour was allowedliving record of each pup, which included 3120h of activity
for mixing. Mothers were handled simultaneously, and theluring which 4154 dives were performed.
pair was kept in close proximity during the sampling. The Pups spent a large proportion of their time in the water
pre- and post-injection blood samples were stored frozen
until analyses. The water from vacuum-distillation of 1.0 ml
of whole blood was then added to 10.0 ml of Opti-fluorine 222 kg
scintillation cocktail (Packard), arféi activity was measured
with a liquid scintillation counter (Packard Tri-Carb 4530). 20+
Because HTO also exchanges loosely bound hydrogen ior Fat
the measured distributional volume for tritiated Watera
overestimates total body water (TBW). This was correcter< 15+ +316%

for using: 12.6 kg Blood
+21%

TBW = 0.003 + 0.968(HTO space), 5) 104

(Bowen and Iverson, 1998). Il;(()agny
Total body fat was calculated according to values provide mass

by Oftedal et al. (1993) for hooded sé&alstophora cristata 57 +37%

pups rather than using the more commonly cited relationshi

obtained from grey sealblalichoerus grypus(Reilly and

Fedak, 1990) to facilitate comparison with results for the 2 16

harbour seal pups studied by Bowen et al. (1992). Age (days)

Age-related trends were examined using least-squares linerig 2. Body composition of harbour seal pups captured serially
regression. To have a balanced design for the exploration (twice) on SvalbardN=8). ‘Fat’ (open columns) is total body fat,
age-related diving trends, all dive recordings were reduced *Blood’ (shaded columns) is total blood volume and ‘Lean body
the shortest recorded period for an individual (10 d&js) mass’ (hatched+shaded columns) is fat-free body mass.

Body mass
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Table 1.Descriptive details of dive records for 13 harbour seal pups equipped with time/depth recorders on Svalbard in 1999

and 2000

TDR data . . . Overall %
Year Capture Age Duration  No. of Dive duration (s) Dive depth (m) of time
and identity ~ Sex date (days) (days) dives Mean Maximum Mean Maximum in water
1999-01 ? 17 June 1-15 14.1 153 22+16 80 4.0+0.3 6 55
1999-02 3 17 June 1-15 14.3 151 24120 150 4.3+0.8 8 46
1999-09 3 18 June 5-19 13.8 858 34+25 150 6.2+3.9 30 69
1999-13 3 19 June 0-16 16.3 579 34427 160 5.2+3.9 30 33
1999-29 3 22 June 3-16 12.9 319 31+22 100 4.2+0.5 6 39
2000-01 3 17 June 1-15 13.9 55 16111 60 4.0+0.3 6 33
2000-05 3 17 June 1-17 15.8 530 23+16 90 4.3+t1.0 16 60
2000-07 3 17 June 1-16 15.0 539 27+23 150 4.7+1.8 22 48
2000-14 3 18 June 2-17 14.7 308 26+21 120 5.3+1.8 14 46
2000-18 3 18 June 3-17 13.7 381 22422 180 4.2+0.7 10 47
2000-20 ? 19 June 2-16 14.2 1105 25+22 220 4.2+0.6 8 62
2000-30 Q 21 June 0-11 11.0 607 26126 180 4.4+1.0 14 58
2000-34 ? 21 June 5-18 12.7 442 27420 100 4.4+0.8 8 65

TDR, time/depth recorder.
Values are meanss.

during the first few days of each recording (Fig. 4A). This
A behaviour declined in prevalence and then subsequently
increased once again from approximately 35 % at 4 days of age
90+ to approximately 70% towards the end of the study period
(r2=0.20,F1,115=28.9,P<0.0001) (Fig. 4A). Pups hauled out at
the same frequency throughout the study period. The increased
proportion of time spent in the water was therefore the result
of a doubling of the average duration of aquatic periods from
20+ 1.5h at 4 days of age to more than 3h in 18-day-old pups
(r2=0.01,F1,1535-18.1,P=0.0001).
101 Considerable variation existed among the pups with respect
to their aquatic behaviour. The pup that spent most time in the
water (68.8 %) was twice as aquatically active as the individual
that spent the least time in the water (32.8%) (Table 1). Five
pups spent periods in the water that exceeded 20h, with a
maximum of approximately 26 h. The longest recorded haul-
B out period was 16.75h. All pups hauled out for more than 5h
50- I at some point during the study.
Analysis of covariance (GLM, SAS Institute Inc.) revealed
40 that year, individual, age, body mass and tidal state, as well as
interactions between age and tidal state and between time of
30+ day and tidal state, were all significant factors contributing to
the overall activity pattern. Pups spent significantly more time
20+ in the water during the night and were hauled out 40 % of their
time between 23:00 and 08:00h compared with 55% during
104 the day (two-tailed Studentistest,P<0.0001). Apart from a
ﬁ ﬁ M e e o general increase in time spent in the water, the diurnal pattern
10 20 30 40 50 60 70 80 90 100=110 did not change from early to late in the nursing period. A tidal
pattern was also discernible. Pups spent 60% of their time
hauled out around low tide, compared with approximately
Fig. 3. Frequency distribution of dive depths (A) and dive durationé0% when the tide was high (two-tailed Studerttest,

(B) for 6027 dives recorded by time/depth recorders deployed on 18<0.0001). This pattern was most pronounced early in the
harbour seal pups on Svalbard. Values are meams + nursing period.

80 1

6 8 10 12 14 16 18 =20
Dive depth (m)

Proportion d dives @6)

Dive duration (s)
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The number of dives recorded per pup ranged from 55 to
1105, with an average of 464+292 dives (Table 1). The number
of dives per day varied considerably among individuals and
among days for the same individual. There was no significant
increase in the number of dives performed per day with age. Ten
of the 13 pups had days in the middle of the sampling period
when they did not perform a single dive; the maximum number
of dives performed by a pup on a single day was 216 (8 days
old). The average dive duration was 27+23s, and average dive
depth was 4.7+2.2m. Three pups made dives of 3min or longer;
the longest dive recorded was 3 min 40s. The depth of the dives
varied: two pups dived as deep as 30m, while three never
exceeded 6m, and three more never went below 8 m.

Average dive duration increased significantly with age
(r2=0.07, F1,105=8.36, P<0.005), as did average dive depth
(r2=0.04,F1,105=4.48,P=0.037) and maximum daily dive depth
(r2=0.04, F1 1064.56,P=0.04). The pups also increased their
average bottom time with age?£0.06, F1 1066.72,P=0.01).
Maximum dive duration also increased significantly with age
when complete dive recordings for pups were analysed
(r2=0.04, F1149°5.85, P=0.017), but this trend was not
0 : : : significant in the case of the randomly selected 10-day records.
0.4 C 6 There was a significant increase in the maximum daily
swimming speed as pups grew olde#=0.10, F1,95=10.11,

8 9 P=0.002), but when velocity readings over a whole day were
8 averaged, the average daily swimming speed did not exhibit
any relationship with age (Fig. 4B,C).
22 Three principal components were retained (Table 2), and
- two clusters were identified when all recorded dives were
subjected to clustering. One of the clusters contained all the
dives that were at the minimum resolution of the TDR, i.e. one
minimal depth reading, which means a dive to 4 m depth and
of 10's duration, while the rest of the dives constituted a second
grouping. Since this had limited value when it came to
interpreting possible dive functions, the 1118 dives that were
to depths of 6 m and deeper were clustered independently. Four
principal components were retained (Table 2) and three
clusters were identified (Table 3). Two of the dive types were
V-shaped with skews in opposite directions, while the third
cluster group consisted &f-shaped dives. The proportion of
dives of 6 m or deeper performed by all pups of a given age
that wereU-shaped increased with age from approximately

0 : : : 20 % early in the experimental period to 60 % towards the end

0 5 10 5 of the experiment (Fig. 4Dy4=0.59,F1 17=24.63,P=0.0001).
Age (days) Repeated periods of diving to depths greater than 10 m were

Fig. 4. (A) The proportion of time spent in the watgrVersuspup  performed by only four pups. Three of these pups were 14-16
age &) (y=24.3+2.5%, r?=0.20). (B) Maximum daily swimming days old when these isolated bouts of ‘deep’ diving took place.
speedversuspup age ¥=1.109+0.02%; r=0.10). (C) Average daily A 16-day-old pup performed the most extreme dives, reaching
swimming speedersuspup age (slope of regression not significant).deptr1S of more than 10m 35 times over a period of 2.5h.
The numbers above the error bars in A—C correspond to the numbﬁ[ghteen of these dives were to depths between 20 and 30m.

of pups for which data were recorded. (D) Proportion of dives of 6 -
or deeper N=1118) that were classified dd-dives by cluster he fourth pup spent 4 days diving repeatedly to depths that

analysisversuspup age ¥=0.192+0.02%, r2=0.59). The numbers exceeded 10m at 6, 8, 11 and 18 days of age.

above the data points in D are the total numbéi-dives performed .

by pups of the given age. Dive characteristics were measured using Physiology

time/depth recorders deployed on 13 nursing harbour seal pups onln total, 107 animals were sampled for Hct. Clotting
Svalbard, Norway. Error bars are sb. prevented Hb analyses for 28 of these, so whole-blood Hb

A?

80+

N

60+

Proportionof timein water (%)

Maximum swimming speed
(ms?

0.3

Bt

©
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Average dédy swvimming eed
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Table 2.Eigenvalues and percentages of explained variance for the eight components used to classify dives from nursing harbot
seal pups on Svalbard

All dives Dives=6m
Explained variance  Cumulative variance Explained variance =~ Cumulative variance
Factor Eigenvalue (%) (%) Eigenvalue (%) (%)
1 4.58 57.3 57.3 3.64 45.5 45.5
2 1.83 22.8 80.1 1.86 23.2 68.8
3 1.19 14.8 95.0 1.19 14.9 83.7
4 0.25 31 98.1 1.09 13.6 97.3
5 0.10 1.3 99.4 0.12 15 98.8
6 0.04 0.5 99.9 0.06 0.7 99.5
7 0.01 0.1 100.0 0.03 0.4 99.9
8 0.00 0.0 100.0 0.01 0.1 100.0

Values in bold type indicate the components having an eigenvalue >1 and explaining >5 % of the variance.

concentration was determined for 79 animals, which then Plasma volumes increased sharply in very young pups
allowed MCHC to be calculated (Table 4). Pups hadFig. 6A,B) (Table 5). Blood volume also increased rapidly,
significantly lower Hct levels than juveniles or adultschanging by 17% between the two sampling periods (from
(Tukey, P<0.05) and significantly lower whole-blood Hb 2480+300 to 2900+250 ml; paired one-tailed Studefatést;
concentrations than juveniles or adult males (Tukey).05).  P=0.006) (Fig. 6A). Mass-specific plasma and blood volumes
The MCHC of pups was significantly lower than that of adultincreased for pups less than 5 days but decreased for older
males, but not significantly different from those of juveniles opups. Simultaneous changes in Hct resulted in the maintenance
adult females (TukeyP<0.05) (Table 4). No correlations of circulating Hb levels (from 515+52 to 560+66 Q).
between Hct and age or body mass were found over the entire
range of pup age (0—26 days), but when pups less than 5 days
old were evaluated separately they had a significantly higher Discussion
Hct (58.0+5.0 compared with 52.3+3.0; two-tailed Studant’'s ~ Harbour seal pups are extremely precocial at birth and are
test,P<0.01) (Fig. 5) and lower MCHC (36.0+£0.9 comparedalready equipped in many ways for an aquatic lifestyle (Bigg,
with 38.2+1.2gdtl; two-tailed Student's-test, P<0.0001) 1981). They are born with a subcutaneous blubber layer that is
than older pups. The Hct also increased significantly witta good insulator, the white lanugo has already been moulted in
age for pups 5 days of age and olde=0Q.20, F1358.87, favour of the more streamlined adult pelage (Oftedal et al.,
P=0.005) (Fig.5). The Hb concentration showed nol991), their eyes are open and they can vocalise sufficiently
relationship with age, although most young pups had quite hidlor individual recognition (Renouf, 1985) and their locomotor
values. muscle strength and control are sufficient for them to survive
being born directly into the water (Ronald and Thomson,
1981). However, they must undergo physiological adjustments
Table 3.Characteristics of the groups identified lkbyneans-
clustering of all (1118) dives 6 m or deeper collected by

time/depth recorders from harbour seal pups on Svalbard Table 4 Haematocrit, whole-blood haemoglobin

concentration and mean corpuscular haemoglobin

Cluster 1 2 3 .
concentration for harbour seals at Svalbard

Dive type V-shaped V-shaped U-shaped* X
Skew Left Right _ Haemo_gllobln MC_I1|C
Number of dives 390 219 509 Haematocrit N (gd™) N (gd™) N
Depth (m) 6.9£2.3 6.8£1.7 8.915.1 Pups 53.61£4.2 47 20.3tX2 35 37.7x1.5 34
Duration (s) 31+17 45124 66126 Juveniles 58.1+32 28 22.1+1.8 21 38.2+0.9f 21
Bottom time (s) 3.0+4.6 3.7t6.4 33+19 Adult ¢ 55.5+4.2 16 21.4x1.%9 13 38.7+0.5f 13

Vertical descent rate (m% 1.0+0.4 0.3+0.1 0.8+0.5 Adult 8 57.8+1.9b 16 22.4x0.% 10 39.2¢0.4 10
Vertical ascent rate (MY 0.6+0.4 0.9+0.5 0.7+0.4
Identical superscripts indicate statistically non-significan

*Three pups performed only one or two dives that were deedifferences (TukeyP<0.05).
enough to be included in the clustering process; none of these thr Some blood samples clotted, which prevented subsequen
pups performed anyJ-dives. The remaining five pups perfomme determination of haemoglobin concentration.
16-366 clustered dives, of which 29-61 % wdrdives. Values are meansso. (N).

Values are means . MCHC, mean corpuscular haemoglobin concentration.




4000 C. Jgrgensen and others

Table 5.Blood oxygen stores and body composition of eight harbour seal pups that were sequentially sampled twice

First capture Second capture
Year Age Mass [Hb] Plasma Fat Age Mass [Hb] Plasma  Fat
and identity (days) (kg) Het  (gth) (ml) (kg) (days) (kg) Hect  (gdit) (ml) (kg)
2000-01 1 12.0 59.0 21.2 985 - 15 20.7 498 18.8 1318 7.4
2000-05 1 11.5 65.3 22.6 803 2.3 17 19.4  50.2 194 - 8.1
2000-07 1 10.6 59.0 20.6 1106 1.0 16 234  50.0 18.3 1419 8.0
2000-14 2 14.1 52.0 19.4 1163 2.3 17 258 50.0 18.7 1495 9.2
2000-18 3 14.5 55.2 20.2 1314 1.4 17 236 575 20.2 1444 6.9
2000-20 2 12.2 58.2 21.1 1106 1.6 16 22.7 51.8 19.1 1341 8.4
2000-30 0 10.5 65.0 231 669 2.0 11 184 543 21.1 1305 6.6
2000-34 5 154  49.0 18.7 1273 2.3 18 23.7 505 18.9 1383 7.1
Mean 1.9 12.6 57.8 20.9 1052 1.8 15.9 222 518 19.3 1386 7.7
S.D. 1.6 1.8 5.7 15 223 0.5 2.2 25 2.8 0.9 70 0.9

Age, estimated age; mass, total body mass; Hct, measured haematocrit; [Hb], whole-blood haemoglobin concentration; pfgsma, plas

volume; fat, total body fat.

to extrauterine life and must face the additional challenge dHarrison and Tomlinson, 1960); approximately 9 min, age less
dealing with both terrestrial locomotion and aquatic swimminghan 12 days (Bowen et al., 1999); 8.5min, age less than 25
and diving from the day of birth. days (Bekkby and Bjgrge, 2000). It has been suggested that the
The diving performed by harbour seal pups is nodive durations of harbour seal pup are correlated with depth in
extraordinary by phocid standards, except for its early onsetarious localities (Bekkby and Bjgrge, 2000). The observed
Harbour seals are generally shallow divers throughout thedifferences between this study and others are in all probability
lives. TDRs deployed on adult seals from the Svalbardlue to the shallowness (1-6 m) of the water surrounding the
population revealed that half the dives were shallower thabreeding grounds at Prins Karls Forland. The only pup
40m and only 5% exceeded 200 m (Gjertz et al., 2001).  captured and recaptured in an area where the bathymetry is
The maximum depths measured in the present study (30 mjore diverse (Fig. 1) had the longest mean dive duration and
are comparable with maximum depths recorded in nursinthe greatest mean dive depth measured in the present study.
harbour seal pups elsewhere (35m) (Bowen et al., 1999), butThe weeks following birth were characterised by gradually
the pups in this study dived for remarkably shorter periodscreasing diving skills. Not only did pups spend a greater
(maximum 3 min 405s) than other investigators have found foproportion of their time in the water, but concomitantly all
pups of a similar age: 8 min, age 1 week, experimental divmmeasures of dive performance also showed improvement.
Dives became longer and deeper, bottom time increased, the
pups were capable of swimming faster &hdives, which are
strongly associated with feeding in adult harbour seals (Lesage
: et al.,, 1999), became more common. At the same time,
650 = : significant physiological changes took place. The pups nearly
: doubled their body mass during the study period. Most of the
604 accumulated mass was blubber, but muscle mass also
Se N o increased. Blood oxygen stores, however, which are crucial to

55+ . : o o 0© any air-breathing diver, did not increase significantly over the
: Oog <O 00 o ¢} study period. In fact, the available oxygen in the circulatory
£ i o O 8 oo g system decreased relative to body mass and even relative to

507 g © mass raised to the power 0.67.
: Phocid seals store approximately 65% of their on-board
451 5 o oxygen in the blood; the remaining stores are divided between
f muscle myoglobin (28%) and the lungs (7 %) (Kooyman,
40 - : : : : 1989). It is a shortcoming of the present study that the second
0 5 10 15 20 25 largest oxygen store, muscle myoglobin, was not assessed.
Age (days) However, myoglobin levels vary between muscles (Dolar et
Fig. 5. Haematocriversuspup age for harbour seals on Svalbard al., 1999)_3_nd _W_'th'n the Sa_me muscle (P0|_asek and DaY'S’
(linear regression for pups more than 5 days gi#9.2+0.2%,  2001), so it is difficult to obtain a sample that is representative

r2=0.20). The eight pups that were sampled twice are represented 8 total muscle oxygen stores. A|th_0U9h developmental '_[rends
individual symbols; open circles represent additional pups. can be detected from muscle biopsies from live animals,

Haamatocrit
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reliable estimates for the calculation of total muscle oxygen Blood oxygen stores that do not scale in proportion to body
stores require complete carcass analysis. Studies suggest tima&ss are not unique to harbour seal pups. Blood volume,
although muscle myoglobin levels limit behaviour for youngmeasured by bleeding southern elephant ddabunga

that have started independent feeding, this may not be the cdseninapups, was correlated to fat-free body mass. However,
for younger divers that are provided with milk (Thorson andHct levels in this species fall during the first 3 weeks of life,
LeBoeuf, 1994; Ponganis et al., 1999; Noren et al., 2001Jesulting in a relative decrease in red blood cell volume
Previous investigations of myoglobin levels in nursing harbou(Bryden and Lim, 1969).

seal pups concluded that early modification of blood oxygen The development of blood oxygen stores can be followed
stores is more important than changes within the muscle (Burmsore closely by focusing on the total volume of red blood cells
etal., 1999). It has also been shown that hooded seal pups staather than from a consideration of total blood volume. For
a larger fraction of their oxygen in blood than do adults (Burnpups that are 3 weeks of age and older, increasing volumes of

et al., 2000).
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Fig. 6. (A) Plasma volume and the corresponding blood volume
calculated from haematocrit expressed as absolute volumes (m
(B) Plasma volume and the corresponding blood volume calculat

Age (days)

red blood cells have been measured in both harbour seals
(Kodama et al., 1977) and southern elephant seals (Bryden and
Lim, 1969). For the latter species, red blood cell volume started
to increase simultaneously with the onset of diving and was
therefore assumed to be related to increased physiological
demand. In the present study, the volume of red blood cells did
not increase significantly over the study period, which included
a considerable amount of diving experience. However, total Hb
content was only measured for pups that were approximately
2 and approximately 16 days old. This could mask changes that
occur on a short time scale. Changes in Hct take place on a
very short time scale through redistribution of fluids and blood
cells. Alterations to Hb content, however, involve the
production or destruction of large quantities of proteins and
cells and are therefore likely to occur more slowly. Thus, the
absence of a significant increase in total Hb content might
indicate that additional constraints act to restrict the rate at
which new red blood cells can be put into circulation shortly
after birth.

The rate of erythropoiesis is controlled by the hormone
erythropoietin, which stimulates the production and maturation
of red blood cells (Hadley, 1992). Foetal erythropoietin is
produced first in the yolk sac then in the liver. After birth, the
kidneys take over erythropoietin secretion (Hadley, 1992). In
general, hypoxia causes an increase in erythropoietin levels,
whereas hyperoxia has the opposite effect (Hadley, 1992).
Foetal life is lived in conditions of relatively low oxygen
supply (Guyton, 1991; Palis and Segel, 1998). The
comparatively plentiful supply of oxygen available as a result
of breathing thus decreases erythropoiesis at birth (Matoth et
al., 1971; Guyton, 1991). Although newborns are more
sensitive to erythropoietin than adults (Weinberg et al., 1992),
a 10-fold decrease in the rate of erythropoiesis has been found
in humans during the week following birth (Palis and Segel,
1998). By approximately the sixth week of life in humans, the
rate of erythropoiesis reaches a level that balances the loss of
erythrocytes (Matoth et al., 1971). A similar phenomenon
might restrict the expansion of red blood cell volume in young
harbour seal pups.

In most mammals, neonates are special in that foetal red
lood cells, which normally contain a distinct foetal Hb, are

from haematocrit expressed as a percentage of body mass. (C) Td#pdually .re.placed by cells that have the adult form (Gilles,
body fat (kg) measured by hydrogen isotope dilution. Symbolst985). This is the case for human neonates, but foetal Hb has

represent individual pups, and all lines are for illustrative purposeBot been found in phocids: Weddell sdaéptonychotes

only.

weddellii (Qvist et al., 1981); harp seBhoca groenlandica
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(Neevdal, 1965); hooded seal (Neevdal, 1966); harbour setideir study had to result from a decreasing plasma volume
(C. Jgrgensen, K. M. Kovacs, C. Lydersen, and O. Brixresulting from a loss of plasma water. This explanation is
unpublished data). However, it has not been establishembnsistent with the low plasma volume found in very young
whether phocid neonates also lack the foetal type of red blogulips in the present study, but results from other studies from
cell. Replacing short-lived foetal red blood cells prior tophocids suggest that water movement in the blood is more
parturition would be a mechanism by which erythrocyte lossomplicated (Castellini et al., 1990). Taking into account the
shortly after birth could be reduced. Whether this strategy isomplex shifts of body fluids between different compartments
possible, or is actually employed, by phocids requires furthen young neonates (Cheek et al., 1984), our inadequate
investigation; the absence of foetal Hb from phocid neonatasnderstanding of their regulatory mechanisms (Simpson and
suggests that such a strategy is a possibility. Stephenson, 1993), the extent of spleen sequestering in phocids
The lack of a significant increase in blood oxygen stores mafHurford et al., 1993) and differing degrees of precocity
therefore be inherent in the mechanisms by which new reetween species, it is clear that we know too little to explain
blood cells are formed. It seems likely, therefore, that aniow water moves in the blood.
demand an organism has for red blood cells during the first few Some support for the suggestion that changes in water
weeks of life must be met by stores that are present at birthalance may play a role can be derived from the analyses of
At first glance, the slow rate of development may seerbody composition in the present study. The method of
inadequate, but the red blood cell volume could still be tailoredalculating body fat based on isotope dilution assumes that fat-
to suit the requirements of pups that are 2—3 weeks old Hyee body mass has a constant degree of hydration. This
having volumes that exceed actual requirements at birth.  assumption can be violated, e.g. if the animal is dehydrated.
Haematocrit and whole-blood Hb concentration are difficultUnder these conditions, the equations applied would yield an
to compare directly between studies for several reasons. Phoeidificially elevated fat content. Thus, the apparently declining
haematological variables are known to differ with age, seXat content, despite simultaneous fat-rich milk intake in O- to
stress level, dive history, season, birth history, anaesthesia aBdlay-old pups in this study (Fig. 6C), could indicate that the
methodology (Chaplin and Mollison, 1952; McConnell andpups were actually somewhat dehydrated when they were
Vaughan, 1983; Kuiken, 1985; Castellini et al., 1996).newborn. However, this pattern could be an artefact of small
Comparisons across studies must therefore be viewed wifample size or of other assumptions of the methods involved
caution. In the present study, the first few days after birth wergnce hydration levels were not measured directly in this study.
characterised by an elevated Hct and a low plasma volume.Por comparison, hydration has been shown to increase by
40% increase in plasma volume subsequently restored H&t72% during the first 3 days in newborn humans (Rodriguez
levels to within the normal range for pups. Previouset al., 2000), but was 4 % higher in pups than in adult Antarctic
investigations of Hct and Hb concentrations in pinniped pupfur sealsArctocephalus gazelldy carcass analysis (Arnould
have reported low levels (Qvist et al., 1981; Hall, 1998) okt al., 1996).
levels that gradually increased towards juvenile and adult Total body fat values both early and late in nursing in this
values (Horning and Trillmich, 1997a). study (16% and 35% at 2 and 16 days of age, respectively)
The results from the present study are consistent with thesee comparable with studies from Sable Island that reported a
findings. When Hct was analysed for all pups grouped as fat content of 11% in newborns and approximately 35% in
single sample, the average pup value was lower than that older pups (Bowen et al., 1992; Muelbert and Bowen, 1993).
adults and juveniles, and there was no increase with age.The behavioural data and the physiological data in this study
However, when very young pups, most of which had aboveappear to be paradoxical in that dive performance increases
average Hct levels, were excluded, pups 5 days of age addring the study period despite the fact that relatively less
older exhibited a statistically significant increase in Hct withblood oxygen is available to the diving pups as they grow
age. The different trends that arose among different age groupkler. There are two ways in which this ‘paradox’ might
of pups stresses the importance of knowing and reportinige explained. Either oxygen is limiting but the rates of
accurately the ages of pups when measuring blood variablesonsumption decrease, presumably through the acquisition of
An elevated Hct, and thus Hb content, in very younga more adult-like dive response, or oxygen is simply never a
neonates is a common mammalian phenomenon. It has be@niting factor during the study period but behavioural
reported in grey seals (Hall, 1998), Weddell seals (Lenfant dimitations prevent full utilisation of the physiological
al., 1969) (but not in Qvist et al., 1981), Steller sea liongotential.
Eumetopias jubatu@_enfant et al., 1970), Juan Fernandez fur The aerobic dive limit (ADL) concept can help assess which
seals Arctocephalus philippii(Sepulveda et al., 1999) and alternative is most likely. Towards the end of the study period,
humans (Matoth et al., 1971) and for the harbour seals in thee average pup could store 520ml of, ®ound to
present study. haemoglobin in the blood. Combined with estimates of muscle
Haematocrit and Hb have been shown to increase during tlaad lung stores, a total of approximately 734 ml efwould
first few hours in newborn humans (Gairdner et al., 1958%e available to the diving pup. These oxygen stores would
Gairdner et al. (1958) argued that, since there was no sourgesult in an ADL of 3min 15s using a diving metabolic rate of
of extra red blood cells, the observed increase in Hct values twice the basal metabolic rate (BMR) (Kleiber, 1961) or an
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ADL of 1 min 40s using a diving metabolic rate of four timesBoyd, I. L., Reid, K. and Bevan, R. M.(1995). Swimming speed and

BMR. Less than 1% of the recorded dives and only eight of allocation of time during the dive cycle in Antarctic fur sealsim. Behav.
the 13 pups exceeded even the shortest calculated ADR . oy o
pup bryden, M. M. and Lim, G. H. K. (1969). Blood parameters of the southern

Moreover, the proportion of dives that exceeded the shortestelephant seal Mirounga leonina Linn.) in relation to diving.Comp.

ADL did not increase significantly with age over the study Biochem. Physio28 139-148. . o
%urns, J. M. (1999). The development of diving behavior in juvenile Weddell

periOd' If dgcreasing rates of _oxygen f:onsumption restricte seals: pushing physiological limits in order to survi@an. J. Zool.77,
the rate of dive development, dive durations would be expected737-747. o _
to parallel ADL more Closely. Since this is not the case in th8urms. J. M., Blix, A. S. and Folkow, L. P.(2000). Physiological constraint

L . and diving ability: a test in hooded se tophora cristataFASEB J14,
present study, it is suggested that neither oxygen stores nols4q 9 Y Aystop

oxygen consumption restrain the rate of dive development. Burns, J. M., Costa, D. P., Harvey, J. T. and Frost, K(1999). Physiological

In summary nursing harbour seal pups increased theirdevelopment in juvenile harbor seals. 18th Biennial Conference on

L . the Biology of Marine Mammals, Maui, Hawaii, USA, 28 November —
activity levels and dive performance between 0 and 19 days of3 Decemggr 199%p. 26-27.

age. Pups spent a larger proportion of their time in the wat®utler, P. J. and Jones, D. R(1997). Physiology of diving of birds and

haul h me fr ncv. Th iV r andnammalsPhysiol. Rev77, 837-899.
but hauled out at the same equency €y dived deepe acgnmpbell, T.J., Frohman, B. and Reeve, E. §1958). A simple, rapid and

for longer periods of time. A greater proportion .Of the dives™ accurate method of extracting T-1824 from plasma, adapted to the routine
wereU-shaped, and the pups were capable of swimming faster,measurement of blood volumé. Lab. Clin. Med52, 768-777.
although their average swimming speed did not increase. Ovepstellini, J. M., Castellini, M. A. and Kretzmann, M. B. (1990).

. . . Circulatory water concentration in suckling and fasting northern elephant
the same period, body mass increased by 75%, mainly as aegg pupSﬁ Comp. Physiol. B60, 537_5429 9 P

result of the deposition of blubber. Although plasma and bloog@astellini, J. M., Meiselman, H. J. and Castellini, M. A.(1996).

; ; nderstanding and interpreting hematocrit measurements in pinnifieds.
volume rose sharply in pups less than 5 days old, a concomltankjlammal_ Sci12 251264

fall ir‘ haematocrit led to a reduction in blood oxygen storeégnapiin, H., Jr and Mollison, P. L. (1952). Correction for plasma trapped in
relative to body mass. Dives that exceeded the calculatedthe red cell column of the hematocBiood 7, 1227-1238.

aerobic dive limit, on the basis of the measured oxygen stores?ee. D. B., Wishart, J., MacLennan, A. H. and Haslam, R1984). Cell
. . hydration in the normally grown, the premature and the low weight for
occurred with a low frequency and were independent of age. gestational age infanEarly Human Dev10, 75-84.

These findings suggest that neither available oxygen nor ttmlar, M. L. L., Suarez, P., Ponganis, P. J. and Kooyman, G. 1(1999).

; ; ; Myoglobin in pelagic small cetaceards.Exp. Biol.202 227-236.
rate of oxygen co_nsumptlon restrains .the rate .(.)f (.jlv onohue, M. J., Costa, D. P., Goebel, M. E. and Baker, J. [2000). The
development. Thus, it appears that behavioural modifications, gntogeny of metabolic rate and thermoregulatory capabilities of northern fur

presumably experience and learning, play a major role in seal, Callorhinus ursinus pups in air and waterJ. Exp. Biol. 203
ini ; ; 1003-1016.

determining the rate of dive development in harbour seal pUpE[—Sayed, H., Goodall, S. R. and Hainsworth, R(1995). Re-evaluation of

Evans Blue dye dilution method of plasma volume measure@imtLab.
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