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ABSTRACT

The energy expenditure of breeding male harbour seals,
Phoca vitulina, on Sable Island, Nova Scotia, was investigated
by measuring changes in body mass, body composition, and
water flux using isotope dilution. Seals lost 0.47% = 0.04%
(n = 34) of their initial mass per day during the breeding
season (4 wk), and fat, water, and protein accounted for
64.3% + 4.8%, 27.8% =* 3.3%, and 6.9% = 1.4% of this
mass loss, respectively (n = 31). Total energy expenditure
was estimated as 33.3 = 1.9 MJ d™', or 3.9 + 0.2 W kg
(n = 17), similar to rates measured in terrestrially mating
pinniped species. However, unlike terrestrially mating pinni-
peds, male harbour seals did not fast during the breeding
season, and energy intake from foraging accounted for 61.8%
+ 4.0% of the total energy expended. Males derived most of
their expended energy from food intake early in the breeding
season. However, as oestrus females became increasingly
available, reduced rates of food intake in males were coupled
with increased rates of total energy expenditure. Larger males
expended significantly more energy from body stores and
more total energy than smaller males. Male harbour seals
appeared to balance the energetic costs of reproduction
against the constraints of small body size by foraging during
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deep-diving trips before the appearance of oestrus females
and by opportunistic feeding throughout the breeding season
while at sea. We suggest that size dimorphism may be less
pronounced in aquatically mating pinnipeds partly because
the temporal and spatial separation of foraging and repro-
duction is less distinct than it is for terrestrially breeding
pinnipeds.

Introduction

Studies of the energetics of reproduction in pinnipeds (seals,
fur seals, and sea lions) have traditionally focused on females
(Fedak and Anderson 1982; Costa and Gentry 1986; Costa et
al. 1986, 1989; Bowen et al. 1992; Iverson et al. 1993; Oftedal
et al. 1993). Fewer studies have investigated the energetic costs
of reproduction in male pinnipeds, and most of these studies
have been conducted on polygynous, terrestrially mating spe-
cies such as grey seals (Halichoerus grypus; Anderson and Fedak
1985; Tinker et al. 1995), northern elephant seals (Mirounga
angustirostris; Deutsch et al. 1990), and Antarctic fur seals (Arc-
tocephalus gazella; Boyd and Duck 1991). Males in terrestrially
mating species generally fast as they remain onshore through-
out the breeding season. Consequently, their energetic invest-
ment in reproduction can be measured indirectly by monitor-
ing mass loss (Anderson and Fedak 1985; Deutsch et al. 1990;
Tinker et al. 1995) and more accurately by estimating changes
in body composition and water flux using isotope dilution
(Boyd and Duck 1991). Since male pinnipeds provide no pa-
rental care, their reproductive effort is directed solely towards
procuring mates (Trivers 1972). Some of these studies have
demonstrated a positive correlation between the energetic in-
vestment in reproduction and mating success, based on ob-
served copulations (Anderson and Fedak 1985; Deutsch et al.
1990; Tinker et al. 1995).

Few studies have addressed the energetic costs of reproduc-
tion for males in aquatically mating pinniped species. Most
species of the family Phocidae (the true seals) mate aquatically
(Stirling 1983; Le Boeuf 1991); hence, this represents a major
gap in our understanding of the energetics of male reproduc-
tion among pinnipeds. Since most aquatically mating seal spe-
cies are relatively small bodied and less size dimorphic than
terrestrially mating pinnipeds (Stirling 1983), they generally
have smaller absolute energy stores to draw on during the
mating season and thus are more limited in their ability to fast
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than are larger terrestrial species (Lindstedt and Boyce 1985).
Energetics may therefore play an important role in limiting
male reproductive behaviour and shaping the forms of the
mating systems exhibited by aquatically copulating pinnipeds.
For most species, data on energetics and activity during the
breeding season are difficult or impossible to obtain, since
males spend a great deal of time in the water where they cannot
be directly observed. Also, they are often difficult to recapture,
so that the necessary longitudinal measurements of changes in
body mass, composition, and water flux have been limited to
a few individuals (Reilly and Fedak 1991).

Harbour seals mate in the water, and previous studies moni-
toring longitudinal changes in mass and circulating chylomi-
crons (Walker and Bowen 1993b), diving behaviour (Coltman
et al. 1997), and locations at sea (Van Parijs et al. 1997) have
shown that males reduce feeding during the breeding season.
In previous studies (Walker and Bowen 1993b; Coltman et al.
1997), we found that male harbour seals lose mass at a greater
rate during the latter portion of the breeding season, when
they engage in shallow-diving activity associated with mating,
whereas they tend to maintain their mass by foraging during
periods of extended deep diving earlier in the breeding season.
Male harbour seals thus appear to make a trade-off between
time spent foraging and time spent competing for mates while
at sea. However, without knowledge of changes in body com-
position and water flux, changes in body mass provide only
minimum estimates of energy expenditure and the extent to
which animals are feeding,

The purpose of our study was to quantify changes in body
composition and water flux of male harbour seals during the
breeding season, using hydrogen isotope dilution, in relation
to their activity patterns while at sea. Changes in body mass
and body composition provide an accurate assessment of the
net energy invested in reproductive effort from initial body
stores, and water flux enables an estimate of food intake (FI)
during the period of study. Taken together, data on changes
in mass, body composition, and water flux can be used to
describe the total energy expended (TEE) during the breeding
season. We also examined the importance of initial body size
and body composition, which reflect the amount of stored
energy an individual possessed at the beginning of the breeding
season, as factors influencing the reproductive behaviour of
male harbour seals.

Material and Methods
Study Site and Animals

The study was conducted during the breeding seasons (mid-
May to the end of June) of 1992, 1993, and 1994 on the north
beach of Sable Island (43°55" N; 60°00" W), a partially vegetated
40-km-long sandbar 160 km east of Nova Scotia. Between 300

and 500 harbour seal females gave birth on Sable Island during
each year of the study.

Male harbour seals were captured, individually marked, and
weighed as described by Walker and Bowen (19934, 1993b)
near the beginning of each breeding season (range, May 20—
30 in each year). Twelve (1992, 1993) or 13 (1994) males were
selected for deuterium oxide (D,0) dilution studies in each
season. We designed our study such that our sample repre-
sented a broad range of initial body masses (previously re-
ported for adult male harbour seals in this population from
85 to 130 kg; Godsell 1988; Walker and Bowen 1993a, 1993b).
We repeated isotope administration near the end of the breed-
ing season (June 15-30) to estimate the total change in body
composition. All males in 1993 and 1994 were also recaptured
twice at 7—10-d intervals between the initial and final equilibra-
tion to moniter changes in the rate of mass loss. We adminis-
tered sufficient isotope to a subset of these animals (n = 12
in 1993; n = 6 in 1994) at the initial equilibration to monitor
the changes in D,O concentration throughout the breeding
season. A blood sample was taken from these “water-flux”
animals during every recapture.

In 1993 and 1994, the first isotope administration and first
recapture occurred before the appearance of weaned pups in
the colony, while the second and the third recaptures (final
isotope administration) occurred following the appearance of
weaned pups. Since harbour seals are believed to mate near
the time of weaning (Boulva and McLaren 1979; Thompson
1988), we divided the breeding season into a premating period
and a mating period. On Sable Island, the first pups were born
on May 15, May 13, and May 14 in 1992, 1993, and 1994,
respectively. Assuming a mean lactation duration of 24 d
(Muelbert and Bowen 1993), oestrus females would have be-
come increasingly numerous after about June 8 in each year
(ie., the median expected date of the appearance of the first
weaned pup). We used this date to divide the breeding season
into the premating and mating periods. Changes in body mass,
composition, and rates of water flux calculated between the
first two measurements are referred to as having occurred dur-
ing the premating period, and those between the last two mea-
surements as having occurred during the mating period.

As part of a concurrent study of diving behaviour described
elsewhere (Coltman et al. 1997), each male was also fitted
with a Mk3+ time-depth recorder (256K memory, Wildlife
Computers, Woodinville, Wash.) at the time of initial isotope
administration. We use data describing the proportion of time
males spent making deep (to depth > 20 m) and shallow (20
m or less) dives reported in Coltman et al. (1997) to investigate
links between FI, gross energy balance, and the activity of
individual males while at sea.

Isotope Administration and Analysis

Once secured in nets, seals were sedated with Diazepam (ca.
0.2 mg kg™' body mass) to minimise stress during handling
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and isotope administration. A preweighed quantity of D,0
(99.8% purity, Stable Isotopes Division, ICN Biochemicals,
Cambridge, Mass.) was administered by syringe with a number
12 French gastric tube, at a dose of approximately 0.6 g kg
body mass for determining only body composition, or at 2 g
kg™' body mass to animals that were in the water-flux study.
Syringe and tube were flushed twice with 5-mL quantities of
distilled water, followed by 50 mL of air, to ensure complete
isotope delivery. Males were held in pens for 2.5-4 h after
isotope administration to allow equilibration. Seals were then
bled twice from the extradural vein, with 30-min intervals
between bleedings to determine whether equilibration of the
isotope had occurred. Blood samples were also taken during
recaptures of water-flux-study animals to measure D,0O re-
maining in the animal, and a single blood sample was taken
from each animal before the final administration of isotope to
determine residual D,O concentration.

Blood samples (8 cm”) were collected without anticoagulants
and centrifuged to separate sera within 24 h of collection. Sera
were transferred to cryovials and stored at —20°C before heat
distillation and assay for D,O concentration with infrared spec-
trophotometry following the method of Oftedal and Iverson
(1987).

Estimation of Body Composition and Water Flux

All concentrations of D,O were corrected by subtracting the
natural background concentration of D,O found in male har-
bour seals on Sable Island (0.011% =+ 0.001%, n = 6). We
considered an animal to have equilibrated the administered
isotope if the concentration of D,O in the second sample did
not exceed the first by more than 0.01%. At equilibration, body
water pool was then estimated as: body water pool (kg) = M,/
(108y), where M, is the amount of D,O administered (g) and
Sa is the average percentage of D,O at equilibration. Since the
dilution space of D,O has been found to overestimate total
body water (TBW), we corrected body water pool by 2.8% to
estimate TBW (Reilly and Fedak 1990). Given that data are
not available for harbour seals, body composition was calcu-
lated from TBW and total body mass (TM) using regression
equations derived by Reilly and Fedak (1990) for grey seals to
give total body fat (TBF), total body protein (TBP), and total
body energy (TBE). The equations used were: TBE (M])
= (40.8TM) — (48.5TBW) — 0.4, %TBP = (0.42 X %TBW)
— 4.75, and %TBF = 105.1 — (1.465 X %TBW), where %TBP,
%TBW, and %TBF are total body protein, total body water,
and total body fat, respectively, each calculated as a percentage
of total body mass.

We calculated the fractional daily water flux from changes
in D,O concentration over time (Fig. 1) using calculations
described by Oftedal and Iverson (1987). The concentration
of D,O in a given sample was corrected for changes in pool
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Figure 1. Changes in the concentration of D,O (C,) corrected for
changes in TBW over time in a single male harbour seal during
the breeding season. Fractional rate of water flux (k) for the entire
season is estimated by the slope of the line fit to all four data
points. The fractional rates of water flux during the premating
(k,) and mating periods (k) are estimated from the rate of change
in D,O concentration between the first two measurements, and
between the third and the final measurements, respectively. The
vertical dashed line marks the separation of the premating and
mating periods of the breeding season.

size by assuming that changes in TBW were linear during the
study period, to give a concentration of D,O corrected for the
change in TBW at time t. Regression of the natural logarithm
of the corrected D,0 concentration over time gave an estimate
of fractional daily water flux over the entire breeding season
(Fig. 1). To determine whether fractional daily water flux
changed as the breeding season progressed, independent two-
point estimates were also made for the premating period (the
rate of change between the initial equilibration and the first
recapture) and for the mating period (the rate of change be-
tween the third and the final recapture; Fig. 1).

Estimates of total daily water flux for the entire breeding
season (TWF) and the premating and mating periods were
made for each seal from the appropriate fractional daily water
flux and the mean daily change in TBW (ATBW) as: TWF
=k TBW,;; + ATBW, here TBW,;, represents the estimated
TBW at the midpoint of the period in question and k is the
fractional daily water flux.

Estimation of FI and Gross Energy Expended

We estimated the rate of FI for males from TWF assuming the
following relationship (Oftedal and Iverson 1987):

i = 100 X [TWF -+ (1.071 AF) + (0.396 AP)]
%Weaod + ME X [(1.071 %Fgooq) + (0.396 %Prooa)] ’

where AF is the daily change in body fat content, AP is the
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daily change in body protein content, %Wg,,4 is the percent
water content of food, ME is metabolization efficiency, %F;yoq
is the percent fat content of food, and %Py, is the percent
protein content of food. We assumed a diet of sandlance (Am-
modytes sp.), the major prey at this time of year (Walker and
Bowen 1993b; W. D. Bowen, unpublished data), which is com-
posed of 78.44% H,0, 5.14% fat, and 15.47% protein (S. J.
Iverson, unpublished data). Based on published estimates of
metabolization efficiency of grey and harp seals fed herring
that range from 82.7% to 88.7% of food-energy content (Keiver
et al. 1984; Ronald et al. 1984; Worthy 1990), we assumed
metabolization efficiency to be 85%. FI was then converted to
total food energy ingested (FEI) as 85% of FI at 39.3 kJ g
fat and 23.6 kJ g™' protein (Schmidt-Nielson 1979). TEE was
then calculated as the sum of the negative change in daily body
energy (ATBE) plus FEI: TEE = —ATBE + FEI We calculated
the daily TEE for the entire breeding season using the change
in daily body energy and food water intake, and also for both
the premating and mating periods using the independently
derived two-point estimates of total water intake and changes
in TBE for the respective periods.

Data Analysis

All data are presented as the mean plus or minus one standard
error. The probability of type I error was set at o0 = 0.05 for
all statistical tests. Before statistical tests, all data were checked
for normality and transformed if necessary. Arcsine square-
root transformation was used on proportions before statistical
testing, but regression equations and means are presented for
the untransformed data. ANCOVA models were used to ac-
count for body size effects when testing hypotheses using ener-
getic variables. Initial mass was used as a covariate. To examine
the influence of body size on reproductive energetics, we di-
vided our sample into two groups based on body mass. Males
with initial mass greater than the median were considered large,
and males equal to or less than the median were classified as
small. Regression analyses involving energetic parameters that
may scale allometrically, such as relations between morpho-
metric variables, were fitted using a reduced major axis regres-
sion model to account for measurement error in both variates
(Rayner 1985). Statistical analyses were performed with Mini-
tab for Windows (version 10, Minitab Inc.), except for repeated
measures ANOVA models, which were tested in SPSS (version
6.13, SPSS Inc.).

Results
Changes in Body Mass and Composition

Initial TBW could not be calculated for two of the 37 study
animals (one in 1992, one in 1993), since the isotope was not

equilibrated. One of these seals was a subject in the water-flux
study and was omitted from those analyses. We obtained four
captures on all other water-flux-study animals (n = 17). Final
equilibrations were not performed on three males in 1992 and
on one male in 1994. In total, we obtained mass change data
from 34 individuals, body composition change data from 31
individuals, and water-flux data from 17 individual males (Ta-
ble 1). Time-depth records were recovered from 30 animals,
14 of which were in the water-flux study.

TBW was strongly correlated with mass at both the initial
and final equilibrations (Fig. 2). Following standardisation of
both variates to a mean of zero and standard deviation of one,
the 95% confidence interval of the slope estimated by reduced
major axis regression included one (95% confidence interval
= [0.81, 1.235] and [0.679, 1.48] for initial and final equilibra-
tions, respectively). Body composition was therefore indepen-
dent of body mass. ANCOVA indicated that there were signifi-
cant differences in both initial and final TBW between years
after the influence of body size was accounted for (initial or
final mass included as covariate, F, 5, = 10.01 and F, ,, = 4.39;
P < 0.05 for both). Males in the 1993 sample had significantly
higher average percent fat and lower protein content than in
the 1992 or 1994 samples (Table 1) at the beginning of the
breeding season. This difference can be partly attributed to the
influence of the two largest males; however, several other animals
in the 1993 sample also had low TBW content relative to their
initial mass (Fig. 2). There were no significant differences in
initial percent fat or protein body composition between years if
the data from the two largest animals were removed (one-factor
ANOVA, F, 5 = 218, P = 0.13 and F, 3 = 2.19, P = 0.13,
respectively). Neither average initial mass nor initial TBE varied
significantly between years (one-factor ANOVA, F, ,, = 1.15,
P =033 and F, 5, = 091, P = 0.41, respectively).

Final equilibrations were performed significantly later in
each successive season (22.4 + 0.2, 27.6 + 3.3, and 33.8 + 0.7
d after the initial equilibration in 1992, 1993, and 1994, respec-
tively; one-factor ANOVA, F, 5; = 29.8; P < 0.001); thus,
final body mass and composition data were not statistically
compared between years, Males sampled in 1994 had higher
TBW content relative to their body mass at the final equilibra-
tion, and therefore lower percentage fat content (Table 1), but
final equilibrations occurred later in the season in 1994 than
in previous years; thus, this is not surprising. Rates of change
in mass, fat, protein, and TBE did not differ significantly be-
tween years; therefore, data from all years were pooled for all
subsequent analyses.

Initial masses ranged from 85.0 to 131.5 kg. Initial fat and
protein content ranged from 14.1% to 32.9% and 15.9% to
21.3%, respectively. Fat content was more variable than was
protein (coefficient of variation [CV] = 15.7% vs. 5.7% for
fat and protein, respectively). Initial TBE ranged from 1,022
to 2,233 M] and was more variable than was initial mass (CV
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Table 1: Changes in mass, body composition, and total body
energy of male harbour seals during the breeding season

Initial Final Rate of change
Measurement Measurement (d™"
n
11 8 (11 for mass)
11 11
13 12
35 31 (34 for mass)
VODZ .orssssirspminvivasnaiion 111.1 % 1.7 1023 % 138 =36 & 07
1993 scinsscissisnsensin 105.0 = 4.4 92.0 = 39 —45 * 07
1994, ovvmeminwmams 106.7 = 2.2 895 + 1.8 —-.53 £ .08
Mean wrasanni 1075+ 1.7 947 =+ 1.8 —47 + 04°
Fat (%):
1992 ..., 229 + 9 200 = 2.0 —.16 = .06
1993 e eines 261 £ 1.2 204 = 1.7 =20 .05
1994 iiviviinimissisiismonvi 2215 9 152 . 1.7 —.26 £ .05
MBI wsuvusssississosssissis 236 .6 17.5 = 1.2 —21 + 03
Protein (%):
1992, st 18.7 = 2 19.6 = 6 +.05 = .02
1993 ...ooeeeeereererrinneenes 17.8 % 3 194 = 5 +.06 = .01
1994 e 19.0 £ 3 215 + 5 +.08 = .01
Mean .....coccevvvereenanns 185 % & 203 3 +.06 = .01°
Total body energy (M]):
1992 i 1,518 = 27 1,305 =+ 78 —10.6 =+ 3.1
1993 umaianmissiise 1,559 £ 103 1,193 * 93 —13.0 *+ 24
1994 .iiciiasnismminss 1,435 £ 54 944 + 66 —148 * 24
Mean ....coeevvevvvereens 1,500 * 39 1,126 £.53 —-13.1. * 1.5°

Note. Final measurements were made 22.4 + 0.2, 27.6 = 3.3, and 33.8 = .7 d after the initial measurement

in 1992, 1993, and 1949, respectively.

* Indicates rate of change significantly different from zero (one-sample t-test; P < 001 for all).
® Indicates significantly difference between years (one-factor ANOVA; df 2, 32; P < .05).

= 15.3% vs. 9.3%). The heaviest animal had the highest TBE
content (2,233 MJ). Rates of mass loss varied greatly among
males, ranging between 0 and 1.0 kg d™' (CV = 50.6%), with
a maximum rate relative to initial body mass of 0.90% d~'.
Males lost up to 33.5 kg over the entire breeding season, and
the maximum percent of initial mass lost was 28.8% by a male
in the 1994 sample over 32 d. Changes in TBE were even more
variable, ranging from —28.3 to +4.2 MJ d™' (CV = 59.4%).
Changes in TBE were correlated with initial body mass (r
= —0.589, P = 0.003). One individual in the 1992 sample
gained TBE during the study period (4.2 MJ d™') and main-
tained constant mass; however, all others were in negative net-
energy balance during the study period. Fat, protein, and water
accounted for 64.3% = 4.8%, 6.9% = 1.4%, and 27.8% = 3.3%
of mass loss, respectively (n = 31). Assuming an energy density

accounted for 89.4% * 3.4% of the change in TBE. Expressed
in relative terms, male harbour seals lost on average 0.41%
* 0.04% of their initial body mass per day over the entire
breeding season.

The rate of change in TBE was closely correlated with daily
percent mass change (Fig. 3; daily change in TBE = 2.15 + 35.3
X [rate of % mass change]). If we assumed that a harbour seal
losing 1.0% of its initial mass per day was fasting, implying
that all energy expended came from the catabolism of stored
energy, then the field metabolic rate could be estimated as 33.2
M] d~! from this relationship (Fig. 3). Fasting juvenile harbour
seals and other breeding adult male pinnipeds of similar body
size lose mass at approximately 1.0% d " harbour seals, 1.06%
d~! (Markussen and Ryg 1992); male grey seals, 0.97% d™*
(Anderson and Fedak 1985) and 0.92% d ™' (Tinker et al. 1995);

OF 39:3 MJ ke for the enerig Qutent @intbodsh firs 13675 730 bn e S0 S Batibiagl 11 (Bovd and Duck 1997,
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Figure 2. TBW estimated from D,O dilution of male harbour seals
at the beginning of the breeding season versus initial body mass (A)
and at the end of the breeding season versus final body mass (B).

Water Flux, Activity, and Total Energy Balance

The daily change in TBE was positively correlated with deep-
diving effort (Fig. 4) and negatively correlated with shallow-
diving effort (r = —0.346, data not shown). Following arcsine
square-root transformation of deep and shallow-dive effort,
only the relationship between daily change in TBE and deep-
dive effort was statistically significant (F, ,s = 10.7; P = 0.003),
indicating that males that spent relatively more time diving
deeply lost less TBE over the breeding season.

Estimates of FEI ranged between 12.2 and 30.2 M] d™' (CV
= 23.6%), giving a mean TEE of 33.3 = 1.9 MJ d"' (Table 2).
TEE ranged between 19.2 and 51.2 MJ d™' (CV = 23.7%). FEI
was not related to initial body mass (r = —0.10, P > 0.05, n
17), but initial mass and TEE were positively correlated (r
0.49, P = 0.045, n = 17). Expressed in terms of mass-specific
power, the average TEE was 3.9 = 0.2 W kg ' (calculated from
the arithmetic mean mass of the water-flux-study animals).

There were clear differences in the rates of mass change
This content downloaded from 129.
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Figure 3. The rate of change in TBE (ATBE) as a function of the
percent rate of mass change during the breeding season. Field
metabolic rate can be estimated from the —1.0% mass-change
intercept (33.2 MJ d7'), assuming that a male losing 1.0% mass

per day would be fasting. Zero intercepts are shown as dotted
lines.

daily change in TBE, water flux, FEI, and TEE between the
premating and mating periods of the breeding season (Table
3). Males lost on average 5.3 times as much mass and TBE per
day during the mating period as they did in the premating
period. TWF was significantly higher during the premating
period than during the mating period, which suggests that the
males were feeding more intensely before most females became
sexually receptive. We estimate that the FEI accounted for
more than three-quarters of TEE during the premating period,
whereas it accounted for less than one-half of TEE during the
mating period. Males had a significantly higher mean rate of
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Figure 4. Variation in the rate of change of TBE in relation to
deep-diving activity of male harbour seals during the breeding
season. The zero change in TBE intercept is shown as a dotted
lin
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Table 2: Body water flux and energy expenditure of male harbour seals during the breeding season

n Mean Range CV (%)
Total water flux (L d™") oo 17 43+ 2 3.0-6.1 20.3
Metabolizable energy from feeding (MJ d™') ... 17 19.9 + 1.1 12.2-30.2 23.6
Rate of change in body energy (MJ d') .......... 31 —13.1 £ 1.5 —28.3-4.2 61.9
Total energy expenditure (M] d™') .ocoveuernnene. 17 333 * 19 19.2-51.2 23.7
Percent of energy from feeding ........cocooovvvnneen 17 61.8 = 4.0 35.7-99.8 26.4

Note. Total energy expenditure does not equal the sum of energy from feeding and change in total body energy shown in this table,
because the average change in total body energy shown here was estimated from a larger sample of males.

TEE during the mating period than they did during the premat-
ing period. On average, males also spent more than twice as
much time in deep dives (15.6 min h™') during the premating
period than they did in the mating period of the breeding
season (6.4 min h™'), which is consistent with a reduction in
time spent foraging in deeper water (Coltman et al. 1997).
Conversely, males spent significantly more time making dives
to depths of less than 20 m during the mating period than
they did during the premating period (Coltman et al. 1997).

During the premating period, FEI was significantly positively
correlated with time spent deep diving (Fig. 5) but not with
shallow-dive effort (following arcsine square-root transforma-
tion of the diving variables, r = 0.55 and 0.02, P = 0.034 and
0.94 for deep- and shallow-dive effort, respectively). During
the premating period, 30% of the variation in FEI among male
harbour seals could be attributed to variation in the time they
spent diving deeply (Fig. 5); however, during the mating pe-
riod, FEI was not significantly correlated with either measure
of diving activity (r = 0.275 and —0.098 for deep- and shallow-
dive effort, respectively).

Large males, with initial mass greater than the median (108
kg), had similar rates of FEI to those of small males during the
premating and mating periods (two-factor repeated measures

ANCOVA, initial mass included as covariate, F, ,, = 0.25, P
= 0.628), but lost significantly more TBE (two-factor repeated
measures ANCOVA, initial mass included as covariate, F, 5
= 4.65, P = 0.043), particularly during the premating period
(Fig. 6). Both large and small males exhibited lower rates of
FEI and greater rates of change in TBE during the mating
period than during the premating period (F, ;s = 8.56 and
F, , = 22.79 for FEI and change in TBE, respectively; P < 0.01
for both). Overall, relatively large males had higher TEE than
did smaller males over the entire breeding season (two-factor
repeated measures ANCOVA, initial mass included as covari-
ate, F, ; = 4.59, P = 0.05).

Discussion
Sources of Error

The methods used to estimate body composition and food
energy make several assumptions. With respect to estimating
TBW and body composition, hydrogen-isotope-dilution meth-
ods have been verified by carcass analysis for adults of two
pinniped species, grey seals (Reilly and Fedak 1990) and Ant-
arctic fur seals (Arnould et al. 1996). We used the predictive

Table 3: Comparison of water flux, energy balance, and diving behaviour of
male harbour seals during the premating and mating periods of the breeding season

Premating Period Mating Period t n P

Mass change (kg d™') crrrercrnenceiiecienene —-.15* .02 —.88 + .02 5.53 23 <.001
Change in total body energy (MJ d™') ...... 47 + 24 —247 + 28 4.97 23 <.001
Total water reflux (L d™') oo 53 * 4 36 * .3 3.21 17 .003
Food energy ingested (M] d™') wecvecceonrennnce 256 * 24 156 # 19 3.02 17 .008
Total energy from ingested (%) ....coooeeverinee 885 =+ 9.0 43.0 =+ 6.1 3.70 17 .002
Total energy expenditure (MJ d™') .cverneee 308 * 22 392 *23 2.56 17 02

Deep (=20 m) dive effort (min i+ iy 156 + 2.0 64 *1.6 2.93 14 .010
Shallow (<20 m) dive effort (min h™")" ... 13.6 = 1.9 21.0 * 35 2.15 14 046

* Paired t-test.
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Figure 5. Metabolizable energy derived from feeding versus time
spent diving deeply for breeding male harbour seals during the
premating period of the breeding season.

equations of Reilly and Fedak (1990) for grey seals because
they were empirically derived from a more closely related pho-
cid seal species, and the range of body sizes included in their
analyses spanned the range of our study animals.

The assumption of a diet of only sandlance would cause
a downward bias to our estimate of FEI if harbour seals fed
on a significant amount of higher-energy prey, as sandlance
has a relatively low energy content (about 5% fat). If we
assumed a diet of herring, which contains about twice as
much fat as sandlance (68.2% H,0, 9.9% fat, 17.5% protein;
Worthy 1990), the estimated food-energy intake would be
approximately 50% higher (29.5 MJ d "', assuming a herring
diet, vs. 19.9 MJ d ™', assuming a diet of sandlance). In turn,
the assumption of such a higher-energy diet would increase
the estimated TEE by 28.9% to 42.9 MJ d™'. Although our
estimates of FEI and TEE are sensitive to the exact composi-
tion of diet, to our knowledge sandlance is the primary prey
consumed during the breeding season at Sable Island, based
on stomach lavage and faecal analysis (Walker and Bowen
1993b; W. D. Bowen, unpublished data).

A different approach to calculating food-energy intake and
TEE could also have been used by assuming an average rate
of metabolic water production from field metabolic rate and
then taking the difference between TWF and this figure as
pre-formed dietary water intake (method described in Costa
[1987]). Field metabolic rate, and thus metabolic water pro-
duction, is normally estimated using doubly labelled water
(e.g., Costa et al. 1989) or from TWF in fasting animals (e.g.,
Boyd and Duck 1991). If we used 33.2 M] d™' as an estimate
of average field metabolic rate from Figure 3 (i.e., assuming
that a harbour seal losing 1.0% body mass per day was effec-
tively fasting), metabolic water production would be 0.90 kg
d ', assuming that energy was derived from lipid catabolism

(0.0272 kg H,O MJ'; Schmidt-Nielson 1979). Mean FEI
estimated this way would be 21.0 = 1.3 MJ d™', assuming a
sandlance diet. This is slightly higher (10.5%) than the esti-
mate calculated by the method of Oftedal and Iverson (1987;
Table 2). The method of Costa (1987) is more sensitive to
the assumed exact composition of diet, however. Assuming
a diet of herring, it would predict a rate of FEI 62.9% higher
than that from a sandlance diet. It also introduces an addi-
tional source of error, as it requires the assumption of some
rate of metabolic water production if doubly labelled water
is not used for each study animal.

The Energetics of Aquatic versus Terrestrial Mating

Male harbour seals lose mass and expend energy from initial
body stores at a rate similar to male northern elephant seals.
This is approximately one-half the rates estimated for males
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Figure 6. Rates of energy intake from feeding (FEI), change in
TBE (—ATBE), and total energy expenditure (TEE) of relatively
large and small male harbour seals during the premating (A) and
mating (B) periods of the breeding season. Bars represent one
standard error, and numbers are sample sizes. Letters denote pairs
of values that differ significantly (Student-Newman-Keuls multiple
comparisons, P < 0.05)
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Table 4: Body size and energy expenditure of breeding male pinnipeds

Loss of Body Total Energy Duration of

Body Mass Mass Loss Energy Expenditure Breeding
Species (n) (kg) (% d™H (MJ kg™' d™") (W kg™ Season
Harbour seal (17) oo 107.5 44 12 3.9° 4 wk
Antarctic fur seal (1) ...ccoeuenene 188 .81 .30 3.2° 4 wk
Grey seal (33) .ovvcverreeereeinernnnn. 257 86 520 37" 4 wk
Hooded seal (19) ....ccccovvvennnen 312 .80 29° 3.4° 2 wk
Weddell seal (7) ..overevrirnrarsanens 372 81 300 3.5° 5 wk
Northern elephant seal (17) ... 1,704 42 16" 1.8" 2 mo

Sources. Harbour seal, this study; Antarctic fur seal, Boyd and Duck 1991; grey seal, Anderson and Fedak 1985; hooded seal, Bartsh et al. 1992; Weddell seal,

Kovacs et al. 1996; northern elephant seal, Deutsch et al. 1990.
* Total energy expenditure estimated from isotope dilution.

" Estimated from mass loss, assuming a caloric density of 36.7 M] kg ™' (Fedak and Anderson 1987) and no energy intake from feeding.

of other species of pinnipeds for which there are comparable
longitudinal data (Table 4). However, when energy intake from
feeding is added, our data suggest that breeding male harbour
seals expend total energy at a rate similar to terrestrially breed-
ing grey and Antarctic fur seals and aquatically mating Weddell
seals (Leptonychotes weddelli) and hooded seals (Cystophora
cristata), which breed on fast and pack ice (Table 4). The
energetic cost of reproduction per unit of time among males
of aquatically mating species is therefore similar to that of
species in which males compete for mates on land. Based on
the measurement of metabolic rate in one animal, and the
observation of higher relative rates of water flux for male har-
bour seals than for male grey seals, Reilly and Fedak (1991)
suggested that male harbour seals expend energy at a much
greater rate than do terrestrially mating pinnipeds, the equiva-
lent of six times the basal rate predicted by Kleiber (1975).
Reilly and Fedak (1991) postulated that this was due to the
relatively high cost of aquatic displays and aggressive encoun-
ters with other males at sea. Our data suggest that a higher
rate of water flux in male harbour seals can largely be attributed
to water intake from feeding during the breeding season. Al-
though Reilly and Fedak’s (1991) estimate of TEE from doubly
labelled water (52.5 MJ d~' for a 109-kg male) is significantly
higher than that presented here (33.3 = 1.9 M] d™'; one-sample
t-test, t;; = 10.0, P < 0.001) and falls just outside of the range
of our estimates (17.7-51.2 MJ d™'), it was based on a single
observation and may not be generally representative.

Body Size, Cost of Reproduction, and
Fasting Endurance in Male Pinnipeds

The scaling of body size accounts for almost 87% of the varia-
tion in the rate of TEE among breeding male pinnipeds for
which there are longitudinal data (Fig. 7). There were no sig-

nificant differences in TEE between males of aquatically and
terrestrially breeding species when the influence of body size
is accounted for (ANCOVA, mass included as covariate, F, ;4.
= 0.14, P = 0.70). The slope of the regression line (0.77
+ 0.03) is not significantly different from the coefficient of
Kleiber (1975) for the scaling of basal metabolic rate to body
mass (0.75: t,ps = 0.67, P > 0.05), and the regression line
falls only slightly above three times the basal metabolic rate
predicted by Kleiber’s equation (1975; Fig. 7). This suggests
that male pinnipeds expend approximately 50% more mass-
specific energy during the breeding season than they do at
other times of the year, as the average realized metabolic rate
for homeotherms including marine mammals, based on main-
tenance metabolic requirement, is about twice the basal meta-
bolic rate (Peters 1983; Lavigne et al. 1987).

The consistency in energy expenditure relative to body size
among males across species is remarkable given the different
levels of polygyny, reproductive strategies, and mating environ-
ments represented (Fig. 7). Given the range of body size in this
regression, available data suggest that average rates of energy
expenditure can be estimated for breeding males of all pinniped
species. There is, however, a great amount of variation in TEE
among individuals within each species. The allometric relation
indicates that males of smaller-bodied pinniped species, such
as the harbour seal, expend more mass-specific energy and are
likely to have less fasting endurance than males of larger spe-
cies. Fasting endurance for a breeding male pinniped can be
estimated by dividing usable body-energy stores by the rate of
energy expenditure (Lindstedt and Boyce 1985). Assuming the
mass of body fat an individual possesses represents usable en-
ergy stores (E), then E; scales allometrically to body mass (M;
Lindstedt and Boyce 1985) as: E(M]) = 2.948 M"". Breeding
male pinnipeds expend energy (TEE) at the rate of: log TEE(W)
= 1.09 + 0.77 log M (Fig. 7), or TEE(M] d ') = 1.063 M*”".
Thus, fasting endurance (F) for a breeding male can be esti-
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Figure 7. Rates of energy expenditure (TEE) of breeding male
pinnipeds as a function of body mass (M). The dotted line repre-
sents three times the basal metabolic rate predicted by the equation
of Kleiber (1975). Data were either taken directly from sources
given or calculated from individual rates of mass loss assuming
an energy density of 36.7 M] kg™' (Fedak and Anderson 1987).
Individuals of aquatically mating species are represented by filled
symbols; individuals of terrestrially mating species are indicated
by open symbols. Sources of data were as follows: Phoca vitulina,
this study; Halichoerus grypus, Anderson and Fedak (1985); Cysto-
phora cristata, Kovacs et al. (1996); Mirounga angustirostris,
Deutsch et al. (1990); Leptonychotes weddelli, Bartsh et al. (1992);
and Arctocephalus gazella, Boyd and Duck (1991).

mated as: F(d) = E/TEE = 2.948 M"'%/1.063 M*7, or 2.773
M"#, assuming a thermoneutral environment (Lindstedt and
Boyce 1985). A 100-kg male harbour seal can thus afford to
fast for approximately 19 d, whereas a 300-kg male pinniped
such as a grey, hooded, or Weddell seal can afford to fast for
about 30 d, and a 1,500-kg northern elephant seal can fast for
60 d. Thus males of small-bodied species may need to forage
and/or to economize their energy expenditure such that they
can afford levels of activity that may cost three times the basal
metabolism during the mating period, if oestrus is asynchro-
nous to the extent that the period of female receptivity exceeds
male fasting endurance. Most males of the species shown in
Table 4 other than the harbour seal are capable of fasting for
the duration of their mating seasons due to their larger body
size, and thus may not need to forage.

Body Size, Foraging Activity, and Reproductive
Effort of Male Harbour Seals

For male harbour seals, the temporal and spatial separation of
foraging and reproduction remains somewhat unclear. As only
about 30% of the variation in FEI and in the rate of TBE
expenditure among males can be attributed to variation in

deep-dive effort (Figs. 4, 5), foraging probably does not occur
exclusively in deeper water. Male harbour seals may also be
feeding during periods of shallow-diving activity and on dedi-
cated foraging trips. Also, our measure of foraging effort, which
is based solely on dive depth, may not be very accurate if males
spend a considerable amount of time competing for mates in
deeper water offshore, perhaps on the foraging grounds or on
transit routes used by females. Data presented in this study
indicate that male harbour seals derive more than one-third
of their energy from feeding during the mating period, yet at
the same time most males had ceased to make trips consisting
of predominately deeper dives (Coltman et al. 1997). Opportu-
nistic feeding, occurring within bouts of shallow-diving activity
or while patrolling home ranges near the shore, may therefore
provide an additional source of energy to maintain their repro-
ductive effort.

Studies have previously shown that male harbour seals feed
during the early breeding season and have suggested that the
energetic constraints of small body size may have played a role
in shaping male reproductive strategies (Thompson et al. 1989;
Walker and Bowen 1993b). On Sable Island, males tend to
maintain their body mass during periods of deep diving before
the time when females enter oestrus (Coltman et al. 1997).
Data presented here and in Coltman et al. (1997) indicate that
male harbour seals foraged more intensely and made fewer
shallow dives early in the breeding season when relatively few
oestrus females were available. At the same time, males also
expended total energy at a lower rate during the premating
period of the season (Table 3). If males were to rely entirely
on their initial energy stores and fast throughout the breeding
season, yet maintain an average rate of TEE of 33.2 MJ 4/,
an average male harbour seal (with 1,500 M]J of stored body
energy and 23.6% fat at the beginning of the breeding season)
would deplete 50% of its TBE in less than 3 wk. As most of
this energy comes from fat catabolism, an average male would
fall below 5% body fat during the breeding season if fasting.
It is therefore likely that only the largest males can afford to
fast throughout the entire breeding season, yet maintain their
reproductive effort.

We previously hypothesized that larger males may have a
mating advantage since they spend less time foraging and more
time making shallow dives, which are more likely to be associ-
ated with aggressive behaviours and displays associated with
acquiring mates (Coltman et al. 1997). The results of this study
show that larger males depleted their body-energy stores during
the premating period to a significantly greater extent than
smaller males (Fig. 6), and they spent significantly more total
energy during the breeding season. Males that are relatively
large at the beginning of the breeding season therefore invested
more total energy in reproduction. This may translate into a
mating advantage, as reproductive effort is a strong predictor

of dominance status and matmg success in other pinniped

This content downloaded from 129.173.74.41 on Wed, 20 Jul 2016 16:36:21 UTC
All use subject to http://about.jstor. orglterms



Energetics of Male Reproduction in Harbour Seals 397

species such as grey seals (Anderson and Fedak 1985; Tinker
et al. 1995) and northern elephant seals (Deutsch et al. 1990).
Larger males made more shallow dives earlier in the season,
at a cost in terms of energy expended from body-energy stores
(Fig. 6). This may provide them with a mating advantage if
increased shallow-diving activity improves their encounter
rates with, or effective advertisement to, potentially receptive
females. Males with large initial mass may also represent rela-
tively older animals, or males that are in better overall condi-
tion. The latter may be less likely, however, as large and small
males had similar body composition (Fig. 2). Differences in
the activity of large and small males may therefore also reflect
the effects of previous breeding experience in addition to gen-
eral body size and energy stores.

Harbour seals have limited size dimorphism; on Sable Island,
adult males are approximately 6% longer (McLaren 1993) and
18% heavier than postpartum females (W. D. Bowen, D. .
Boness, and S. ]. Iverson, unpublished data). This suggests that
large size may be advantageous for males, vet less strongly
selected for in the harbour seal than it may be in more dimor-
phic, terrestrially breeding pinniped species. Since mating and
feeding both occur at sea in aquatically mating pinnipeds, rela-
tively smaller males, or males in inferior condition at the begin-
ning of the breeding season, may be at less of an energetic
disadvantage if they can feed during the mating season. Fur-
thermore, large size is less likely to confer a direct competitive
advantage in the aquatic environment where agility may be
more important in mate competition (Le Boeuf 1991). Clearly,
knowledge of male mating success is required to evaluate the
selective advantage of body size and the importance of energet-
ics to male fitness.

For male harbour seals, and perhaps other pinnipeds that
mate at sea, the classic paradigm, that complete temporal
and spatial separation of feeding and reproduction acts as a
dominant factor in the evolution of pinniped mating systems
and size dimorphism (Bartholomew 1970), may be less appli-
cable than it is for terrestrially mating species. For aquatically
mating pinnipeds, reproductive behaviour and size dimor-
phism have evolved subject to a different set of ecological
variables, such as the local distribution of prey at sea, from
that of pinnipeds that mate on land. For male harbour seals
on Sable Island, relatively large size may not greatly enhance
mating success if foraging can effectively supplement initial
energy reserves to cover the energetic costs of reproduction
during the breeding season. Alternately, smaller, energetically
challenged males may be making the best of their situation
by feeding until the time when most females are receptive.
For aquatically mating pinnipeds, male reproductive strate-
gies may therefore be influenced by the distribution of food
as well as the by availability and the economic defensibility
of oestrus females in time and space (Emlen and Oring 1977;
Stirling 1983; Boness 1991).
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