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Abstract

Seasonal changes in energy intake of northwest Atlantic harp seals were modelled and implemented 
as a Microsoft Excel™ spreadsheet. Energy intake of adults during the fourth quarter is almost double 
estimated intake during the second quarter, with intermediate values during the fi rst and third quarters. 
Reproduction increases female annual energy requirements by 18%, and adds 4% to the estimated 
population energy intake. The model was sensitive to changes in metabolizable energy, body mass, 
and the activity factors selected to estimate cost of activity. Changes in blubber conductivity and body 
composition had intermediate effects, while changes in water and air temperature and activity had 
little effect on model output. Comparing annual energy intake between a seasonally varying model 
and a simplifi ed model (Growth•Activity•Mass0.75) intake estimates were similar if an annual maximum 
body mass was used. Using minimum estimates of body mass underestimated annual energy intake, 
but provides more reasonable estimates of energy consumption when seasonal requirements are at a 
minimum. A simple model adequately describes pinniped gross energy intake. More realistic estimates 
of gross energy intake would be obtained without increasing model complexity by incorporating 
seasonal changes in body mass.
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Introduction

Many marine mammals are top predators and 
consequently should be a signifi cant factor in structuring 
marine ecosystems, but attempts to evaluate their role 
have often been inconclusive owing in part to the 
generalized nature of their diets (Bowen, 1997; Bax, 
1999). Nonetheless, the subject of marine mammal 
predation remains controversial. In the northwest Atlantic, 
populations of harp (Phoca groenlandica) and grey seals 
(Halichoerus grypus) are at their highest levels since early 
in the current century (Hammill and Stenson, 2008; Thomas 
et al., 2008). Harp seals alone appear to be responsible 
for about 80% of the ≈3 million tonnes of fi sh consumed 
by pinnipeds in Atlantic Canada (Hammill and Stenson, 
2000). This has lead to suggestions that high seal numbers 
are hindering the recovery of groundfi sh stocks and that 
their numbers should be reduced (FRCC, 1999). 

Evaluating predation by marine mammals on 
commercial stocks requires information on total 

consumption, which must then be examined within 
the context of mortality from other sources of natural 
and fi shing mortality. Some studies have shown that 
consumption by marine mammals can exceed human 
harvests by a substantial amount (Trites et al., 1997; 
Kenney et al., 1997), and that they can have a signifi cant 
impact on commercial fisheries particularly under 
conditions of reduced biomass (Trszinski et al., 2006; 
Morisette et al., 2008; Chassot et al., 2009). 

Estimating the annual food consumption begins by 
evaluating individual energy requirements taking into 
account age and sex related differences and extrapolating 
these estimates to the total population. Beginning in the 
early 1980s, several models were developed to estimate 
energy requirements and hence food consumption of seals 
(Lavigne et al., 1982, 1985; Øritsland and Markussen, 
1990; Markussen and Øritsland, 1991; Ryg and Øritsland, 
1991; Nilssen et al., 2000). Since then, our information 
on growth (Worthy, 1987a, b; Chabot and Stenson, 
2002), seasonal changes in body size and composition 
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(Beck et al., 1993; Chabot and Stenson, 2002, Stenson 
and Chabot, DFO, unpublished data), energetic costs 
associated with reproduction (e.g. Lydersen and Kovacs, 
1996), locomotion (e.g. Williams, 1999) and moult 
(e.g. Ashwell-Erickson et al., 1986; Slip et al., 1992) in 
pinnipeds has improved remarkably. Intuitively, it would 
appear to be more appropriate to build on these earlier 
models incorporating this new information. However, 
some estimates of consumption have not considered 
changes in energy requirements with reproduction, 
season or activity (Olesiuk, 1993; Hammill et al., 1995; 
Stenson et al., 1995; Mohn and Bowen, 1996), arguing 
that such models require the estimation of a large number 
of parameters for which the data are limited (Mohn 
and Bowen, 1996), and much of the increased costs 
associated with reproduction are cancelled out by the 
reduction in energy requirements during moult (Ryg and 
Øritsland, 1991). 

There is a need to examine whether energy 
requirements should be modelled in detail or whether this 
step can be replaced by a simplifi ed energy model because 
the uncertainty associated with energy requirement 
estimates has a major impact on final estimates of 

consumption (Mohn and Bowen, 1996; Shelton et al., 
1997). Also, interest in pinniped consumption has moved 
from a general global scale such as the northwest Atlantic 
(Lavigne et al., 1985 ; Bowen, 1985) to a smaller more 
restricted geographical scale such as the southern Gulf of St 
Lawrence (Hammill and Stenson, 2000; Chouinard et al., 
2005), where seasonal changes in energy requirements 
may be more important.

Here we model seasonal changes in gross energy 
intake (GEI), the amount of energy that must be consumed 
by a pinniped, the northwest Atlantic harp seal, and 
compare these estimates with output from a more simple, 
constant intake model. 

Model Formulation

The model estimates the GEI of a population of harp 
seals by multiplying the estimated GEI of individual 
animals by the estimated numbers of animals in each age, 
sex and reproductive class. In our simulations, we used 
the estimated number of harp seals at age, in 1968 and in 
2005 (Hammill and Stenson, 2008). 

Glossary of Terms

AppHIF Apparent heat increment of feeding L Body length (cm)
AF Activity factor LGR Average daily growth rate in length (cm/d)
BF Proportion of fat in blubber M Total Mass (kg)
BMR Basic Metabolic Rate (KJ/d) or Watts ML Mass loss (kg)
c Thermal conductivity of blubber  

(W/m/°C) MilkP Energy required for milk production (J/s)

CF Core fat: Proportion of fat in core MilkS Efficiency of milk synthesis

E Energy required for fattening or supplied 
during mass loss (KJ) ME Metabolizable energy (KJ/d)

EF Energy in fat (MJ/kg) ML Maternal mass loss (kg/d)
EP Energy content of protein (MJ/kg) Moult Duration of moult (days)
E_urea Energy in urea (MJ/kg) NE Net energy (KJ/d)
FE Faecal energy (KJ/d) PC Protein content of lean mass
FG Fat gain (kg) PE Production energy (KJ/d)
FM Fasting metabolic rate (KJ/d) PG Pup mass gain (kg/d)
FMB Fraction of mass loss from blubber PGE Pup growth energy equivalent (J/kg)
FMC Fraction of mass loss from core PP Proportion of protein
GEI Gross Energy Intake (KJ/d) Tbc Temperature blubber core interface (ºC)
GF Growth factor TF Fraction of total body fat
GR Growth rate (kg/d) Tw Water temperature (ºC)

H Minimum heat production or loss for 
thermal stability (J/s) TF Fraction of total body fat

Haulout Proportion of day spent hauled out UE Urinary energy (KJ/d)
HIF Heat increment of feeding
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Fig. 1. Generalized map of seasonal migration routes (arrows) and breeding areas (solid ovals) of northwest Atlantic harp seals.
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The year begins in the model (Zeroday) on the 
1 March. The basic input parameters are age and sex 
(male, non fertile females, fertile females, and pups). 
GEI for maintenance and growth of an individual animal 
incorporating daily changes in composition are calculated 
and summed over fi ve periods: breeding, premoult, moult, 
buildup and winter (Table 1). The corresponding periods 
for pups are suckling, postweaning fast, early growth, 
buildup and winter. We assumed that harp seals were in 
southern waters along the Labrador coast (NAFO fi shing 
zone 2J) from the 15 November to the 15 June and in the 
Arctic during the rest of the year (Fig. 1) (Hammill and 
Stenson 2000). The seasonal changes in total body mass, 
sculp (blubber and attached skin) and core (carcass and 
viscera) masses were adjusted to fi t morphometric data 
from a sample of over 8 800 harp seals collected from 
the Gulf of St. Lawrence, Newfoundland and Labrador 
(Hammill et al., 1995; Chabot et al., 1996). The model 
was implemented as an Excel spreadsheet which allowed 
for an easy accounting of energy requirements.

The sensitivity of the model to different components 
was examined by independently changing model 
parameters by 10%. The impact of these changes on annual 
GEI was expressed in relative terms using:

R = 100(ΔGEI/GEI)/(ΔV/V )

where GEI is the Gross Energy Intake in kj/d, and V is the 
variable as modifi ed by Mohn and Bowen (1996).

GEI estimates from the complex model were 
compared to those obtained using a simple model of the 
form:

GEI  = GF(293 • •AF M 0.75 )/0.83

where GF is the growth factor and was set at 1.8, 1.6, 
1.4, 1.3, 1.12, 1.1, and 1.0, for animals aged 0, 1, 2, 3, 4, 
5, and 6 yrs, respectively (Olesiuk, 1993), and M is body 
mass in kg. The activity factor (AF) was assumed to be 2 
(Worthy, 1990) to approximate the average daily energy 
requirements as a multiple of the basal metabolic rate 
(293•M0.75; Kleiber, 1975) where M is body mass-at-age 
in kg.

Model Development

Using an equation, modifi ed after Lavigne et al. 
(1982), the energy fl ow in an individual can be summarized 
as:

GEI  = FE + UE + HIF + FM + PE (1)

where Gross Energy Intake (GEI) is energy ingested as 
food. Losses occur as faeces (Faecal Energy, FE), through 
urine production (UE) and the Heat Increment of Feeding 
(HIF). Fasting metabolic rate (FM) is the energy available 
for maintenance of body functions (basal metabolism, 
thermoregulation), while production energy (PE) is used 
for growth and reproduction and for doing work. 

Fasting Metabolic Rate 

Fasting metabolic rate (FM) is calculated as the 
highest value (Max) of either the sum of basal energy 
requirements (BMR) plus the cost of activity or the 
minimal heat production for thermal stability (H) and is 
calculated for the proportion of the time that the animal 

Age class
Hauled-out:
breeding/
suckling

Premolt/Post-
weaning fast

Moult/Early 
growth

Hauled-out: 
other

Water: 
resting/
suckling

Water: 
cruising

Water: 
pursuit

Adult male 21 1.5* 1.6* 1.5* 14 1.75 2.26

Adult female 22 1.5* 1.6* 1.5* 14 1.75 2.26

Juvenile 2* 1.5* 1.6* 1.5* 14 1.75 2.76

Pup 3.93 1.92 – 2* 1* 1.75 2.76

TABLE 1. Activity factor (Basal Metabolic Rate) multipliers used to represent the costs associated with different 
activities during the breeding, moulting and remaining periods of the year. The effect of moulting on 
metabolic rate of phocids is not well understood. Both decreases (Ashwell-Erickson et al., 1986; Slip et al., 
1992) and increases in metabolic rates have been measured (Boyd et al., 1993; Renouf and Gales, 1994; 
Boily, 1995). We assumed a decline. 

*Assumed. 1-6Estimated from: 1. Lavigne et al, 1985. 2. Stewart and Lavigne, 1984; Stewart, 1986; Reilly 1989. 3. Lydersen and 
Kovacs, 1996. 4. Øritsland and Ronald, 1975; Gallivan and Ronald, 1979; Davis et al., 1985; Worthy, 1990. 5. Sparling and Fedak, 
2004. 6. assumed to be 0.5 higher than cruising with greater cost to juveniles.
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spends hauled out on the ice (Haulout) and in the water 
(1-Haulout) using equation (2). Metabolic costs in J/s (or 
Watts) were estimated using:

Energy = AF • BMR

where the basal metabolic rate (BMR) was estimated 
from BMR (W) = 3.39 Mass0.75 (Kleiber, 1975; Gallivan 
and Ronald, 1979; Lavigne et al., 1985, 1986) and AF is 
a factor for the cost of activity expressed as a multiple of 
the basal metabolic rate (Table 1). The activity budget 
was determined for three periods: Breeding season 
(which included suckling and the post-weaning fast for 
pups), Moult, and Other (for the remainder of the year). 
Behavioural categories were hauled-out, resting in the 
water; cruising which represents travel between specifi c 
areas and searching for short trips associated with foraging 
(Table 2). 

The cost of each behavioural category is given as a 
multiple of BMR, called the Activity Factor (AF). These 
activity factors were combined with the amount of time 
spent in each activity to give an activity factor to be 
applied to the basic equation estimating BMR. For example 
AFwater was estimated using equation (3), where Rest is 
when the animal is stationary, cruise is medium swimming 
e.g. during migration, and search is active swimming 
and diving to search for food. Heat loss was calculated 
separately for animals in the water or hauled out on the 

TABLE 2.  Activity budget for harp seals expressed as a percentage of time.

Breeding Moult Other
Age class Haul-out Rest Pursuit Cruise Haul-out Rest Pursuit Cruise Haul-out Rest Pursuit Cruise
Adult male 29* 24* 47* 0 95* 5* 103 403 303 203

Adult 
female 291 241 471 0 95* 5* 103 403 303 203

Juvenile 95* 5* 95* 5* 103 403 303 203

Suckling Post-weaning fast Other
Pup 100 502 502 103 403 303 203

*Assumed. 1-3From: 1. Lydersen and Kovacs, 1996. 2. Worthy, 1987b; Worthy and Lavigne, 1987. 3. assuming an activity budget 
similar to grey seals Halichoerus grypus (Thompson et al., 1991)

( )
ice  OnIcefmet

= Max H AF       BMR  Haulout +Energy • • • •( );    (1                  )waterAFMax H   BMR  Hauloutmin (2) −

+ + (3)AFwater = (1 − Haulout)/(Rest • AF Cruise • AF Search • AF    )rest                          cruise                          search

(4)
( )

( )

( )( )

0.49

min

1.18 0.0006 0.023
1

/ 0.112 1
w tot

core

T M
H

ln M  M M L LGR Day

+ •  • •
=

• +         •      −
+( )( ) ( )11.4   1 bc  wc   L  LGR Day T T+           −       −••  

ice. The minimum heat loss for thermal balance in water, 
Hmin (J/s), was estimated by using equation (4), where c is 
the thermal conductivity of the blubber (0.185 W/m/ºC; 
Worthy, MS 1985; Ryg et al., 1993); L is the body length 
on the 1 March, LGR is the average daily growth rate 
in length (cm/d), Tbc is the temperature at the interface 
between blubber and core and is assumed to be constant 
(30ºC; Ryg and Øritsland, 1991; Ryg et al., 1993); and 
Tw is the water temperature. M and Mcore are body mass 
and core mass respectively (kg). The fi rst term accounts 
for the heat loss from the body trunk (Ryg et al., 1988), 
while the second term calculates the heat loss from the 
appendages from 1.18 + 0.0006 Tw (Ryg et al., 1993); 
0.023 Mtot

0.49 is the relationship between total appendage 
area, as an average of spread and folded fl ippers, and body 
mass; and the surface area of the body trunk is given by 
the denominator. To estimate heat loss on ice, HIce (J/s), 
Tw was replaced by the skin temperature, calculated as a 
regression on air temperature, Tair, from Hart and Irving 
(1959)’s data:

( )( )
( )

1.12 11.4 20 0.6
/

bc       air
Ice

core

c •L T T
H

ln M  M
−       +

= (5)• • • •

 
where 1.12 is the correction for heat loss from fl ippers, 
assuming that the fl ipper surface area of harp seals is a 
similar proportion to that of grey seal (0.12) (M. Ryg, 
unpublished), and that heat loss per unit surface area is 
the same as for the body. Maximum water temperatures 
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Table 3. Parameters for Gompertz curve fitted to January–February body mass (174 females; 
363 males) and length (184 females; 366 males) data of harp seals from the Front.

Sex  M∞ (kg)   Mo (kg)  ko (kg/year)  L∞ (cm)  Lo (cm) ko (cm/year)

Females 138.08 32.58 13.60 172.83 114.28 12.66
Males 149.75 35.60 13.81 176.26 109.98 15.71

were set at 15°C in the Gulf and 5°C in the Arctic, whereas 
the minimum water temperatures were set at -1°C in the 
Gulf and -2°C in the Arctic. Maximum air temperature 
was set at 18°C in the Gulf and 8°C in the Arctic, while 
minimum air temperature was set at -15°C in both the Gulf 
and the Arctic. We assumed that the highest temperatures 
were reached in air on 15 July and in water on 1 August 
for both areas. Sinusoidal equations were used to describe 
seasonal variations in air and water temperatures during 
the year (M. Ryg, unpublished data).

Body length (cm) and body mass (kg) are calculated 
as a Gompertz growth curve (Hammill et al., 1995):

( )
( )

( )exp ln
o

o o o

t

k t y y
yy y y

∞ ∞

y∞= (6)/
/ /

where yt is the length (Lt, cm) or mass (Mt, kg) at age t, y∞ 
is the asymptotic length (L∞) or mass (M∞), is the ordinate 
or the estimated absolute length (Lo) or mass (Mo) at birth 
which has been set at on 1 March, and ko is the slope at 
zero abscissa or the estimated absolute growth rate at birth 
(cm/year or kg/year). The Gompertz curve was fi tted to 
January–February body mass (N = 537) data when animals 
are fattest and to body length (N = 550) data from harp 
seals collected at the Front (Table 3; Chabot et al., 1996). 
The proportion of maximum sculp mass (Msculp) to body 
mass was set at 0.5 for breeding females, immatures and 
pups, and 45% for nonbreeding females and adult males. 
The core mass (Mcore) on 1 March was calculated by 
M (1-Msculp). The daily variations in the percentage of sculp 
mass on body mass were then indirectly calculated by the 
changes in the percent of core mass on total body mass. 

In pups, the model uses actual body mass (M) and 
length (L) measurements obtained at birth (N = 68; Chabot 
et al., 1996). M was set at 9.3 kg, and L at 0.86 m for 
both sexes. 

Production

Net energy (NE) for production was subdivided into 
energy required for growth, fattening, fetal growth, and 
milk production. To meet these demands harp seals use 
energy reserves during lactation and moult, and rebuild 
reserves at other periods in the year. The energy for milk 
production is used by the pup for energy deposition and 
energy expenditure but is attributed to the female in the 
estimates of GEI for the population. 

The growth rate (GR, kg/day) and the average daily 
length growth rate (LGR, cm/day) were calculated as the 
difference between the body mass (M) or body length 
(L) at the age t and the body mass (Mnext) or body length 
(Lnext) at the age t + 1, divided by 365 days for adults, and 
365 minus the date of birth (Startlac) which is 1 March 
for pups.

The energy (E) required for growth and fattening 
or energy supplied by mass loss during the breeding 
(suckling), premoult (weaned), moult (early growth), 
and build up periods were calculated using equation (7)
where Msculp is mass of the blubber plus the skin (kg), 
Mskin is skin mass (kg), BFn is the proportion of fat in the 
blubber at period n, EF is energy in fat (MJ/kg), CFn and 
Mcoren

 are, respectively, the proportion of fat in core and 
the core mass (kg) at the beginning (1) and the end (2) of 
the corresponding period (seconds). PP is the proportion 
of protein and EP is the energy content of protein (MJ/kg). 
For pups, skin mass is calculated as the proportion skin 
mass at weaning times the mass at weaning (Worthy and 
Lavigne, 1987). For older animals, skin mass is given 
by the regression 0.3379(M•L)0.5 + 1.7761 for females 
and 0.4855 (M•L)0.5 + 0.1558 for males (M. Hammill, 
unpublished data). 

Changes in body mass were converted into energy 
expenditure assuming an energy content of 39.5 MJ/kg 

E
2 1

1=
− • − − • • +Msculp Mskin BF Msculp Mskin BF EF Mcore2 1

• − • •( ) −+ ( ) • •CF Mcore CF EF Mcore Mcore PP EP

Period
2 (7)
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for lipid (EF) and 23 MJ/kg for protein (EP) (Worthy and 
Lavigne, 1983b; Reilly and Fedak, 1990) with a correction 
for urea excretion (E_urea) of 5 MJ/kg.

Fasting

The energy used during fasting is derived from 
blubber, and from carcass proteins and fat deposits. The 
fraction of the total mass loss from the blubber (FMB) 
and from the core (FMC) during fasting vary with age 
and species (Worthy and Lavigne, 1987; Markussen et al., 
1992; Slip et al., 1992; Walker and Bowen, 1993). In all 
groups, the proportion of protein in the core (PC) was 
set at 0.23 (Blaxter, 1989; Reilly and Fedak, 1990). The 
proportion of fat in the blubber in immatures and adult 
males was set at 0.97 for all periods (Beck et al., 1993).

Reproduction

Females fi rst give birth at age 6 y, (Sjare et al., 
1996), males are assumed to be fertile at the age of 7 y 
(Benjaminsen and Øritsland, MS 1975; Roff and Bowen, 
1986). Adults reduce their food intake during breeding. For 
females this reduced intake lasts for the 13 day lactation 
period (Kovacs et al., 1991; Lydersen and Kovacs, 1996; 
Oftedal et al., 1996). Females lost mass (ML) at a constant 
rate (Kovacs et al., 1991; x̄ = 3.1 ± 0.8 kg; N = 19). Sixty 
percent of the total mass loss occurred from the blubber 
(Chabot et al., 1996) with the fat content of the blubber 
declining from 0.99 at the beginning of lactation (Frank 
et al., 1973), to 0.75 at the end (Ronald et al., 1984). The 
remaining mass loss occurred from core fat and proteins. 
The proportion of fat in the core was 0.05 before breeding 
(Beck et al., 1993) declining to 0.02 after breeding (Gales 
et al., 1994).

Lactation

Energy requirements for milk production (MilkP in 
J/s) were calculated as the sum of the female changes 
in energy stores, and maintenance and growth energy 
requirements of the pup using equation (8), where MML 
is the maternal body mass loss of 3.1 kg/d associated with 
the pup mass gain (PG) (Kovacs et al., 1991); PGE is the 
pup growth energy equivalent (J/kg; see below); 86 400 
is the number of seconds in a day; Day is the number of 
days since pupping on 1 March; MilkS is the effi ciency 
of milk synthesis, arbitrarily set at 90%; ME/GE milk is 
the effi ciency of converting milk energy to metabolisable 
energy, set at 85% (grey seals: Anderson and Fedak, 1987); 

( ) 0.75( 86400 _   3.39
( / )

birthMLP PGE PupAF Lac  M PG Day
MilkP

MilkS ME GE milk

⋅ +  ⋅ +
=

⋅
(8)• •

•
( )

PupAF_Lac is the activity factor multiple of BMR for the 
pup during the nursing period (3.9; Lydersen and Kovacs, 
1996). We calculated a pup growth energy equivalent of 
2.3×107 J/kg using:

PGE = FG • EF + P(1-FG) • (EP -  E_urea) (9)

given a proportion of fat in the pup mass gain (FG) of 
0.54 , reported by Lydersen and Kovacs (1996) for harp 
seal pups using labelled water techniques.

Pups gain 2.3 kg/d (PG) during suckling (Oftedal 
et al., 1989; Kovacs et al., 1991; Lydersen and Kovacs, 
1993; Oftedal et al., 1996). At birth, the proportion of fat 
in the blubber is 0.21 (BFb), which forms 6% of body mass 
(Mb) (Bailey et al., 1980; Worthy and Lavigne, 1983a; 
Oftedal et al., 1996). The blubber increases to 47% of 
body mass (Blubw) (Worthy and Lavigne, 1983a; Oftedal 
et al., 1996) with a fat content of 89% at weaning (BFw) 
(Worthy and Lavigne, 1983a).

A core mass gain of 0.81 kg/day was calculated for 
the pup during the 13 day lactation period (Lac). This gain 
in core mass constitutes 35% of the total gain during the 
suckling, which is similar to the value reported by Oftedal 
et al. (1989) for six suckling harp seals. During suckling 
the proportion of fat in the core increases from 0.023 at 
birth (CFb), to 0.125 at weaning (CFw) and then declines 
to 0.09 after the postweaning fast (CFpw) (Worthy and 
Lavigne, 1983b) and increases to an arbitrarily set value of 
0.10 after initial growth (Worthy and Lavigne, 1983a).

Adult males

Little information is available concerning males 
during the breeding period. They appear to begin losing 
mass in early March, (Chabot et al., 1996; Chabot and 
Stenson, 2002). We assumed males lost mass at a rate of 
0.6% per day (Chabot and Stenson, 2002; 0.8% per day in 
harbor seals: Walker and Bowen, 1993; 0.9% per day in 
grey seals: Deutsch et al., 1990 calculated from Anderson 
and Fedak, 1985) and that the total loss over the breeding 
season was 15% of their initial body mass, which is similar 
to males in other species (17–25% in grey seals: Deutsch 
et al., 1990; 7.7–26% in grey seals: Tinker et al., 1995; 
20–30% in harbor seals : Walker and Bowen, 1993). This 
resulted in mass loss rates of 0.96 to 1.13 kg/day and a 
fasting duration of 21 days (1–21 March). Much of the 
mass loss occurred from the core (60%) (Fig. 2a) (Chabot 
et al., 1996; Chabot and Stenson, 2002).
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A. Adult male (12 y)
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B. Adult female (12 y): breeding

20

40

60

80

100

120

140

160

1 26 21 16 11 6 31
Mar Apr Jun Aug Oct Dec Jan

Date

M
as

s 
(k

g)

Total mass

Core mass

Sculp

Fig. 2. Seasonal changes in total, sculp, and core mass of (A) an adult male, (B) a breeding female, (C) a juvenile, and (D) a harp 
seal pup. The mass change curves are derived from the model. The points represent observed weights (Chabot et al., 1996).
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Premoult or postweaning fast

Adult females feed intensively between the end of 
breeding and moult (Sergeant, 1991). We calculated that 
females gained 0.5 kg/day during a premoult period of 33 
days, assuming a recovery of 64% of the total body mass 
lost during breeding (Fig. 2b) (Beck et al., 1993; Chabot 
et al., 1996). The rate of core mass gain for fertile females 
during premoult was calculated by multiplying the rate of 
mass gain during premoult by the fraction of core mass 
on total body mass at the end of breeding.

There is no evidence of fattening in adult males 
before moult, but some feeding may occur (Sergeant, 
1991). We assumed that adult males lost 15% of their 
body mass at the end of the breeding season during a 
premoult period of 12 days. This corresponds to a rate of 
mass loss of 33% of that during breeding. For males, mass 
loss during breeding and premoult agree well with Chabot 
and Stenson’s (2002) fi nding of a total mass loss of about 
40 kg or 27% of peak mass in adult males between late 
February and late April.

In immature and non-breeding animals the premoult 
period starts at the end of the winter period (4 March). 
No change in the body mass occurs in immature animals 
during the winter period (January–March) (Chabot et al., 
1996). For nonbreeding adult females, the rate of mass loss 
was calculated assuming a loss of 20% of the mass at the 
end of the winter period, divided by the number of days 
of the premoult period. The rate of core mass loss during 
premoult was given by the rate of mass loss multiplied by 
the fraction of total mass loss from the core (FMC).

The premoult period in adults corresponds to the 
postweaning fast in the pups. The durations of the post-
weaning fast varies from 4–6 weeks (Worthy and Lavigne, 
1983a, b; Lavigne et al., 1985; Worthy, 1987a, b; Worthy 
and Lavigne, 1987; Bowen, 1991). We assumed a duration 
of fi ve weeks (Lavigne et al., 1985) and a mean body mass 
loss of 0.36 kg /day (Nordøy et al., 1993), resulting in a 
rate of core mass loss of 0.2 kg/day. Because of the higher 
contribution of core mass in the total mass loss, the percent 
of sculp mass on body mass continues to increase after 
weaning until it reaches ≈60% of body mass at the end of 
the postweaning period (pups aged 48 days).



HAMMILL et al.: Energy Requirements of Harp Seals 143

Moult or early growth

Males and juvenile harp seals begin their moult 
simultaneously in early April while females arrive on 
moulting patches in late April (Sergeant, 1991). We set the 
beginning of the moult to 7 April for males and immatures, 
and to 18 April for mature females with a duration of fi ve 
weeks for all groups. The effect of moulting on metabolic 
rate of phocids is not well understood. Decreases in resting 
metabolic rate during moult have been reported in harbor 
and spotted seals (19%; Ashwell-Erickson et al., 1986), 
and in elephant seals (18%; Slip et al., 1992; Worthy et al., 
1992), whereas increases in resting metabolic rate have 
been measured in southern elephant seals (40%; Boyd et 
al., 1993), harp (Renouf and Gales, 1994) and grey (adults: 
17% adults; juveniles: 53%; Boily, MS 1995) seals. We 
assumed a decrease in BMR of 19% below the premoult 
level for both adults and juveniles, corresponding to an 
activity factor of 1.6. The percent of body mass loss during 
the moult was calculated from Chabot et al. (1996) to be 
-0.8% per day in juvenile females and adult males, -1.0% 
per day in juvenile males, and -0.8% per day in all adult 
females (breeding and nonbreeding). The rate of core 
mass loss during the moulting period was given by the 
rate of mass loss multiplied by the fraction of total mass 
loss from the core (FMC).

For pups, this phase of early growth is when they 
develop their swimming and feeding skills. Feeding 
occurs irregularly and growth rates may be low or even 
negative (Worthy, MS 1985; Worthy, 1987a, b; Sergeant, 
1991). Feeding begins within six weeks of weaning in wild 
harp seal pups (Worthy and Lavigne, 1982). We assumed 
that pups did not lose or gain any mass during the fi rst 
four weeks after the postweaning fast ended (21 April–18 
May), based on the body mass of 40–70 day old pups 
(N = 359 for females; N = 423 for males) from the Front 
(Fig. 2) (Chabot et al., 1996).

Buildup

The buildup period corresponds to a period of 
extensive feeding in all animals, extending from the end 
of the moult to the beginning of the winter period. In adult 
females implantation occurs and these animals must also 
support the growth of the fetus. The growth rate for all 
animals during this period (GRbuildup, kg/d) was calculated 
by using equation (10). The fi rst parenthesis calculates the 
body mass (M) at the end of the buildup period, giving 
Monext, the body mass at the next breeding season; 
GRwinter, the growth rate during the winter period (kg/day). 
The second parenthesis calculates the body mass at the 

end of the moult, giving Mbefmoultt, the body mass before 
moult; Mass Loss (ML), the rate of mass loss during 
moult (kg/day); and Moult, the duration of the moult 
(days). The body mass after buildup minus the body mass 
after moult is then divided by the duration of the buildup 
period, Fattest, being the last day of the buildup period, 
and Endmoult, the last day of the moult. The rate of core 
mass gain was calculated by the difference between the 
core mass after buildup and the core mass after moult 
(early growth for pups), divided by the duration of the 
buildup period.

Pregnancy

Implantation of the embryo in harp seals take place 
143 to 153 days after conception (Stewart et al., 1989; 
Chabot and Stenson, 2000). Assuming conception occurs 
around weaning, we set the implantation date (Implant) 
at 11 August (Chabot and Stenson, 2000). Daily energy 
requirements (kJ/d) of the foetus and other tissue could be 
approximated by twice Kleiber’s (1975) weight specifi c 
basal metabolic rate of the foetus (Lavigne et al., 1982) 
and adding in the daily energy gain. We used mass at 
birth as part of the Kleiber formula and 1.1 was a slight 
correction to account for the mass of the placenta:

(11)Foetus
maintenance  =

 

( )Day – Implant
BMR• •1.12

Foetus
growth  = ( )Startlac – Implant

(12)BMR2 EF · TFb + (EP · (1– TFb)) · PC•••• ( )

where EF is energy of fat, TFb is the percent of total body 
fat at birth (in blubber, carcass and viscera) set at 3.6% 
(calculated by Oftedal et al., 1996 as 3%), EP is energy of 
protein, and PC is the protein content of lean mass.

Winter

The winter period corresponds to a period between 
the buildup phase (31 January) and the beginning of the 
breeding season (5 March). During this period, the seals 
continue to put on mass but at a lower rate than during the 
buildup period. Growth rates were assumed to be 60% of 
the annual growth rate (GRannual) for juveniles and adults, 
and 20% of the annual growth rate for pups. The rate of 
core mass gain was calculated by:

GRwinter • (1 − Sculpnext)

where Sculpnext is the percent of sculp mass on body mass 
at the beginning of the next breeding season.

 ( )( ) ( )

EndmoultFattest
MoultMLMFattestGRMo befmoultwinternext

−

+−−• •− 365
GR buildup  =  (10)
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Heat Increment of Feeding

The heat increment of feeding (HIF) is a fraction of 
metabolizable energy (ME), set at 20% (Lavigne et al., 
1985). Net energy (NetE) is the difference between HIF 
and ME. If the animal is below its thermoneutral zone, 
HIF can be used to maintain body temperature (Worthy, 
1990). To avoid counting energy twice, an “apparent” heat 
increment of feeding (AppHIF) was calculated as the heat 
increment of feeding (HIF) minus the difference between 
the minimum heat production for thermal stability and the 
sum of BMR and activity using equation (13).

Gross Energy Intake

The effi ciency of assimilation increases with the 
caloric density of the prey, varying from about 81–83% 
for a diet of shrimps only to 93–94% for a diet of capelin 
(Mårtensson et al., 1994). We assumed a metabolizable 
energy of 82.7% of gross energy intake (ME/GEI), 
according to Lavigne et al. (1982, 1985) for an average 
fi sh meal.

The annual metabolizable energy requirements 
(MEannual) were calculated as the sum of daily values of 
ME over the year. GEI was then calculated as:

(14)

Conclusions

There are important differences between males and 
females in the pattern of mass change (Fig. 2). Mature 
males lose mass throughout the spring from the beginning 
of the breeding season in early March and continuing 
until May, after the moult. This loss occurs primarily in 
the sculp. By late May, males begin to regain mass, and 
continue this mass gain throughout the year until late 
January. From late January until early March there is little 
mass change. Among breeding females, there is signifi cant 
mass loss during lactation. After lactation, females regain 
about 64% of this mass loss during March and April, then 
undergo a further decline in mass during the moult. Again 
much of this mass loss occurs primarily in the sculp. Mass 
gain begins again in late May and continues throughout 
the spring and autumn until late January (Fig. 2). 

Marked seasonal changes in GEI were observed 
owing to the contrasting demands of reduced intake 
during breeding and moult and the buildup of energy 
reserves during other periods in the year (Table 4). Among 
adult males the greatest GEI intake occurs during the 
fourth quarter, when animals are moving south along 

the Labrador coast into the Gulf of St Lawrence (Fig.1). 
Lower GEI is seen during the fi rst and second quarter, 
when breeding, moulting and the beginning of the return 
migration to the north occur. GEI increased again during 
the third quarter when animals are in the Arctic. Among 
breeding females, GEI was greatest during the fourth 
quarter, and as in adult males began to decline during 
the fi rst quarter (Fig. 3; Table 4). However, the decline in 
GEI during this quarter was not as marked in whelping 
females, declining by about 14% compared to the 30% 
reduction in GEI observed among adult males. These 
differences refl ect the feeding activity of females during 
and immediately after lactation, when they replace some 
energy reserves. As in adult males GEI by breeding 
females continued to decline reaching a minimum during 
the second quarter of approximately 50% of the fourth 
quarter levels. Among non-breeding animals aged 1+ y, 
GEI also reached a maximum during the fourth quarter, 
and then declined slowly during the fi rst quarter reaching 
a minimum during the second quarter (Table 4). Among 
pups independent feeding begins in the second quarter 
after the post-weaning fast (Table 4). GEI increases 
throughout the year and then appears to decline during 
the fi rst quarter. However, this decrease results from an 
accounting diffi culty since animals are suckling during 
their fi rst March and have moved into a different age class 
by their second March.

Estimates of GEI were most sensitive to changes in 
the fraction of the gross energy available as metabolizable 
energy, the activity factor and estimates of body mass 
(Table 5). Changes in the conductivity of blubber, fat 
content of the blubber and the fraction of the total mass 
that was composed of the blubber and skin (sculp) 
had intermediate effects on estimates of total energy 
requirements. Including the effects of reproduction 
increased the female’s annual GEI by about 10% compared 
to a male harp seal of the same age and by 15% compared 
to a non-breeding female of the same age. Variability in 
water or air temperature, and changes in activity budget 
had little effect on estimates of GEI.

GEI using a simple model were estimated using Mmax, 
the seasonal maximum body mass (kg), or Mmin , which is 
body mass from April when mass approaches its annual 
minimum (Fig. 2; Table 4). The resulting estimates of 
annual GEI using the Mmax form of the constant model 
with no seasonal changes in GEI overestimates annual 
consumption among adult males by ≈6% compared to 
the detailed seasonal model (Table 4), while using Mmin 
underestimates estimated energy requirements by ≈27%. 
However, seasonal comparisons illustrate more signifi cant 
differences with the simple model overestimating energy 

( ) ( ) ( ( )/ /minAppHIF NetE  HIF 1 HIF H AF BMR       1 OnIce NetE  HIF   1    HIF= ⋅ − − − ⋅  ⋅  − + ⋅ −⎣ ⎦⎡ ⎤• • • •   OnIce•) (13)
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B. Adult female: 12 y
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Fig. 3. Seasonal changes in energy intake of (A) an adult male, (B) a pregnant/lactating female, (C) a juvenile, and (D) a pup harp 
seal. The solid line shows the seasonal changes in GEI from the detailed model. The upper dotted line shows estimated 
energy requirements using the simple energy model, where M is the annual maximum body mass. The lower dashed line 
shows estimated energy requirements using the minimum annual body mass.

C. Juvenile energy intake
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D. Pup energy intake
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intake by 23% and 65% for the fi rst and second quarters 
respectively, while underestimating consumption by 11% 
and 17% in the third and fourth quarters respectively 
(Table 4). However, harp seals feed very little during the 
breeding season and during the moult. If this is taken 
into consideration by setting GEI to zero during these 
two periods, then consumption would be overestimated 
by 21% during the fi rst quarter, would essentially be the 
same as predicted by the detailed model for the second 
quarter, but would underestimate consumption by 10% 
and 16% during the third and fourth quarters respectively 
(Table 4). For adult females, a simple model based on 
the maximum mass (not including the foetus), would 
underestimate annual GEI by about 10% compared to the 
detailed model, while a simple model using the minimum 
seasonal mass would underestimate GEI by about 38% 
(Table 4). Taking into account that females do not feed 

during lactation and the moult, this adjusted version of 
the simple maximum mass model would underestimate 
GEI by 21% overall. The adjusted simple model would 
also underestimate GEI during all quarters, with the 
exception of the second quarter, where GEI would be 
similar (Table 4). For a 3 year old male, the simple model 
using Mmax, which occurs just prior to the animal turning 
4, would underestimate GEI by about 16%, overall, but 
would underestimate intake by 19%, 25% and 30% during 
the fi rst, third and fourth quarters respectively. If a growth 
factor of 1.3 is included in the basic equation (Hammill 
and Stenson, 2000), and taking into account that animals 
do not feed during the moult, then GEI is underestimated 
by 2% compared to the detailed model. Seasonally, intake 
would be overestimated by 6%, and 3%, in the fi rst and 
second quarter, respectively, but underestimated by 3%, 
and 9% during quarters 3 and 4 (Table 4). In pups, large 
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discrepancies are seen between annual GEI estimated 
from the seasonally varying model and the constant 
models depending on whether mass at birth or mass at 
weaning is used. If a mass of a male pup at the end of the 
post-weaning fast (26.6 kg) is used, then the annual GEI 
of a pup would be 3 018.4 MJ /y, which is 33% lower 
than the 4 550.5 MJ/y predicted by the detailed model. 

However, if the same mass is used, and a growth factor of 
1.8 is incorporated into the basic equation (Hammill and 
Stenson, 2000), then the simple model would overestimate 
annual GEI (consumption) by 8% and seasonally would 
overestimate consumption by 7 to 33% for the fi rst three 
quarters, but would underestimate GEI by 6% in the fourth 
quarter (Table 4).

Period Model Mmax Mmax adjusted Mmin

Adult male (12 years old)
1st_quarter 2 242 2 710 2 710 1 882
2nd_quarter 1 668 2 740 1 687 1 882
3rd_quarter 3 077 2 770 2 770 1 882
4th_quarter 3 298 2 770 2 770 1 882
Annual 10 285 10 990 9 937 7 528

Breeding female (12 years old)
1st_quarter 3 030 2 503 2 141 1 716
2nd_quarter 1 897 2 530 1 557 1 735
3rd_quarter 3 006 2 558 2 558 1 754
4th_quarter 3 500 2 558 2 558 1 754
Annual 11 433 10 149 8 814 6 959

Non-breeding female (12 years old)
1st_quarter 3 030 2 503 2 141 1 716
2nd_quarter 1 897 2 530 1 557 1 735
3rd_quarter 3 006 2 558 2 558 1 754
4th_quarter 3 500 2 558 2 558 1 754
Annual 11 433 10 149 8 814 6 959

Juvenile male (3y)
1st_quarter 2 055 1 668 2 168 1 213
2nd_quarter 1 308 1 686 1 349 1 226
3rd_quarter 2 280 1 705 2 216 1 240
4th_quarter 2 434 1 705 2 216 1 240
Annual 8 077 6 764 7 949 4 919

Pup
1st_quart 994 1 087 744
2nd_quart 830 1 102 752
3rd_quart 1 274 1 369 761
4th_quart 1 453 1 369 761
Annual 4 551 4 927 3 018

Table 4.  Estimated annual and quarterly energy intake (MJ) for an adult male (12 y), a breeding 
and non-breeding adult female (12 y), a juvenile male (3 y) and young of the year. The 
1st_quarter represents energy consumption during 1 January–31 March. Estimates were 
obtained taking into account seasonal changes in energy requirements (detailed Model), 
or assuming that they remained constant using the simpler model : Energy consumption 
(kJ/d)=(2×293×M0.75)/0.83 (Hammill and Stenson, 2000), where M is MMax is the annual 
maximum body mass (kg) in early March or MMin is the minimum body mass (kg) in April. 
For pups, the maximum body mass was attained the following January, and the minimum 
mass at birth. A MMax adjusted model used the maximum mass observed in the year, but 
food intake was set to zero during breeding and moult. 
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Discussion

Our objective was to model seasonal changes in GEI 
of harp seals and to assess how this might affect estimates 
of GEI at the population level. We assumed that an average 
harp seal was able to obtain the energy needed to satisfy 
its daily energy requirements, consequently feedback 
loops were not incorporated to examine changes in 
metabolic rates such as metabolic depression (Øritsland 
and Markussen, 1990) or changes in body composition 
that would occur if energy requirements could not be met 
(Worthy, 1987b). 

The model was very sensitive to changes in body 
mass, the activity factors used to model the energetic cost 
of various activities, and the estimate of metabolizable 
energy as a fraction of gross energy. Estimates of 
conductivity and the fat content of the blubber were of 
lesser importance while changes in ambient temperature 
had little impact on annual GEI estimates. Changes in the 
activity budget also had little impact on estimates of GEI, 

but this factor is linked very closely to the activity factors 
applied to estimate daily energy expenditures. The model 
estimated the cost of gestation as 587 MJ, which is similar 
to the costs associated with gestation in the slightly larger 
grey seal (675 MJ) (Yunker et al., 2005). Reproduction 
increased estimated female annual GEI by 15%, which 
is similar to the value of 14.6% estimated by Olesiuk 
(1993) for harbour seals. We also modelled minimal heat 
loss using the approach described by Ryg et al. (1988), 
(Equations 4 and 5), but it has been argued that true heat 
loss might only be 60% of the values estimated from 
Equations 4 and 5 (Kvadsheim et al., 1997). However, 
if just adult and juvenile males are considered, adjusting 
the heat loss equations would have minimal impact on 
estimates of energy consumption, reducing energy intake 
by 4–5% respectively. 

The development of a detailed model provides 
insights into the array of principles and mechanisms 
constraining the individual (Øritsland and Markussen, 
1990), at the same time it also serves to underline gaps in 

Variable Females Males Pups
Cold water temp <1 <1 <1
Air temp <1 <1 <1
Duration post-wean. fast 3
Mass loss during moult <1 <1
%blubber birth 3
%blubber weaning 15
Birth mass 3 5
Duration lactation 6
Body mass 65 62
Body length 5 15
Conductivity 8 20 13
Activity factors 
for bmr

60 73 79

ME/GE 87 87 87
Fraction mass loss from core 7 9
Max sculp <1 18
Fat (core) 2 <1
Fat(blubber) 25 14
Reproduction 13
Time hauled-out <2 <2 2

Time searching <2 <2
Activity factor: searching 2 2

Table 5.  Relative changes (%) in estimates of energy consumption 
resulting from 10% changes in model variables. Accounting 
for reproduction in a 12 y old female increases her annual 
energy consumption by 14%.
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our knowledge. Seasonal changes in energy requirements 
of harp seals have been modelled elsewhere (Lavigne 
et al., 1982; Øritsland and Markussen, 1990), but since the 
development of these models our information on several 
aspects of harp seal biology have improved considerably 
(e.g. Kovacs et al., 1991; Lydersen and Kovacs, 1993, 
1996; Beck et al., 1993; Hammill et al., 1995; Chabot 
et al., 1996; Oftedal et al., 1996; Chabot and Stenson, 
2002). In spite of this progress and the extensive data base 
on Northwest Atlantic harp seals (Chabot et al., 1996), 
better information is still required on changes in body mass 
and body composition of mature, non-breeding females 
and in particular on mass changes in males between 
May and November. Samples obtained from the autumn 
migration (November) show that there has been little mass 
gain since the early April to mid-May moult, the previous 
spring, but it is unclear whether there is little mass gain, 
during the summer, or additional mass loss occurs during 
the autumn migration from the Arctic to the coastal waters 
off the Labrador coast and into the Gulf of St. Lawrence 
(Chabot and Stenson, 2002). Animals begin gaining 
mass after arrival in southern waters, reaching a peak 
just prior to pupping in March. This contrasts markedly 
with northeast Atlantic harp seals that begin to gain mass 
after the moult and continue throughout the summer and 
fall. Northeast Atlantic harp seals appear to reach a peak 
in mass in October, then lose mass slightly through the 
winter until pupping in March, when rapid mass loss 

occurs (Nilssen et al., 2000). Signifi cant gaps also remain 
in information on activity budgets, and cost of diving, 
although some information is available for other species 
(e.g. Sparling and Fedak, 2004). Considerably more work 
is needed to improve our understanding of the duration 
of the moult, and the effects of the moult on metabolic 
rate. Several authors have reported that metabolic rate 
declined during the period when the moult would occur 
(Ashwell-Erickson et al., 1986; Slip et al., 1992; Worthy 
et al., 1992; Sparling et al., 2006), while others have found 
that metabolic rate increased (Boyd et al., 1993; Renouf 
and Gales, 1994; Boily, MS 1995). 

Estimates of GEI from the detailed model were similar 
to those reported elsewhere for harp seals. Lager et al. 
(1994) estimated that juvenile harp seals (age 2–4 years 
old) required on average 25 600 KJ/d in captivity. This is 
slightly higher (14%) than the 22,100 KJ/d we estimated 
for a three year old juvenile, but compares favourably to 
the 24 200 KJ/d that the model would estimate for a four 
year old juvenile. Applying the model to estimates of age 
composition of the northwest Atlantic harp seal population 
in 1968 and 2005, when the population increased from 
2 million to 6 million animals and there was a marked 
change in productivity of the herd (Table 6) (Hammill and 
Stenson, 2008), results in an increase in annual energy 
requirements from 17.3×109 to 49.6×109 MJ. Although 
there was a reduction in productivity of the herd, with 

1968 2005 Estimated annual energy 
consumption (MJ×109)

Age Abundance Rpd rates Abundance Rpd rates 1968 2005
0 437 924 0.00 1 025 126 0 1.76 4.13 
1 127 032 0.00 514 342 0 .77 3.13 
2 112 146 0.00 508 434 0 .79 3.58 
3 143 654 0.00 246 901 0 1.14 1.96 
4 97 572 0.09 423 588 0.09 .85 3.52 
5 126 581 0.19 381 186 0.19 1.17 3.21 
6 165 709 0.55 292 810 0.37 1.61 2.81 
7 1334 41 0.82 209 776 0.67 1.32 2.06 
8 139 477 0.87 217 414 0.71 1.42 2.19 
9 1 041 0.87 198 069 0.71 .01 2.03 

10 33 366 0.87 246 657 0.71 .3 2.56 
11 45 305 0.87 223 980 0.71 .48 2.34 

≥12 521 571 0.87 1 508 206 0.71 5.62 16.04
Total 2 084 819 5 996 488 17.30 49.55

Table 6.  Estimated age structure and abundance of the Northwest Atlantic harp seal 
population in 1996 (Hammill and Stenson, 2008), and estimated energy 
requirements if reproduction is accounted for in the model.
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adult reproductive rates declining from 0.87 to 0.71, the 
proportion of juveniles (age 1–5) in the herd increased 
from approximately 29% to 34%. Consequently, overall 
there was no change in per capita energy consumption with 
a per capita consumption of 8.3×103 MJ/y (Tables 6 and 
7). These estimates of per capita energy consumption are 
similar to values of 9.3×103 MJ/y estimated by Nordøy et al. 
(1995) when his population estimate is converted to per 
capita consumption, and our estimates are approximately 
17–26% lower than estimates of 10.0–11.2×103 MJ per 
capita per year in earlier models (Lavigne et al., 1982; 
Øritsland and Markussen, 1990). Under most conditions, 
energy requirements determined from the basic Kleiber 
equation for BMR as a function of body mass and the 
scalar multipliers developed to account for activity were 
very similar to the GEI of harp seals obtained from the 
detailed model. Consequently, the simplified model, 
taking into account age specifi c growth factors would 
appear to provide a reasonable approximation of annual 
GEI for a phocid such as the harp seal. The resulting 
estimates are likely conservative, but the uncertainty in 
these estimates are less important than the uncertainty 
associated with total population size, distribution and the 
very large uncertainty associated with diet composition 
(Hammill et al., 1995; Shelton et al., 1997). However, 
a simplifi ed model might signifi cantly underestimate or 
overestimate seasonal energy requirements which could be 
an important factor when trying to determine consumption 
in a particular region or at a particular time of the year. 
Seasonal changes in energy intake could be taken into 
account by setting intake to zero during reproduction and 
the moult and possibly improved further by including 
annual changes in body mass (Trzinski et al., 2006). 

Some of the harp seal population remains in Arctic 
regions year-round, while approximately 80% are 
considered to migrate south to southern Labrador and into 
the Gulf of St. Lawrence beginning in mid-November and 
remain in southern waters until about mid-June (Hammill 
and Stenson, 2000). During that period marked changes 
in energy intake occur. Taking into account the seasonal 
distribution shifts and changes in energy requirements, 
only about 40% of the annual intake by Northwest Atlantic 
harp seals would occur in southern waters. Thus, failure to 
take into account seasonal changes could have a signifi cant 
impact on our views of consumption by these animals.

Estimating GEI by seals is a complex issue requiring 
the estimation of many parameters. The complex model 
indicated that changes in body mass and the activity 
factors had a major impact on estimates of energy 
requirements. Overall the simple model with a constant 
energy intake provides a reasonable estimate of annual 
energy requirements. However, pinnipeds do undergo 
marked seasonal changes in energy intake, which could 
have important implications if GEI is being considered 
within a limited time frame or a specifi c area. This can 
be accommodated in a simple model by taking into 
consideration seasonal changes in mass and seasons when 
animals are not feeding.
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