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ABSTRACT

Energy-flow models were developed to assess the net and gross energy
requirements of natural populations of Bering Sea harbor seals (Phoca
vitulina richardsi) and spotted seals (Phoca largha), and to estimate
their impact on two commercially-important fishes, walleye pollock
(Theragra chaloogramma) and Pacific herring (Clupea harengus pallasi).
Energy requirements were estimated from long-term studies of food con-
sumption and proximate composition, food energy content and digestibility,
and metabolic effects of temperature, feeding, activity, molt, and
reproduction in captive representatives of each species.

Captive seals adjusted their ad libitum intake of food to maintain
caloric equivalence between diets of varying fat content. The mean
digestible energy of pollock and herring was 96.7 * 0.2% and 91.2 * 0.7%
of gross ingested energy, respectively, and the estimated net energy
available from both diets was 80.3% of gross energy.

Basal metabolism of both seal species remained constant with season
and declined with age. Maximal metabolic effort in water was achieved
with harbor seals carrying an 8-kg weight load at an oxygen consumption
rate of 32.8 £ 2.8 ml OZ/kg-min, or approximately four times basal rate.
Metabolism during molt in harbor seals was about 10% less than pre-molt
levels, accompanied by a rise in plasma cortisol and decline in plasma
thyroxine. Reproductive energy costs were estimated at 2.4 x 105 and
2.2 x 105 keal for individual harbor and spotted seals, respectively.

The annual gross energy required by both populations combined was

estimated at 5.6 x 1011 keal, corresponding to an annual consumption of

iii
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8.16 x 104 metric tons of pollock, 5.17 x 104 metric tons of capelin
(Mallotus villosus), 3.73 x 104 metric tons of herring, and 4.61 x 104
metric tons of invertebrate species, four important prey of these seals.
These results suggest that the annual pollock and herring intake of
both populations may be about 9% and 20%, respectively, of the present

commercial take of these fishes.
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CHAPTER I
GENERAL INTRODUCTION

The Setting

The Bering Sea is a subarctic embayment of the North Pacific Ocean,
separated from the Pacific by 1,200 miles of Aleutian Island arc and
bounded by the land masses of Siberia to the west and Alaska to the east
(Hood and Kelley, 1974). Nearly 44% of the Bering Sea consists of a
wide and shallow continental shelf, which supports an organic production
surpassed only by the upwelling areas of the eastern Pacific and eastern
Atlantic Oceans (Hood and Kelley, 1974). A heavily exploited region in
terms of fisheries, the Bering Sea ecosystem is currently the subject
of intense scientific investigation seeking to understand those processes
contributing to an "unusually efficient transfer of energy from primary
producers to and between consumers" (Cooney, McRoy, Nishiyama, and
Niebauer, 1979). This multi-disciplinary effort, represented by the
PROBES (Processes and Resources of the Bering Sea Shelf) Program, has
been examining physical oceanography, weather, nutrient distribution
and regeneration, primary production, and upper trophic level dynamics
in an attempt to formulate an ecosystem model of the southeastern Bering
Sea. Other investigations conducted under the Outer Continental Shelf
Environmental Assessment Program (OCSEAP) have provided quantitative
data on the populations of important organisms in the various trophic
levels of this ecosystem (Burns and Harbo, 1976; Lowry, Frost, and Burns,
1976; Fiscus, Braham, and Mercer, 1976; Pitcher and Calkins, in press).

The shelf region of the ecosystem has been described as a "lake in the
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sea," where unusual stability is influenced by extreme winter cooling
and seasonal formation of sea ice (Goering, 1978). The seasonal ice
cover of the Bering Sea shelf supports an undersurface algal mat "con-
stituting a major standing stock of primary producers in the Bering Sea"
(McRoy and Goering, 1974a) and provides an important substrate for pin-
niped rest, reproduction, refuge, and food accessibility (Fay, 1974).
Sea ice covers the shelf entirely or in part from Wovember through
June, and influences productivity in all trophic levels (McRoy and
Goering, 1974b). The late winter production of under-ice microalgae
occurs earlier than the spring phytoplankton bloom of the ice-free
water column, and may be of equal magnitude (McRoy, Goering, and
Schiels, 1972; McRoy and Goering, 1974b). These overlapping pulses of
primary production supply organic matter to the food chains leading to
abundant invertebrate, finfish, and mammal populations which inhabit
the region. From late March to July, large numbers of spotted seals
(Phoca largha), among others, inhabit the ice front, exploiting the
rich food supply, giving birth to young, mating, and molting (Burns,
1970; Fay, 1974; Shaughnessy and Fay, 1977). In June to August or
September, harbor seals (Phoca vitulina richardsi) feed, bear young,
mate, and renew their pelage at coastal habitats fringing the southern
Bering Sea along the Aleutian Islands and northern Alaska Peninsula
(Burns, 1970; Fay, 1974; Shaughnessy and Fay, 1977; Lowry, Frost, and
Burns, 1979a; Pitcher and Calkins, in press). The timing and sequence,
or phenology, of these events and their quantification are critical to
a realistic evaluation of the trophodynamic scheme in this productive

ecosystem.
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Pinniped and Fishery Interactions in the Bering Sea

The trophodynamic interrelationships of pinniped populations and
their food resources in the Bering Sea are not well understood. Al-
though much data on food habits and related behavior of northern pinni-
peds exists (Scheffer, 1950; Kenyon, 1956; Wilke and Kenyon, 1957;
Scheffer, 1958; Spalding, 1964; Fiscus and Baines, 1966; Johnson, Fiscus,
Ostenson, and Barbour, 1966; Lowry et al., 1979a; Frost, Lowry, and
Burns, 1979), few attempts have been made to define the niches occupied
by these mammals in the complex trophic structure of the ecosystem.
Interactions between seals and commercial fishery stocks have prompted
detailed studies of the association between marine mammals and fisheries,
such as the ecosystem model being developed by the National Marine Fish-
eries Service (McAlister, Sanger, and Perez, 1976; McAlister and Perez,
1977; Laevastu, 1978).

Pollock comprise one of the major foods of harbor, spotted, and
ribbon (Phoca fasciata) seals in the Pribilof Islands area of the south-
eastern Bering Sea (Lowry et al., 1979a) and are important also in the
diet of fur seals (Callorhinus ursinus) and sea lions (Eumetopias
Jubatus) inhabiting this region (Scheffer, 1950; Lowry et al., 1979a).
Harbor and spotted seals also feed heavily on herring during summer
months nearshore (Lowry et al., 1979a).

Probably overfishing has caused the decline of the eastern Bering
Sea pollock fishery from the peak catch of over 1.8 x 106 metric tons
in 1972 to a total allowable catch of 9.5 x ].05 metric tons in 1977

(National Marine Fisheries Service, 1977). Recently, it has been
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estimated that the biomass of pollock and herring consumed by Bering Sea
harbor and spotted seals exceeds the present catch of each fishery
(Lowry et al., 1979a). McAlister et al. (1976) estimated the finfish
component of the total food consumption of harbor seals, spotted seals,
ringed seals (Phoca hispida), ribbon seals, bearded seals (Erignathus
barbatus), fur seals, and sea lions in the eastern Bering Sea to be

2 x 106 to 3 x 106 metric tons, a figure "approximately equal to, or
slightly larger than," the present commercial fisheries combined.

Recent passage of the Marine Mammal Protection Act in 1972 and the
Fishery Conservation and Management Act in 1976 has made clear the Fed-
eral Government's recognition of the need to conserve and manage marine
resources. However, the two acts also have presented mutually conflicting
policies which may inhibit effective systems management of marine mammal
and fishery stocks in the southeastern Bering Sea (Lowry et al., 1979a).
Both acts have the management goal of maintaining optimum sustainable
populations of species, yet management programs for marine mammals in
Alaska have not been implemented and commercial fishing effort is ex-
panding (Lowry et al., 1979a). Before adequate management programs can
be developed, knowledge of environmental carrying capacity for a species
must be gained from study of trophic level relationships and population
assessment. Intensive fisheries such as those for pollock and herring
in the Bering Sea may precipitate a "re-adjustment of marine mammal pop-
ulations" to levels significantly lower than current ones (Lowry et al.,

1979a).
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Present assessment of pinniped food habits and estimates of nutri-
tional requirements are based on studies of both wild and captive indi-
viduals. The natural food of pinnipeds has been determined primarily
by examining stomach and intestinal contents, feces and vomitus, and
observing animals feeding. Many researchers believe natural feeding to
be regulated mostly by circumstance, the animals tending to exploit those
species "that are most abundant, within their geographical range, and
most easily captured and devoured" (Keyes, 1968). Frequency of feeding
and daily nutritional requirements of wild pinnipeds have not been di-
rectly determined. Daily consumption rates ranging from 6 to 8% of total
body weight have been estimated for wild seals, on the basis of calcu-
lations for captive animals (Scheffer, 1950; Sergeant, 1973; Geraci,
1975). McAlister et al. (1976) assumed a daily consumption rate of 7.5%
of body weight in order to derive estimates of seasonal consumption from
biomass for pinnipeds in the eastern Bering Sea. Over half of the in-
stitutions contacted by Hubbard (1968) fed 6 to 10% of the animal's
body weight per day. Growing, pregnant, and lactating seals were given
food portions greater than 10% of their body weight (Hubbard, 1968).

Spalding (1964) reviewed estimates of food requirements for captive fur

sealr, sea lions, and harbor seals as reported in the literature, noting
a range of 2 to 7% of body weight consumed daily, with an average daily
food intake of 5%. An average value of 6% body weight per day was ob-
tained when maximum weights of stomach contents of 2 to 11% from wild

specimens were included in the data (Spalding, 1964). Miller (1978)

suggested a value of 14% body weight as the daily food requirement of
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pelagic subadult fur seals. The great disparity in estimates reflects
the general uncertainty of food consumption rates in wild pinnipeds and
may result in unrealistic conclusions depending on the estimate used
(Lowry et al., 1979a). Season, reproductive status, age, physical con-
dition, activity, and sex have been correlated with food intake either
inadequately or not at all. Values of food consumption by captive
animals that are used as estimates for wild pinnipeds do not account
for the caloric contents of different diets. The diet represented by
consumption figures often has been overlooked: 7% may apply to a
relatively low-fat diet such as pollock, while only 5% may by sufficient
for caloric equivalence with a high-fat diet such as herring (Geraci,
1975). It seems clear that, in order to appraise the impact of a pinni-
ped species on its prey organisms realistically, these factors must be

considered in the context of an annual energy budget for the species.

The Framework of Pinniped Energetics

The study of mammalian bioenergetics has had early and wide appli-
cation in programs devoted to increasing production efficiency of domes-
tic livestock (Brody, 1945) and, more recently, has been directed at the
evaluation of human impact on wild populations of mammals through deter-—
mination of mutual energy sources and needs (Moen, 1973). At the organ-
ismal and populational levels, bioenergetics is governed by the same
thermodynamic principles which dictate physical energy transfers and
transformations. The individual or population is represented by a

thermodynamic system which exchanges matter and energy (heat and work)
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with its surroundings, is assumed to maintain equal rates of matter and
energy influx and efflux (a steady state), and is irreversible in that
internal work is continually converted to thermal energy and dissipated
as heat (Wiegert, 1968). From examination of energy flow in an animal,
an energy budget is derived which must be balanced and may be extrapo-
lated to the natural population after population structure, stability,
growth and productivity, and energy requirements have been considered.
It is impossible to specify a continuous steady-state condition with in-
dividual living organisms, since growth and daily existence involve
rapidly changing thermodynamic variables. However, one may describe
these transitory states as the establishment of one steady state after
another, integrating them over time (Gallucci, 1973), or simply recognize
the error involved and qualify any conclusions derived from energy bud-
get calculations (Wiegert, 1968).

The concept of energetic efficiency has had many interpretations
in the literature, but in trophodynamic studies Kozlovsky's (1968) defi-
nition seems most appropriate. He relates ecological efficiency to the
idea of transfer efficiency, or the ratio of energy available to trophic
level n + 1 to the energy ingested or removed from trophic level n - 1
by trophic level n. Kozlovsky (1968) has noted a decrease in ecological
efficiency above trophic level II (primary consumers), "so that values
below 10% should not be considered anomalous." In energetic studies of
a single animal population, the gross efficiency expressed as the ratio
of yield (or production) to ingestion (Slobodkin, 1960) is a useful

measure of ecological efficiency.
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Measures of Energy Expenditure

In formulating the energy budget f~r an animal, whether as a means
of identifying individual variation or as a basis for extrapolation to
the larger population, the rate of energy metabolism "integrates more
aspects of animal performance than any other physiological parameter"
(Bartholomew, 1977). Measurements of whole animal metabolism used most
frequently in energetics studies are indirect calorimetry and food con-
sumption trials (Gessaman, 1973; Mautz and Fair, 1980).

Indirect calorimetry involves measurement of the oxygen consumed
and carbon dioxide produced by an individual and calculation of its heat
production through use of the respiratory quotient or RQ. The RQ, or
ratio of carbon dioxide produced to oxygen consumed, indicates the type
of substrate oxidized by the body (protein, carbohydrate, fat, or a com-
bination of these) and the heat derived per volume of oxygen consumed
(caloric equivalent of oxygen). The standard measurement in indirect
calorimetry is basal metabolic rate or BMR (also referred to as standard
metabolic rate, SMR), the heat production of an animal under rigorously
defined criteria to allow comparison with other species (Hoch, 1971).
These criteria specify that the animal be in good nutritive condition,
in a state of muscular repose (but not asleep), postabsorptive (at least
12 hours fasted), and in a thermoneutral environment (Church and Pond,
1974; Maynard, Loosli, Hintz, and Warmer, 1979). Four major components
have been identified in metabolic studies with captive animals:

(1) the specific dynamic action of food, or the energy cost of
assimilation and digestion (SDA);

(2) the energy cost of activity;
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(3) the energy cost of thermoregulation; and

(4) the energy cost of production, which includes tissue growth,
storage, and reproduction.

Levels of metabolism commonly reported in the literature are sum-—
mations of BMR and these components, and are presented in Table 1.

The food consumption method measures productivity in addition to
metabolism. It is based on the amount of food energy available to an
animal or trophic level, influenced by a variety of factors related in

the energy balance equation:
NE = GE - (FE + UE + SDA) = NEP + NErn (1)

where NE equals net food energy, GE equals gross food energy, FE equals
fecal energy, UE equals urinary energy, SDA equals specific dynamic ac-
tion of food (not detectable by the food consumption method), and NEp
and NEm are those components of the net food energy associated with
production and maintenance, respectively. Net energy is estimated from
the difference in caloric content of food consumed (gross energy) and
material egested and excreted (feces and urine) by a caged animal over
a period of several days (Gessaman, 1973). Food is provided ad libitum
and the animal is free to move within its cage. When NEP is negligible
(weight is constant and other forms of production are not occurring),
and space for movement and activity are equivalent in both food con-

sumption and indirect caloric measurements,
NE = EM = ADMR (2)

where EM equals the energy cost of free existence (Gessaman, 1973), and
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TABLE 1. Levels of metabolism commonly reported in the literature.
(adapted from Gessaman, 1973 and Bartholomew, 1977).

I. Fasting Metabolism: FMR = BMR + activity

II. Resting Metabolism: RMR = BMR + SDA + thermoregulation

III. Maintenance Metabolism: MMR = BMR + SDA + thermoregulation +
activity

Iv. Average Daily Metabolism: ADMR = BMR + SDA + thermoregulation

+ activity + production
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ADMR equals average daily metabolic rate expressed as calories with use
of the appropriate caloric equivalent of oxygen.

The turnover rates of body water labeled with D,0 and Hzlao (doubly-
labeled water, or Dzlso) and radiotelemetered heart rate also have been
used as indirect measures of free-living animal metabolism. The doubly-
labeled water method has been validated for many species, but can be
expensive and time-consuming (Mullen, 1973). It is based on the fact
that the oxygen of expired carbon dioxide is in isotopic equilibrium
with the oxygen of body water (Lifson, Gordon, Visscher, and Nier, 1949).
The hydrogen in body water is lost mainly as water, while the oxygen is
lost both as water and carbon dioxide. These two components of body
water are labeled with stable isotopes of hydrogen (deuterium) and oxy-
gen (oxygen-18) and injected into the animal's body. The difference
between hydrogen isotope and oxygen isotope loss rates is a measure of
carbon dioxide production and thus metabolic rate (LeFebvre, 1964; Nagy,
1975). Radiotelemetered heart rate, used for many years in studies of
human energetics, has been of limited value in the estimation of energy
expenditure from heart rate-metabolism regressions (Brockway and McEwan,
1969; Mautz and Fair, 1980). The heart rate-energy expenditure rela-
tionship varies among individuals within the same species and between
days for the same individual (Morhardt and Morhardt, 1971). Various
stimuli affect heart rate without causing concurrent changes in metab-
olism (Johnson and Gessaman, 1973). In some species, heart rate can be
a reliable index of energy expenditure when separate regressions of
oxygen consumption on heart rate specific for season are established for

different activity levels over long time periods (Pauls, 1980).
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Estimates of Free Existence Metabolism

A detailed survey of experiments estimating the energy expenditure
of birds and mammals in their natural enviromments has been made by
Gessaman (1973).

In small mammals, estimates of free-living metabolism have been
derived from measurements of ADMR in several rodents (Pearsom, 1947;
Wiegert, 1961) and least weasels, Mustela (Golley, 1960), and measure-
ments of RMR + activity in harvest mice, Reithrodontomys (Pearson, 1960)
and three species of field mice, Peromyscus (McNab, 1963). The product
of measured food consumption and assimilation efficiency also has been
used as an approximation of free emergy expenditure in tree squirrels,
Tamiasciurus (Smith, 1968). Mullen (1970, 1971a, 1971b) measured the
daily energy budgets of free-living pocket mice (Perognathus), canyon
mice (Peromyscus) and kangaroo rats (Dipodomys) in Nevada by injecting
live-trapped animals with D20 and Hzlso, obtaining blood samples, and
releasing them to the study area for later recapture and blood sampling
throughout the year. Newman (1971) computed annual and seasonal energy
flow for a salt marsh shrew population (Sorex) in California from esti-
mates of ADMR + RMR. Values of RMR + activity were used to calculate
energy flow in 13 species of mammals inhabiting a desert community in
Arizona (Chew and Chew, 1970). Odum, Connell, and Davenport (1962)
measured existence metabolism with food consumption trials for a field
mouse (Peromyscus) population and doubled their value to estimate free-
living energy flow. Randolph (1972) estimated the seasonal energy re-

quirements of a short-tailed shrew (Blarina) population by incorporating
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studies of thermal balance, activity metabolism, food consumption, and
assimilation efficiency in individual shrews in a model of the shrew
predator-prey system. Energy flow in a Peromyscus population was mod-
eled by Baar and Fleharty (1976) from estimates of RMR + activity in
individual mice subjected to seasonal temperature variations in a nest-
ing chamber, and daily and seasonal variation of temperature and photo-
period in an adjoining respirometer-activity chamber.

As Gessaman (1973) indicates in his review, few studies have been
done on the energetics of large wild mammals, although much information
exists on the energy metabolism and food consumption of domestic species.
Many studies of wild species did not attempt to estimate the energy cost
of free existence, but instead emphasized comparative metabolism or di-
gestive efficiency in relation to maintenance and production (Gessaman,
1973). FMR and/or ME has been measured in roe deer (Weiner, 1977), red
deer (Brockway and Maloiy, 1968), eland and wildebeest (Rogerson, 1968),
and caribou (McEwan, 1970). Lamprey (1964) estimated the maintenance
metabolism of average-weight individuals from 14 species of large
African mammals as 3BMR from Hemmingsen's (1960) plot of BMR versus
weight. Buechner and Golley (1967) estimated metabolism and food con-
sumption for four age classes of Uganda kob from curves relating BMR to
body weight (Kleiber, 1961) and food consumption to body weight
(Albritton, 1954). A value of 3BMR was used to approximate the active
metabolism of each age class. The 3BMR estimate is in accordance with
Brody's (1945) observation that 24~hour energy expenditure in horses and

man, including rest periods, ranged from 1.3BMR to 4BMR, with 3BMR
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equivalent to moderate work. Based on the measured oxygen consumption
of other wild ruminants, Moen (1973) estimated values of 1.23BMR to
1.98BMR as the range of energy expenditure of adult white-tailed deer in
five different activity regimes. From the activity pattern data of
Struhsaker (1967) and calculations of Stevens (1970), Moen (1973) was
able to show a seasonal variation of daily energy expenditure in mature
elk and that the energy cost of activity for bull elk during the breeding

season is directly related to their reproductive status in the herd.

Ecological Effieiency in Pinnipeds

Much recent interest in large mammal energetics has been focused on
the assessment of pinniped energy requirements in relation to natural
food resources and possible competition with commercial fisheries
(Chapman, 1973; Sergeant, 1973; Boulva, 1973; McAlister et al., 1976;
Lavigne, Barchard, Innes, and @ritsland, 1977; Parsons, 1977; Gallivan,
1977; Miller, 1978). Ecological efficiency in pinniped populations has
most often been expressed as the gross efficiency of production to in-
gestion, or production/ingestion x 100 (Sergeant, 1973; Boulva, 1973;
Lavigne et al., 1977; Parsons, 1977). A list of comparative values of
ecological efficiency for pinnipeds and other mammals from various
trophic levels is presented in Table 2. Sergeant (1973) calculated the
ecological efficiency of northwest Atlantic harp seals at 0.5% based on
biomass estimates of annual pup production and annual food intake. A
higher value of 3.9% for harp seals was calculated by Lavigne et al.

(1977) from estimates of 2BMR for individual energy requirements,
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TABLE 2. Values of ecological efficiency (production/ingestion x 100) for species from various trophic levels
(adapted from Lavigne et al., 1977).

Species Ingestion Production Efficiency References

Sylvilagus audubonii 2 2
(Desert cottontail rabbit) 1.08 keal/m’-yr 0.03 keal/m’+yr 2.80 Chew and Chew, 1970

Microtus pennsylvanicus 2 2
(tteadow vole) 25.0 keal/m’eyr 0.52 keal/m’-yr 2.10 Golley, 1960

Odocoileus virginianus 2 )
(White-tailed deer) 52.6 keal/m”syr 0.64 keal/m”-yr 1.20 Davis and Golley, 1963

Lozodonta africanus 2 2
(African elephant) 71.6 keal/m"-yr 0.34 keal/m"+yr 0.47 Petrides, Golley, and
Brisbin, 1968

Bos taurus 2 2
(Pomestic cow) 14.3 keal/m®eyr 0.86 keal/m’+yr 6.00 Petrides et al., 1968

Phoca vitulina concolor 5 4
(Atlantic harbor seal) 7.06 x 10”7 keal/yr 4.2 x 10" keal/yr  5.90 Boulva, 1973

Phoca groenlandica

(larp seal) - - 0.50 Sergeant, 1973
Phoca hispida

(Ringed seal) - - 3.80 varsons, 1977
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information on population structure, caloric content of food and seal
tissue, reproductive energy requirements, and mortality estimates from
hunting and natural causes. They suggested that Sergeant's (1973) use
of pup production as the sole factor of yield, and of biomass approxi-
mations rather than energy values, may have resulted in an under-esti-
mate of ecological efficiency for the species. Recalculation of
Sergeant's (1973) data using energy values increased the efficiency es-
timate to 1.76% (Parsons, 1977). Incorporating a stable age distribution
and including natural mortality as yield, Boulva (1973) estimated an
ecological efficiency of 5.9% for eastern Canadian harbor seals, a value
considered too high by others because of over-estimated food caloric
content (Lavigne et al., 1977). Lavigne et al. repeated Boulva's calcu-
lations using their values of food caloric content and obtained an esti-
mate of 3.5%. Parsons (1977) used measurements of basal metabolic rate,
digestibility and caloric content of important prey items, and estimates
of energy losses from digestion and ingested and excreted materials to
estimate maximum energy requirements of captive ringed seals. Applying
this information in an analysis similar to Boulva's (1973), he computed
an ecological efficiency of 3.8% for free-living Canadian Arctic ringed
seals. These values of ecological efficiency compare favorably with
estimates of 2 to 5% for mammals suggested by Steele (1974) and 2 to 3%
for homeotherms (Turner, 1970). In a similar study on captive northern
fur seals, Miller (1978) found an elevation of metabolism in water cold-
er than 18°C and a consequent food intake requirement of 14% body weight

per day for pelagic seals at an average water temperature of 5°C. He
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concluded that present calculations of fur seal food consumption in the
Bering Sea and North Pacific may have been under-estimated by a factor

of 2.

Estimating the Energy Cost of Living for Bering Sea Harbor and Spotted
Seals

The Species

Pacific harbor seals (Phoca vitulina richardsi) and spotted or
larga seals (Phoca largha) of the Bering Sea comprise two large popula-—
tions whose annual food consumption has been estimated at 9.7 x 105
metric tons over the eastern Bering Sea shelf (harbor and spotted seals
combined) and 3.26 x 105 metric tons (harbor seals only) in the Aleutian
area (McAlister et al., 1976). McAlister et al. (1976) estimate the
total Alaskan populations of harbor and spotted seals at 2.7 x 1(.‘!5 and
2.5 x 105 individuals, respectively., They estimate that approximately
6.5 x 104 harbor seals occupy the eastern Bering Sea shelf in summer,
and an equal number in winter. Harbor seals are believed to number 8.5
X 104 in both seasons in the Aleutians. McAlister et al. (1976) esti-
mate spotted seals to number 1.25 x 105 in summer and 2.5 x 105 in win-
ter in the eastern Bering Sea shelf. Everitt and Braham (1978) have es-
timated a minimum abundance of 2.8 to 3.0 x 104 harbor seals from aerial
censuses during the pupping season along the northern Alaska Peninsula
and eastern Aleutian Islands from 1975 to 1977.

The harbor seal inhabits the North Pacific coast, with numerous
local breeding populations from northwestern Baja California to the

Gulf of Alaska, westward along the Aleutian and Commander Islands, and
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southward along eastern Kamchatka to eastern Hokkaido, as shown by
Figure 1 (Scheffer and Slipp, 1944; Fisher, 1952; Bishop, 1967; Marakov,
1967; Belkin, Kosygin, and Panin, 1969; Bigg, 1969; Brownell, DeLong,
and Schreiber, 1974; Naito and Nishiwaki, 1973, 1975). These seals
occupy nearly all inshore marine habitats along the coastal Gulf of
Alaska, Alaska Peninsula, and northern Bristol Bay, and may occupy cer—
tain rivers and lakes on a seasonal basis (Lowry et al., 1979a; Pitcher
and Calkins, in press). During ice-free months, they may range as far
north as Hooper Bay and the Yukon River Delta (Lowry et al., 1979a).
Harbor seal pups are born with a dark, adult-type coat, the white lanugo
having been shed Zn utero before birth (Burns and Fay, 1973; Fay, 1974).
Mating occurs soon after a lactation period lasting 3 to 6 weeks (Bishop,
1967; Bigg, 1969; Knutson, 1974; Johnson, 1976) and a short weaning
period (Johnson, 1976). Mating is followed by molting, which has been
observed to last about 5 weeks in captive individuals (Scheffer and
Slipp, 1944).

The first life history study of harbor seals in the Gulf of Alaska
was conducted by Bishop (1967) who collected preliminary data on popu-
lation structure, productivity, and behavior at Tugidak Island and along
the Kenai coast. Imler and Sarber (1947) collected data on food habits
and population densities of harbor seals on the Copper River Delta in
summer. Mathisen and Lopp (1963) noted harbor seal concentrations in
the course of censusing Steller sea lions in Alaska from 1956 to 1958.
The Alaska Department of Fish and Game (ADF&G) tagged over 4,000 harbor

seal pups during commercial harvests from 1965 to 1972 to provide
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FIGURE 1. Distribution of breeding populations of harbor seals and
spotted seals in the North Pacific (after Shaughnessy and
Fay, 1977).
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information on dispersal and known-age specimens for evaluation of age-
determination techniques (Pitcher and Calkins, in press). The Alaska
Department of Fish and Game also conducted surveys of seasonal distribu-
tion in Prince William Sound in 1973 and 1974 (Pitcher and Vania, 1973;
Pitcher, 1977). Additional studies by Pitcher and co-workers provided
data on population productivity, growth, physical condition, and food
habits in Prince William Sound (Pitcher, 1977) and in the Gulf of Alaska
from Yakutat Bay to Sanak Island (Pitcher and Calkins, in press). Food
habits of both larga and harbor seals were studied by ADF&G in the
southeastern Bering Sea (Lowry et al., 1979a).

Other studies of the Pacific harbor seal include those of Fisher
(1952) on life history and economics of seals in the Skeena River,
British Columbia, and a food habits survey by Spalding (1964) also in
British Columbia. Scheffer and Slipp (1944) made a detailed investiga-
tion of behavior, reproduction, food habits, and economics of harbor
seals in Willapa Bay, Washington, and Newby (1973) also noted reproduc-
tive habits of harbor seals in Washington state.

Once considered a subspecies of Phoca vitulina, the spotted or
larga seal (Phoca largha) is distinguished morphologically, ecologically,
and physiologically (with regard to reproduction) from the harbor seal
by differential cranial characteristics, its association during the
breeding season with the pack ice of the Bering, Okhotsk, Japan, and
Yellow Seas and its earlier (about two months) production of young and
mating (Mohr, 1965; Chapskii, 1967, 1969; Shaughnessy and Fay, 1977).

During winter and spring in the Bering Sea, spotted seals inhabit the
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southern fringe and front of the pack ice from northern Bristol Bay to
the Koryak and Kamchatka coasts (Fay, 1974; Shaughnessy and Fay, 1977).
The spotted seal's association with the ice front may be as much a con-
sequence of feeding behavior as of inability to penetrate heavy ice
(Fay, 1974). 1In the Bering Sea, pups are born in late March and April
on the ice with a white, woolly lanugo (Burms, 1970; Burns and Fay,
1973; Burns, Ray, Fay, and Shaughnessy, 1972; Fay, 1974; Shaughnessy
and Fay, 1977). The seals form widely-spaced "family groups," consist-
ing of an adult male, a female, and a pup, and are assumed to be terri-
torial (Burns et al., 1972; Fay, 1974). The seals disperse inshore in
the summer months; some of them migrate to the Chukchi Sea as far as
the northern coast of Alaska, and return to the Bering ice front in
autumn (Fay, 1974). The birth of pups in the Okhotsk and Japan Seas
varies latitudinally with the extent and stability of the pack ice
(Shaughnessy and Fay, 1977).

As with the harbor seal, the biology and ecology of the spotted
seal has been little studied until recently. The postnatal growth and
reproductive development of P. largha were investigated by Tikhomirov
(1971). Prenatal and postnatal growth of spotted seals in the waters
surrounding Hokkaido were examined from 1968 to 1971 by Naito and
Nishiwaki (1972). Burns (1970) discussed the ecology, behavior, and
morphology of spotted seals in relation to the distribution of other
ice~inhabiting pinnipeds of the Bering and Chukchi Seas. The adoption
of a strange pup by a female larga was reported by Burns et al. (1972)

who suggested that the spatial isolation of parturient females precluded
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the necessity for mother-pup recognition. Shaughnessy (1975) was not
able to detect differences in blood proteins of spotted and harbor seals
by gel electrophoresis. Shaughnessy and Fay (1977) reviewed the nomen-
clatural history and taxonomy of North Pacific harbor seals in depth and
recommended that the spotted seal be given specific rank. The feeding
habits of spotted seals in the Okhotsk Sea have been reported by Wilke
(1954) and Fedoseev and Bukhtiyarov (1975), and in the southeastern Bering
Sea by Lowry et al. (1979a). Population structure, mortality, and dis-
tribution was assessed by Popov (1976) in a status report on ice-inhab-
iting seals of the USSR and adjacent waters. Beier and Wartzok (1979)
made a detailed analysis of the mating behavior of captive Phoca largha,

the first of its kind on any seal.

The Problem

A simplified budget of energy utilization in an individual non~
ruminant mammal is illustrated by Figure 2 (Harris, 1966; Moen, 1973;
Kleiber, 1975). The goal of this study was quantification of the vari-
ous components of this basic plan for individual captive Bering Sea har-
bor and spotted seals, with ultimate extrapolation to the wild popula-

tion of each species.
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GROSS ENERGY BUDGET

GROSS ENERGY OF FOOD (GE)

—_— FECAL ENERGY (FE)

APPARENT DIGESTIBLE ENERGY (DE)

_— URINARY ENERGY (UE)

METABOLIZABLE ENERGY (ME)

—_— SPECIFIC DYNAMIC
ACTION OF FOOD (SDA)

NET ENERGY (NE)

MAINTENANCE (NE,,) PRODUCTION (NEp)
1. BASAL METABOLISM (BMR) 1. ENERGY STORAGE (FAT)
2  THERMOREGULATION 2  GROWTH (LBM)
3. ACTIVITY 3. MOLT
A) SLEEPING 4. REPRODUCTION
B) SWIMMING
C) DIVING

D) MAXIMUM WORK (Vo, Max)

FIGURE 2. A simplified budget of energy utilization in an individual
non-ruminant mammal (adapted from Harris, 1966; ifoen, 1973;
Kleiber, 1975).
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Introduction

The type, amount, nutrient composition, and gross energy content
of food are basic to the formation of a mammalian energy budget. Data
on daily food intake and nutritional requirements are often obtained
from studies of captive animals, while information on food preferences
and seasonal feeding habits is derived from observation and gut content
analyses of wild mammals. The nutrient composition of a food refers to
the proportion of protein, carbohydrate, and fat it contains, which are
estimated from chemical analyses specific for each constituent (Horwitz,
1970) and included in the description "proximate composition of analysis"
(Geraci, 1975). Gross food energy (GE), or the energy content in kilo-
calories per gram, is indirectly estimated from the caloric equivalents
of protein, carbohydrate, and fat comprising the food, or directly deter-
mined by combustion of the food in a bomb calorimeter (Paine, 1971).

Finfish comprise the main dietary component in most pinniped species
that have been examined (McAlister et al., 1976). Fishes contain 66 to
847% moisture, or preformed water, and have relatively high proportions
of protein and fat with negligible amounts of carbohydrate (Jacquot,
1961); Geraci, 1975). In many species of fishes, there is a strong neg-
ative correlation between fat and water content (Jacquot and Creac'h,
1950; Jacquot, 1961). Three general categories of fishes have been rec-
ognized on the basis of lipid content: fatty (e.g., herring, mackerel,
salmon, shad), semi-fatty (e.g., bass, halibut, mullet, shark), and lean
(e.g., cod, haddock, pollock, smelt). The proximate composition of typ-

ical fatty, semi-fatty, and lean fishes are given in Table 3, adapted
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TABLE 3. Average composition of typical fatty, semi-fatty, and lean
fishes (after Jacquot, 1961).

Category % Moisture % Protein % Fat % Ash
Fatty Fish* 68.6 20.0 10.0 1.4
Semi-fatty Fish** 77.2 19.0 2.5 1.3
Lean Fish¥*#% 81.8 16.4 0.5 1.3

* e.g., herring, mackerel, salmon, shad.
*% e.g., bass, halibut, mullet, shark.
**%% e,g., cod, haddock, pollock, smelt.
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from the work of Jacquot (1961). The range of fat content within species
and between individuals may be considerable because of the effects of
age, sex, location, and season (as related to sexual development and
feeding). In species which feed on plankton, the lipid content of the
fish closely follows that of its prey, which may reach levels as high as
10% during certain seasons (Venkataraman and Chari, 1953). Stoddard
(1968) reported a variation in fat content of Atlantic herring (Clupea
harengus harengus) of 2 to 4% in spring to over 15% in early winter.
Variation of fat content in capelin (Mallotus villosus) from 1% in spring
to nearly 237% in fall is attributed to fat loss while fasting during
spawning migrations in late spring, with fat replenishment during vigor-
ous feeding after spawning (MacCallum, Adams, Ackman, Ke, Dyer, Fraser,
and Punjamapirom, 1969; Jangaard, 1974). Because fat combustion provides
more calories than that of protein or carbohydrate, fatty fishes will
have higher caloric contents than equal amounts of semi-fatty or lean
fishes.

The feeding habits of wild pinnipeds have been reviewed by several
investigators and include observations of feeding and intestinal content
analyses in harbor seals (Scheffer and Sperry, 1931; Barabash-Nikiforov,
1936; Imler and Sarber, 1947; Fisher, 1952; Wilke, 1957; Spalding, 1964;
Kenyon, 1965; Morejohn, 1977; Pitcher, 1977; Pitcher and Calkins, in
press; Cubbage, Calambokidis, and Carter, 1979), spotted seals (Inukai,
1942; Wilke, 1954; Gol'tsev, 1971; Fedoseev and Bukhtiyarov, 1972;
Nikolaev and Skalkin, 1975; Lowry et al., 1979a), ringed seals (Dunmbar,

1941; McLaren, 1958; Johnson et al., 1966; Fedoseev, 1965; Frost et al.,
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1979), harp seals (Fisher and Mackenzie, 1955; Myers, 1959; Sergeant,
1973), ribbon seals (Arsen'ev, 1941), Weddell seals (Bertram, 1940; Ray,
1966), bearded seals (Lowry, Frost, and Burns, 1979b), northern fur
seals (Clemens and Wilby, 1933; Wilke and Kenyon, 1952, 1957; Scheffer,
1950; Kenyon, 1956; Spalding, 1964; Panina, 1971), Steller sea lions
(Wilke and Kenyon, 1952; Nesterov, 1964; Panina, 1966; Fiscus and Baines,
1966), and California sea lions (Scheffer and Neff, 1948; Fiscus and
Baines, 1966; Bowlby, 1979). Seasonal variations in food preference
and stomach volume have been noted which correlate with availability of
prey and reproductive condition of the species. Reduced feeding has been
observed during lactation, breeding, and molting in some pinnipeds
(McLaren, 1958; Hart and Fisher, 1964; Spalding, 1964; Johnson et al.,
1966; Mansfield, 1967; Hubbard, 1968; Gol'tsev, 1971; Sergeant, 1973)
and this corresponds to seasonal changes in body fatness and condition
(Imler and Sarber, 1947; McLaren, 1958; Johnson et al., 1966; Bishop,
1967; Léng, 1970; Sergeant, 1973; Pitcher, 1977; Pitcher and Calkins, in
press). Important prey of harbor and spotted seals are given in Table 4.
Food consumption rates for captive pinnipeds have been summarized
by Keyes (1968) who contacted 34 zoos and aquaria maintaining marine
mammals. He found that more than half of these institutions fed 6 to 10%
of the animal's body weight per day, with larger species (elephant seals,
Steller sea lions) and individuals receiving 1.6 to 3.0% of body weight
per day. Young harp seals and hooded seals (Cystophora cristata) main-
tained at Oslo were initially fed at 3% of body weight per day at 2

months of age, then increased to 5% when 5.5 months old (Blix, Iversen,
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TABLE 4. Important prey of harbor and spotted seals listed in order of
decreasing occurrence. N = total number of seals examined;
(n) = number of seals with food present in gut.

Species Location & Date N (n) Prey Source

Phoca vitulina Washington: 100 (81) Flounder Scheffer and

richardst Puget Sound (Dec. Herring Sperry, 1931

1927-Aug. 1930) Hake

Sculpins

Crab

Shrimp

Squid

Pollock
USSR: Barabash-
Komandorski Is. - Octopus Nikiforov,
(Winter-Spring) Crab 1936

Sipunculids
(Summer-Fall) - Sculpins

Greenling
Alaska: Imler and
Copper River (67)  Eulachon Sarber, 1947
(May-June, 1945)
Southeastern (99)  Pollock
(1945-46) Cod

Herring

Flounder

Salmon

Sculpins
British Columbia: Fisher, 1952
Fraser River, 50 (20) Salmon
Queen Charlotte Is. Herring
and Skeena River Rockfish

Unident. fish

Octopus

Shrimp

Crab
Alaska: Wilke, 1957
Amchitka Is. 7 Greenling

Octopus

Crab

Pollock

Cod
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TABLE 4. Continued.
Species Location & Date N (n) Prey Source
Phoca vitulina British Columbia 126 (69)  Salmon Spalding,
richardst Squid 1964
Octopus
Herring
Flatfish
Rockfish

Reproduced with permission of the copyright owner.

Alaska:
Amchitka Is. 11)
(Mar.)

California:
Monterey Bay —

Alaska:

Prince William 151
Sound (all

seasons 1975~

76)

Copper River 45
(June 1975)

Alaska:
Unalaska Is. 3)
(Apr. 1972)

Adak Is. (July- (6)
Aug. 1973)

Kenyon, 1965
Atka mackerel
Octopus

Morejohn, 1977
Top smelt
White croaker
Spotted cusk
eel
English sole
Tongue sole

Pitcher, 1977

Pollock

Herring

Squid

Octopus

Pacific cod

Capelin

Tomcod

Salmon

Saffron cod

Eulachon

Lowry, Frost,
Pollock and Burns, 1979a

Pacific cod

Pandalid
shrimp
Mysids
Pacific cod
Sculpins
Crangonid
shrimp
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TABLE 4. Continued.
Species Location & Date N (n) Prey Source
Phoca vitulina Atka Is. (Aug. (2) Octopus Lowry et al.,
richardst 1973) 1979a
SW Bristol Bay 1) Capelin
(Mar. 1976)
Alaska: Pitcher and
Prince William 122 (83) Pollock Calkins, in
Sound Herring press
Squid
Tomcod
Capelin
Kenai coast 52 (30) Pollock
(Resurrection Herring
Bay - Pt. Adam) Sandfish
Capelin
Tomcod
Lower Cook Inlet 23 (17) Octopus
(Kachemak and Eulachon
Kamishak Bays) Shrimp
Capelin
Alaska Peninsula 9 (6) Octopus
(Puale Bay, Shuma- Pollock
gin, Is., Sanak Sandfish
Is.) Cod
Sculpins
Kodiak Is. 192 (102) Octopus
(Barren Is. - Capelin
Chirikof Is.) Pollock
Flatfishes
Cod
Sandlance
Herring
Gulf of Alaska (13) Capelin
0-12 month old Pollock
seals Shrimp
Sandlance
Tomcod
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TABLE 4. Continued.
Species Location & Date N (n) Prey Source
Phoca vitulina Washington; Cubbage,
richardsi Hood Canal - Pacific Calambokidis,
hake and Carter,
Plainfin 1979
midshipman
N. Puget Sound - Blackbelly
eelpout
Pacific
herring
S. Puget Sound - Staghorn sculpin
Pacific hake
USSR: Burns and
Commander Is. 51 (16) Octopus Gol' tsev,
(Aug. 1974) Unident. in prep.
fish
Squid
Alaska:
W. Aleutian Is. 43 (17) Mysids
(July-Aug.) Pandalid
weanling seals shrimp
Octopus
Crangonid
shrimp
Sculpins
Pacific cod
E. Aleutian Is. 3) Pollock
(April) Pacific cod
Pribilof Is. (8) Pollock
(April) Cod
Phoca largha  Japan: Inukai, 1942
Hokkaido (May) - Herring
Okhotsk Sea 21 (19) Pollock Wilke, 1954
(April 1949) Herring
Octopus
Squid
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TABLE 4. Continued.
Species Location & Date N (n) Prey Source
Phoca largha  NW Bering Sea Gol'tsev,
(April-June, 319 Amphipods 1971
1966-68) Algae
seals, lst yr.: Shrimp
Sandlance
Flatfish
Saffron cod
seals, 1-4 yrs.: Arctic cod
Sandlance
Saffron cod
Pandalid
shrimp
seals, 5+ yrs.: Octopus
Crab
Flounder
Sculpins
Northern and 23 Pollock Fedoseev and
Eastern Okhotsk Saffron Bukhtiyarov,
Sea (Spring) cod 1972
Sandlance
Euphausids
Decapod
crustaceans
USSR: Nikolaev and
Terpenie Bay 7 (3) Unident, Skalkin, 1975
fish
Shrimp
Crab
Octopus
Alaska: Lowry et al.,
Mekoryuk (May (8) Greenling 1979a
1975) Crangonid
shrimp
Herring
Sculpins
NW Pribilof Is. (1) Octopus
(Mar, 1977) Eelpout
Pollock
W. St. Matthew (1) Capelin
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TABLE 4.

Continued.
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Species

Location & Date

N

(n)

Prey

Source

Phoca larg

ha  W. Bristol Bay
(April 1977)

W. Nunivak Is.
(May 1977)

SW Bristol Bay
(Mar. 1976)

USSR:
Karaginski Bay

Gulf of Anadyr

Combined areas
seals, lst yr.:

seals, 1-4 yrs.:

seals, 5+ yrs.:

68

42

27

21

35

(&)

)

)

Capelin
Pollock

Capelin
Herring

Capelin

Sandlance
Herring
Octopus
Shrimp

Arctic cod
Pollock
Sandlance
Octopus
Crab
Shrimp

Algae
Sandlance
Shrimp
Sandlance
Unident.
Shrimp
Octopus
Arctic cod
Flatfish
Algae
Mollusks
Crab
Octopus
Unident.
Sandlance
Shrimp
Herring
Arctic cod
Crab
Greenling
Sculpins

Lowry et al.,
1979a

Bukhtiyarov,
Frost, and
Lowry, in prep.

fish

fish
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TABLE 4. Continued.

Species Location & Date N (n) Prey Source

Phoca largha  seals, 5+ yrs.: Pollock Bukhtiyarov
Saffron cod et al., in prep.
Mollusks

Southcentral 5 Pollock

Bering Sea Eelpout
Prickleback
Sculpins

Southeastern 14 Capelin

Bering Sea Pollock
Sculpins
Herring
Flatfish
Saffron cod
Arctic cod

Northern Bering 12 Arctic cod

Sea Saffron cod
Capelin
Sculpins
Herring
Sandlance
Flatfish
Pollock
Eelpout
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and Pdsche, 1973). Spotted seals maintained at Johns Hopkins University,
Baltimore, were fed an average of 137% of body weight per day as year-
lings, with food intake decreasing steadily with age to 3% at 9 years
(Ashwell-Erickson, Elsner, and Wartzok, 1979). Data on food intake re-
quirements during breeding and molting in captive pinnipeds are lacking,
as is information on the effects of activity levels and plane of nutri-
tion.

In this study, the gross energy content and nutrient composition of
pollock and herring, two finfish important in the diets of Bering Sea
harbor and spotted seals, were compared. Long-term observations of food
consumption and body weight of captive harbor and spotted seals fed these
fishes were related to the compositional data to estimate the gross en-

ergy requirements of wild harbor and spotted seals.

Methods and Materials
Proximate Composition and Gross Energy of Food

From November 1975 to January 1978, fresh frozen herring in eight
lots of 1000 kg each were supplied by New England Fish Company of Kodiak,
Alaskz. Additional fresh frozen herring was provided by Seward Fisheries
of Seward, Alaska in three lots of 1000 kg each from February to October
1978. These fishes were fed to the seals throughout their captivity.
Approximately 200 kg of fresh frozen pollock were supplied by New England
Fish Company in November 1978. These fishes were used in studies of di-
gestibility and nitrogen balance in the seals. Fishes were stored at

-20°C; when needed, 2-day feeding allotments were air-thawed at +4°C
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in plastic bags. The weight range of individual pollock was approxi-
mately 150 to 250 g, and that of herring was 50 to 150 g. Random samples
of whole fishes from three iots of herring (Lot A from June 1977, Lot

B from November 1977, and Lot C from February 1978) and one lot of pol-
lock (November 1978) were kept frozen in airtight plastic containers

at -50°C for later anmalysis.

Five samples of whole fish from each lot were analyzed for moisture,
protein, fat, and energy content. Percent moisture was calculated as
the difference between the wet and dry weights of each fish, freeze-dried
according to the method of Horwitz (1970). Individual freeze-dried
fishes were homogenized by means of a mortar and pestle and stored in
aluminum pans in vacuum dessicators with CaSOA (Hammond Drierite) at room
temperature until analyzed. The protein composition of pollock and her-
ring was determined by analysis of nitrogen content in five 15-mg samples
of each freeze-dried, homogenized fish by the Dumas method (Horwitz,
1970) with an automated nitrogen analyzer of *0.2% accuracy (Coleman
Model 29B, Coleman Instruments Division, Perkin-Elmer Corporation). The
nitrogen content of each sample was expressed as percent by weight, based
on the original wet weight of the fish, and values were multiplied by a
factor of 6.25 to yield corresponding percent protein.

Total lipid was extracted from five samples of each freeze-dried,
homogenized fish using a modified, quantitative chloroform-methanol-
water extraction technique (Bligh and Dyer, 1959). To 1 g of sample
in a 50-ml centrifuge tube with a Teflon-lined screw cap (Kimble

Glass) was added 4 ml distilled water, 10 ml methanol, and 5 ml
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chloroform. This mixture was shaken by hand for one minute, followed by
the addition of 5 ml chloroform and 9 ml distilled water, and inverted
(not shaken) 12 times. All tubes were then centrifuged for 15 minutes
at >1500g. After centrifugation, a biphasic system was observed in
each tube, consisting of a lower chloroform layer containing the lipid,
and a methanol-water layer of non-lipid material at the top. The meth-
anol-water layer was removed by aspiration as much as possible, and a 5-
ml aliquot pipetted from the remaining chloroform layer into a tared 25-
ml Erhlenmeyer flask. The aliquot was evaporated to dryness in a 50°C
waterbath, facilitated by a stream of nitrogen. The residue was dried
over PZOS in a vacuum dessicator and the dry weight determined. Five
milliliters of chloroform were added to the residue to detect the pres-
ence of non-lipid material (insoluble). If non-lipids were present, the
chloroform was carefully decanted and the flask rinsed three times with
chloroform. The dry weight of the residue was determined and subtracted
from the initial weight. The sample lipid content was calculated ac-

cording to the equation:

weight of lipid in aliquot x volume of chloroform layer
volume of aliquot

Total lipid =

= weight of 1ipid in aliquot x 10
5 3)

and expressed as percent lipid based on the original wet weight of the
fish.

The gross energy content in cal/g of each food item was determined
by combustion of five l-g samples of each freeze-dried, homogenized

fish in a bomb calorimeter (Parr Series 1200 Adiabatic Calorimeter),
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according to standardized techniques (Schneider and Flatt, 1975). Per-
cent ash was computed as the difference between the weight of sample be-
fore and after combustion, in relation to the total fish wet weight.
Mean values were computed for the nutrient composition and energy con-
tent of each food, and were considered to be significantly different

from each other if P<0.05 according to Student's "t" distribution.

Food Consumption and Body Weight of Captive Seals

The food intake and body weight of 11 Pacific harbor seals (Phoca
vitulina richardsi) and three spotted seals (Phoca largha) were monitored
continuously. Two harbor seals, captured as yearlings at Cold Bay,
Alaska Peninsula, in 1975, comprised juvenile (3-year-old) and subadult
(4-year-old) age groups. Nine harbor seals captured as weanlings in
1977 from a breeding colony on Ugak Island, near Kodiak in the Gulf of
Alaska, formed the pup (0.2 to 0.7-year-old) age group. One of three
weanling spotted seals, obtained during the cruise of the Russian sealing
vessel Zagoriamy in the central Bering Sea in 1976, comprised the yearl-
ing (l-year-old) age group; the other two seals were included in the pup
age group. There were male and female representatives in all except the
yearling class. These 14 animals were raised in outdoor enclosures at
the Institute of Arctic Biology Animal Facility in Fairbanks in 2.5 x
1.5 x 1.0 m pools with continuous fresh water inflow. During warm
months water was circulated through a cooling system, entering the pools
at a constant rate of 3 1/min and temperature of 12°C. To avoid freeze-

up of plumbing and ice accumulation in the pools during cold months, the
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cooling system was disconnected and water was allowed to flow at a rate
of 6 1/min and temperature of 18°C.

The seals were fed herring (Clupea harengus pallasi) ad libitum
daily, supplemented with vitamins and minerals (Geraci, 1972a, 1972b).
Newly-captured seals were trained to eat whole dead fish by a force-
feeding technique. As described by Johnson (1969), "the animal was
straddled across its back and one hand held open the lower jaw while the
other hand guided the fish carefully down the throat." The number of
fish fed was increased gradually until the seal accepted fish on its own,
usually after 2 weeks of force-feeding. The seals were weighed bi-weekly.

One male and one female spotted seal, captured as weanlings in the
central Bering Sea in 1969 and reared at the School of Hygiene and Public
Health Animal Facility, The Johns Hopkins University, Baltimore, com-
prised the 9-year-old (adult) class. These seals were housed indoors in
a 3.5 x 3.5 x 1.5 m pool provided with continuously-filtered fresh water.
Water temperature varied from 4 to 18°C, according to seasonal fluctua-—
tions. Light conditions were adjusted seasonally to simulate Bering Sea
photoperiod. They were fed gutted Atlantic mackerel (Scomber scombrus)

6 days per week with vitamin and mineral supplements. Feeding was ad
Libitum until late 1976, when they were maintained on a constant-weight

basis for another experiment. These animals also were weighed bi-weekly.
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Results and Discussion

The proximate composition and gross emergy of pollock and herring
are presented in Table 5. Pollock had the highest percent moisture of
the fishes analyzed, indicative of the inverse relationship between the
degree of hydration and lipid content noted in many species of fishes
(Jacquot and Creac'h, 1950; Brandes, 1954; Jacquot, 1961). Water, pro-
tein, and lipid contents of the three lots of herring examined were sig-
nificantly different from each other (P<0.0l1), possibly the result of
interplay between seasonal, environmental, and physiological factors af-
fecting the nutritional state of the catch. Food availability, weather,
stage of sexual maturity, the spawning migration, and energy content of
food are some of the factors contributing to observed variations in fat
deposition in many fishes (Stoddard, 1968; MacCallum et al., 1969;
Jangaard, 1974). Energy content of the samples varied directly with fat
content, ranging from 2418 cal/g wet weight in 18% fat herring to 1088
cal/g wet weight in 0.8% fat pollock. Fish fillets generally have less
energy than whole fishes because subcutaneous fat has been removed.

Herring consumption, expressed as percent body weight, over 0.8, 1.5,
and 2.5-year periods for a pup harbor seal, a yearling spotted seal, and
a subadult harbor seal, respectively, are presented in Figure 3. Total
body weights of these three animals are plotted against time in Figure 4.
Food consumption by one yearling and two subadult seals was highest in
winter and lowest in summer, with increasing body weight maintained
throughout the year. On an ad libitunm diet, the seals appeared to regu-

late their intake of herring to maintain their caloric requirements
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TABLE 5. Proximate composition and energy content of whole pollock and herring fed to captive
harbor and spotted seals.

Date % % % % Energy Content

Sample Fed H,0 Protein Fat Ash (cal/g dry) (cal/g wet)
Pollock Sept. 78 78.8+1.3 19.2£1.4 0.8%0.2 1.6+0.2 5135+ 36 1088459
Pacific
Herring Jun-Nov. 77 71.7x0.2 20.01.1 5.1%0 2.3+0.5 5498+188 1564134

(Lot A)

Nov. 77-

Feb. 78 66.8+0.5 18.5+0.8 12.2#1.1  2.4%0.1 6192+ 57 2143%75

(Lot B)

Sept. 78 64.0£0.5 16.3+0.2 18.020.5 2.00.2 6716% 42 2418+19

(Lot C)
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when the lots of fishes differed in energy content. For example, the
total body weight of these seals increased as the caloric value of
herring fed to them changed from a mean of 1564 (June to November 1977)
to a mean of 2418 cal/g wet weight (November 1977-February 1978). As
reported by Johnson (1969), the newly-captured pups initially lost
weight while learning to eat dead fishes, but gained weight steadily
once accustomed to eating them.

Mean annual food consumption of one male and one female spotted seal
from ages 1 to 9 years, maintained on a diet of mackerel, is shown in
Figure 5. Lacking information on the proximate composition of the mack-
erel fed, a value of 12% was assumed to be the average annual lipid con-
tent of the diet, based on the reported range in seasonal fatness of
mackerel (Jacquot, 1961; Geraci, 1975). Food intake declined from a
mean value of 13.0 * 2.5% body weight consumed during the first year to
a mean of 3.1 *+ 0.3% at 9 years. These data were best described by
linear regression of log transformed y variables, the equation of which
was y = 12.2(x + 1)"%"77 (r = ~0.95). The declining food intake from

1 to 4 years corresponds with the steady decrease in rate of growth

(body weight) during that period (Figure 6).

Summary

The caloric value of pollock and herring, two important finfish in
terms of volume in the diets of Bering Sea harbor and spotted seals,
varied directly with fat content and indirectly with moisture content.

Herring samples from three separate lots ranged in gross energy content
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from 1562 to 2418 cal/g wet weight, representing a lipid content of

5.1 tc 18.0%. Pollock samples averaged 1088 cal/g wet weight with 0.8%
fat. Protein and ash averaged 19.2% and 1.6%, respectively, in pollock,
with a range of 16.3 to 20.0% protein and 2.0 to 2.47 ash in herring
samples.

A captive yearling subadult spotted seal and two harbor seals were
able to obtain their caloric requirements from herring diets of varying
energy content by adjusting their food intake during ad liZbitum feeding.
Consumption by captive yearling and subadult seals was highest in winter
and lowest in summer, regardless of food energy content. The food con-
sumption of captive spotted seals declined with age from 1 to 9 years

-0.77

according to the equation y = 12.2(x + 1) (r = -0.95).
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Introduction

The digestibility of a food or nutrient refers to the proportion
absorbed while in transit through the digestive tract, and is equivalent
to gross ingested energy minus fecal energy (Schneider and Flatt, 1975).
Digestion coefficients are specific for the proximate analysis of the
food they represent and cannot be applied to other foods of different
nutrient composition (Schneider and Flatt, 1975).

The percent digestibility of foodstuffs is determined by feeding
trials with animals, using a direct, total collection method or amn in-
direct, indicator or tracer method. In total collection experiments,
weighed portions of feed of known chemical composition and caloric con-
tent are fed to animals initially to rid the digestive tract of former
food residues and then to maintain stable weight. Feces are collected
and weighed over a period of several days, and fecal samples are ana-
lyzed chemically. The difference between the amount and chemical compo-
sition of food consumed and amount and chemical composition of feces ex-
creted equals that portion which has been apparently digested. Digesti-
bility is apparent because the feces contain residues both of food and
of metabolic origin (Crampton and Harris, 1969). Digestible energy (DE)
is usually based on the food dry weight because the moisture content of
food contributes nothing to the total caloric value. Indicator or tracer
digestibility experiments involve the determination of the amount of an
indigestible substance in food and feces in addition to chemical analy-
sis of nutrient content. Apparent digestibility is calculated from the

ratio of the amount of physiologically inert indicator in a measured
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quantity of feces. In this method, only small portions of food and feces
need to be weighed and total collection of feces is avoided.

Total collection methods have been used for determination of di-
gestibility in domestic and wild ruminants such as cattle, sheep, and
deer (Brody, 1945; Balch, 1950; Smith, 1950; Blaxter and Wainman, 1961;
Ullrey, Youatt, Johnson, Fay, Brent, and Kemp, 1968; Ullrey, Youatt,
Johnson, Fay, Schoepke, and Magee, 1969; Mautz, 1971; Thompson, Holter,
Hayes, Silver, and Urban, 1973), non-ruminant herbivores such as horses
(Brody, 1945; Barth, Williams, and Brown, 1977), omnivores such as
rodents (Johnson and Groepper, 1970; Smith and Follmer, 1972; Batzli
and Cole, 1979), and carnivores such as bobcats (Golley, Petrides, Rauber,
and Jenkins, 1965), foxes (Vogtsberger and Barrett, 1973), and weasels
(Golley, 1960). Indicators which have been successfully used in the
indirect determination of digestibility include chromic oxide or C1:203
(Crampton and Lloyd, 1951; Czarnocki, Sibbald, and Evans, 1961; Arthur,
1970), lignin (schaeider and Flatt, 1975) chromiun-51 as °'Gr,0, (Moore,
1957; Brandt and Thacker, 1958) and as 510:613 (Mautz and Petrides,

1967; Petrides, 1968; Mautz, 1969, 1971), chromogen, and fecal nitrogen
(Schneider and Flatt, 1975).

Studies of the digestibility of foods for captive pinnipeds are
few, and for wild pinnipeds are nonexistent. Parsons (1977) used the
total collection method to determine the digestibility of herring and
capelin diets for captive adult ringed seals. Both total collection and
5lcrcl3 tracer techniques were used to estimate the digestibility of

herring and pollock diets for captive subadult northern fur seals by
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