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Chapter 1
Literature Review

1.1 General Introduction

1.1.1 Harbor Seals

1.1.1.1 Classification

Harbor seals (Phoca vitulina) belong to the suborder Pinnipedia that is

comprised of three separate families. The Otariidae,or eared seals, include fur

seals and sea lions. The Odobenidae is made up solely of the walrus. True

seals, including the harbor seal, are found in the family Phocidae. Pinnipeds, in

general, are characterized by the modification of their hind limbs into flippers.

Phocid seals can be further characterized by the lack of external ear flaps. Only

the ear opening, or pinnae, is visible. Phocid seals are also more widely

distributed than otariids, inhabiting sub-tropical, temperate, sub-polar, and polar

climates.

1.1.1.2 Background Information

The harbor seal is a widespread species found in both the north Atlantic

and Pacific oceans. In Alaska, harbor seals are found along the coast from

British Columbia, north to Kuskokwim Bay, and west throughout the Aleutian

Islands (Pitcher, 1990; Frost et aI., 1999). Harbor seals usually remain near land

in coastal waters, though some have been known to travel long distances

between islands. Harbor seals haul-out (come out of the water) periodically on

reefs, beaches, sand and mud bars, and ice to rest, give birth, and nurse their

pups (Riedman, 1990). They have not been known to undergo long annual
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migrations like some other species of marine mammals. Like other marine

mammals, harbor seals have adapted to a life requiring extended periods at sea.

They possess a streamlined shape to help them move throughout the water

using their hind flippers for propulsion and their front for steering (Berta and

Sumich, 1999). They are able to dive over 600 feet and can hold their breath for

over 20 minutes.

In Alaska, pups are born anywhere between May and July and suckle

from their mothers for approximately one month. At.birth, pups weigh -11 kgs

and can double their weight by the time they are weaned. Harbor seals reach

sexual maturity between 3 and 7 years old. Their average lifespan is between 25

and 35 years. Harbor seals are not sexually dimorphic though males are usually

slightly larger than females. On average, adult harbor seals weigh -75- 95 kgs.

Harbor seals are covered in short, stiff hair that can be found in two basic color

patterns. They can have a dark background with light spots or a light

background with dark spots. Harbor seals undergo an annual molt where they

shed and replace their hair. This period is associated with a fasting period and

occurs after pupping and mating.

Harbor seals are opportunistic feeders that usually feed close to shore in

more shallow waters (Thompson, 1993). Their diet depends on regional and

seasonal availability of prey. Their common prey items include fishes, mollusks,

crustaceans, and cephalopods. More specifically, in Alaska, harbor seals are

known to prey on items such as walleye, pollock, cod, capelin, eulachon, Pacific

herring, salmon, octopus, and squid (Olesiuk, 1993).
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1.1.2 Overall Objectives

In Alaska, harbor seal populations in areas of.the Gulf of Alaska and

Prince William Sound have declined by 60-85% over the last thirty years

(Pitcher, 1990; Frost et aI., 1999). A recent hypothesis about their decline is that

the quality of prey available to these animals is not adequate enough to sustain

the harbor seal population in certain areas of Alaska. This is similar to the

decline of another pinniped species occupying the same geographic region, the

Steller sea lion, which has also been declining for many years (Trites and Larkin,

1996). An understanding of the effects of different diets can help determine if

prey quality is contributing to the decline of these animals.

This project sought to determine the effect of changes in dietary fat intake

on various physical and physiological parameters in adult harbor seals over a

short period of time. Rate of passage and initial defecation times were

determined when consuming a high fat herring diet. .Also, differences in

assimilation efficiency between a high fat (high quality) and a low fat (low quality)

herring diet were determined. Differences in body composition, food and energy

intake, metabolite and hormone levels, and fatty acid composition of herring and

blubber were determined between high and low fat diet trials.

Together, these results will allow an in-depth look at the effect of prey

quality on harbor seals. Ultimately, the information gained from this study can be

used to describe some details of harbor seal feeding ecology. This knowledge is

necessary in order to determine a link between nutrition and the decline of harbor
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seals in regions of Alaska. Effective management strategies and the survival of

the population depend on identifying the cause(s) of the decline of harbor seals.

1.2 Review of Literature

1.2.1 Rate of Passage in Seals

1.2.1.1 Description

Rate of passage can be defined as the time required for an entire marked

meal to pass through the digestive system in a given time (Kotb and Luckey,

1972). Also commonly measured is the initial defecation time, or transit time.

This refers to the amount of time between ingestion of a marked meal and its first

appearance in the feces (Helm, 1984). Both rate of passage and initial

defecation time contribute to an understanding of an animal's digestive

physiology. Conducting a study of rate of passage and initial defecation time

requires immediate and continuous collection of feces (Balch and Campling,

1965). Rate of passage and initial defecation time are often determined in

pinnipeds using inert biological markers such as chromic oxide (Cr203),

manganese (Mn+), carmine, and barium sulfate to indicate passage of a test

meal (Goodman-Lowe et aI., 1997; Helm, 1984; Markussen, 1993).

Previous studies have concluded that the rate of passage in seals is 2-5

times faster in seals than in most other animals (Helm, 1984). Initial defecation

times have been measured at -9h in southern elephant seals (Krockenberger

and Bryden, 1994), 5Y:z- 8l'2h in ringed seals (Parsons, 1977), -14h in Hawaiian

monk seals (Goodman-Lowe et aI., 1997), and 2l'2 - 6l'2h in harbor seals (Helm

1984; Markussen, 1993).
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1.2.1.2 Factors Influencing Rate of Passage

The factors that have been found to affect the rate of passage and initial

defecation times include general health status of the animal, age, length of

gastrointestinal tract, activity level, water content of feces, metabolic rate,

frequency of feeding, and diet. Animals with long intestinal tracts usually have

slower rates of passage (Fish, 1923). Seals are known to have rather long

gastrointestinal tracts (14m in harbor seals to 38m in elephant seals; Helm, 1984)

but have been shown to have a short rate of passage and short initial defecation

times despite having a high small intestine to body length ratio (10:1) compared

to the average terrestrial carnivore (6: 1) (Gillespie, 1987). This shorter rate of

passage is probably due to the fact that seals have a high water content in their

feces (Kooyman and Drabek, 1968; Helm, 1984). Water is reabsorbed from the

digesta slowly in the large intestines in vertebrates. The feces of seals have a

high water content indicating that the retention time in the large intestine of seals

is relatively short which helps explain the fast rate of passage common in

pinnipeds. The feeding regime (meal frequency and ration size) has also been

found to affect the rate of passage and initial defecation time (Hunt and Stubbs,

1975; Markussen, 1993). As meal size increases, rate of passage increases as

peristalsis increases due to the larger amount of digesta in the gastrointestinal

tract. In studies where the seals were fed smaller meals several times a day, the

initial defecation time and rate of passage were shorter (Helm, 1984;

Krockenberger and Bryden, 1994) than in seals fed one large meal per day

(Goodman-Lowe et aI., 1997). Older animals have been found to have longer
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rates of passage and initial defecation times than younger animals (Helm, 1984).

The type of diet, particularly foods of differing amounts of fat and carbohydrate

(therefore overall energy density), can also affect the rate of passage.

Carnivores are very efficient in digesting animal fats (Leoschke, 1959) as they

are highly digestible. Hunt and Stubbs (1975) found that diets containing higher

nutritive density of fat and/or carbohydrates, increase the rate of passage in a

variety of animals. Activity level may also affect rate of passage in pinnipeds.

Animals that are free to be active after eating may have a faster rate of passage

compared to those with limited activity (Markussen, 1993). Health problems may

also affect the rate of passage and initial defecation time. For example, an

animal experiencing diarrhea due to a health problem would produce erroneous

results.

1.2.2 Assimilation Efficiency in Harbor Seals

1.2.2.1 Description

Assimilation efficiency (AE) is defined as the proportion of ingested

nutrients absorbed from the gastrointestinal tract and available for maintenance

functions, growth, reproduction, and work (Hill and Wyse, 1989). AE is

commonly determined using the ratio of inert markers in ingesta and feces

(Kleiber, 1975). In this process, the amount of dry matter and nutrients available

to the animal after digestion and absorption of a meal can be determined from

the analysis of the composition of food and fecal samples.
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Herring (Clupea harengus) is a common component in the diet of many

pinniped species throughout the world and is also a very common species fed to

pinnipeds in captivity. Studies of assimilation efficiency of herring in many

pinniped species have been previously conducted. Dry matter AE of herring has

been measured at 91.2 - 92.4% in harbor seals (Ashwell-Erickson and Elsner,

1981; Rosen, 1996),83.9 - 91.0% in harp seals (Keiver et aI., 1984; Lawson et

aI., 1997b), 87.6% in grey seals (Ronald et aI., 1984),87.8% in the Pacific walrus

(Fisher et aI., 1992), -90.0% in Steller sea lions (Rosen and Trites, 2000a),

-96.0% in Hawaiian monk seals (Goodman-Lowe et aI., 1999), -94.0% in ringed

seals (Lawson et aI., 1997a), -89.0% in California sea lions (Fadely et aI., 1994),

and 90.0 - 93.0% in Northern fur seals (Miller, 1978; Fadely et aI., 1990).

1.2.2.2 Factors Influencing Assimilation Efficiency

Various factors influence the efficiency in which animals digest their food.

Assimilation efficiency of prey can vary depending on prey composition, digestive

tract morphology, digestion rate, age of the animal, meal type and size, and

feeding frequency (Keiver et aI., 1984; Ronald et al. 1984; Maiorino et aI., 1986;

Fisher et aI., 1992; Martensson et aI., 1994; Lawson et aI., 1997b; Goodman­

Lowe et aI., 1999; Rosen and Trites, 2000a). Determining assimilation efficiency

of various feedstuffs is important for a more thorough understanding of pinniped

feeding ecology by providing information on the effect of feed on digestibility.

In general, AE is low when food quality is low (Maiorino et aI., 1986).

Lawson et al. (1997b) found that in harp seals, the differences in AE were due

mostly to variation in prey energy density (i.e. fat content). In this case, herring,
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containing a fat content of -10.18%, had a higher AE (-91.0%) than Atlantic cod

(-84.3%) containing -2.65% fat. Similarly, harp seals fed herring and capelin

(higher fat and energy content) had a higher AE than those fed low fat/energy

invertebrates (Keiver et aI., 1984; Martensson et aI., 1994). Fisher et al. (1992)

found no effect of food quality on AE in walrus when fed herring (high energy) or

clams (low energy).

Feeding frequency and meal size have also been found to affect AE in

some studies with pinnipeds. Lawson et al. (1997b) found that harp seals had

higher assimilation efficiency values when they were fed Atlantic cod ad libitum

compared to a restricted diet of cod. Similarly, in another study, AE of energy

and fat increased in grey seals when they were fed higher quantities (kgs on an

as-fed basis) of their maintenance food levels (Ronald et al., 1984). However,

Rosen and Trites (2000a) found no significant difference in AE of a herring diet

by Steller sea lions when food intake and feeding frequency were increased.

Goodman-Lowe et al. (1999) suggested that the lower AE of herring by Hawaiian

monk seals (-96.1 %) could be due to the feeding regime; the monk seals being

fed only once a day as compared to three feedings per day in walruses (Fisher et

aI., 1992) and ad libitum feedings with harp seal (Lawson et aI., 1997b).

1.2.3 Effects of Dietary Change in Seals

1.2.3.1 Food and Energy Intake

When faced with a reduced energy intake, animals have few options to

compensate. First, the animals can increase foraging efforts, though this

strategy requires more energy expenditure. A second strategy is to reduce
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energy expenditures from thermoregulation, activity, and metabolic rate.

Depressing metabolic rate may help to minimize body mass loss during periods

of low-energy (i.e. fat) intake. It would be expected that captive seals, fed a low­

energy density diet ad libitum, would increase their food intake to compensate for

the lower amount of energy available in the prey. However, in several studies

this was not found to be the case. Rosen and Trites (1999, 2000b) found that

Steller sea lions did not increase their food intake significantly when fed low­

energy diets (squid and pollock, respectively). The failure to substantially

increase their food intake led to a decreased energy intake compared to a trial in

which the sea lions were fed herring with a higher fat content. Physical satiation

and/or poor palatability could explain why the sea lions did not increase their food

intake. It was suggested that the sea lions could not physically consume enough

food to compensate for the lower energy intake leading to a decrease in body

weight (Rosen and Trites, 1999,2000b).

1.2.3.2 Body Composition

During periods of fasting and reduced food/energy intake, pinnipeds have

been found to lose overall body mass and blubber mass (Markussen, 1995;

Rosen and Trites 1999, 2000b, 2002). Overall body mass changes can be due to

a loss in lean, or core, tissue and/or blubber mass. Blubber refers to the

extensive amount of adipose tissue found subcutaneously in pinnipeds and other

marine mammals, which functions primarily for buoyancy, insulation, and as an

energy reserve. Fasting and reduced energy intake usually results in the

utilization of the blubber to provide energy to the animal.
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Rosen and Trites (1999) found that Steller sea lions were not able to

maintain body mass while on a low-energy diet of squid, despite being fed ad

libitum. Similarly, another study with Steller sea lions reported significant loss of

body weight when consuming a low-fat pollock diet (Rosen and Trites, 2000b).

Seasonal changes in body composition are also kno"wn to occur due to natural

periods of fasting or reduced food intake. Nilssen et al. (1997) found that body

composition changed significantly in March and June during the period of

restricted feeding associated with breeding and molting. Ryg et al. (1990a) also

found that ringed seals experienced a large drop in blubber mass during the

breeding season, which is associated with reduced food and energy intake due

to mating behavior.

1.2.3.3 Blood Metabolites

Hematological parameters are commonly used as a measure of overall

health status and the nutritional state of an animal. During times of reduced food

intake or fasting, changes in blood metabolites can be measured to indicate the

changes in metabolism within the animal (Geraciet aI., 1979; Nordoyand Blix,

1991; Castellini and Rea, 1992; Rea et aI., 1998a,b; Ortiz et aI., 2001).

Specifically, changing levels of blood urea nitrogen (BUN), glucose, non­

esterified fatty acids (NEFA), and triglycerides in the bloodstream can reflect

changes in protein, carbohydrate, and fat metabolism, respectively. The

changes in these blood metabolites are related to changes in the body reserves

that are utilized in order to meet the animal's energy requirements.
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Plasma BUN levels in the bloodstream are an indication of protein

metabolism. An increase in levels of BUN in the bloodstream indicates an

increase in protein catabolism to be used as an energy source. During periods of

reduced food intake and fasting, BUN levels do not increase significantly unless

fat reserves have been almost completely utilized (Castellini and Rea, 1992;

Nordoy et aI., 1993). This spares protein and the breakdown of important muscle

components. BUN levels usually remain constant as only small amounts of

protein are used to supply glucose to the nervous system during reduced food

intake and fasting (Rea et aI., 1998a; Ortiz et aI., 2001).

Carbohydrate content in fish is known to be very small therefore the

majority of the glucose utilized by pinnipeds comes from the synthesis of glucose

in the liver using end products of fat and protein metabolism. Glucose is

necessary to support the energy needs of the central nervous system and other

tissues so glucose levels are highly regulated to remain consistent. Insulin and

glucagons both regulate glucose levels in the blood. Thyroid stimulating

hormone (TSH) also plays a role in regulating glucose levels and will be

discussed later. During feeding, insulin levels are high. Insulin, produced in the

pancreas, is required for the transport and utilization of glucose in tissues,

therefore decreasing blood glucose levels. Insulin increases the uptake of

glucose by the liver and increases its conversion into fat when glucose levels are

high. When glucose levels are low, glucagons stimulates glycogen (stored form

of glucose) breakdown into glucose subunits and stimulates the synthesis of

glucose in the liver. Therefore, glucagon increases blood glucose levels when
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circulating levels are low. Glucose levels in marine mammals are generally

higher than most terrestrial mammals (Ridgway, 1972). Glucose levels are

usually kept relatively constant, at ~1 00 mg/dL in marine mammals (Ridgway,

1972), during periods of reduced food intake and fasting by utilizing a small,

constant supply of substrates for gluconeogenesis from protein reserves.

Significant changes in glucose levels in blood would·become apparent if lipid and

protein reserves had been exhausted.

Triglycerides and NEFA's in plasma are major sources of energy in

animals. They can be derived from the diet, or, in times of reduced food intake or

fasting, will be mobilized from the adipose tissue. Lipid metabolism is regulated

by both the supply of nutrients in the diet and metabolic regulators based on

blood metabolites and cellular energy demand. If the absorbed supply exceeds

the energy needs of the animal, the excess will be stored as triglycerides in

adipose tissue. However, if the diet fails to meet the energy needs, triglycerides

in the adipose tissue will be mobilized through lipolysis. Both thyroid stimulating

hormone (TSH) and adrenocorticotropin (ACTH), which stimulate the release of

thyroid hormones and cortisol, respectively, help regulate lipolysis. TSH and

ACTH positively regulate adenylate cyclase, which is necessary to produce 3',5'­

cyclic AMP (cAMP) with the addition of ATP. The cAMP then activates hormone­

sensitive triacylglycerollipase to allow the breakdown of triacylglycerides. In the

adipose tissue, triglycerides are first hydrolyzed so the fatty acids can be

released into the bloodstream as NEFA's to provide energy for the animal. The

glycerol from the triglycerides can then be used in the liver to generate glucose.
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In fasting or underfed animals, the importance of NEFA's as an energy source

increases as the supply of glucose, or substrates for gluconeogenesis, in the diet

decreases.

In a study where captive deer were fed diets with low and moderate

energy levels, it was found that fat was mobilized for energy as reflected by

increased levels of circulating NEFA's (Franzman, 1985). Randomly selected

Steller sea lion pups were shown to have lower NEFA levels, 1.4 -1.6mM, and

better body condition than pups known to have been abandoned whose NEFA

levels were higher at 2.7 - 4.0mM (Rea et aI., 1998b). In juvenile Steller sea

lions, NEFA concentrations were found to increase during the fasting period

associated with the breeding season (Berman and Rea, 2000). Triglyceride

levels in the blood were found to decrease during the fasting of postweaned

northern elephant seals, which suggests that the use of triglycerides by the

muscle increased and storage in adipose tissue decreased (Ortiz et aI., 2001).

1.2.3.4 Endocrinology

1.2.3.4.1 Thyroid Hormones

Thyroid hormones are secreted by the thyroid gland. The release of

thyroid hormones is regulated by thyroid stimulating hormone (TSH). Thyroxine

(T4) and triiodothyronine (T3) are the two principle hormones released. The

thyroid hormones are made up of two tyrosine amino acid residues linked with

iodine at certain positions on the aromatic ring. In general, the thyroid gland

secretes a majority of T4 though T3 is the more active hormone. The majority of

T3 in circulation is derived by deiodination of T4 in peripheral tissues, especially
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the liver and kidney. T4 and T3 are usually found in the blood attached to carrier

proteins since alone, they are poorly soluble in water. The principle carrier

protein is thyroxine-binding globulin (TBG) as well as thyroxine-binding pre­

albumin (TBPA) and albumin, which are all synthesized in the liver (Thompson

and Mcgirr, 1976). The targets of thyroid hormones include the kidney, brain,

liver, and heart. The thyroid hormones exert their activity after being unbound

from the carrier proteins once reaching the designated target tissues (Ekins,

1986).

Thyroid hormones have an effect on various processes including

metabolism, growth, and development. Thyroid hormones stimulate changes in

metabolic rates. Thyroid hormones playa part in fat and carbohydrate

metabolism in the body. Increases in thyroid levels, stimulated by increases in

TSH, leads to increases in metabolism by stimulating elevations in oxygen

consumption and rates of ATP hydrolysis. This in turn leads to an increase in

body heat production (Nelson, 1995). TSH stimulates increased thyroid hormone

levels, which stimulate fat mobilization as previously discussed. Increased

thyroid levels also help increase gluconeogenesis and glycogenolysis to

generate free glucose by inhibiting glycogen synthesis and storage through the

action of glucagon. During periods of food deprivation, thyroid hormone levels

are usually reduced as a way to conserve energy, which in turn leads to a

lowered metabolic rate (Oppenheimer et aI., 1987). In seals, prolonged fasting is

common during the breeding and molting seasons and is associated with

decreased levels of thyroid hormones in the plasma (Hadley, 1992; Slip et aI.,
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1992). A previous study on harbor seals fed ad libitum for a two-year period

showed that as food intake increased, thyroid hormone levels increased, and as

food intake decreased, so did thyroid hormone levels indicating changes in

metabolic activity (Renouf and Noseworthy, 1991). In another study on fasting in

northern elephant seal pups, thyroid hormone levels actually increased over the

course of the fast (Ortiz et aI., 2001). The authors speculated that the elevated

thyroid hormone levels might permissively support fat metabolism for energetic

purposes via their lipolytic functions.

1.2.3.4.2 Cortisol

Cortisol is the primary glucocorticoid produced by the cortex of the adrenal

gland. The release of cortisol is stimulated by adrenocorticotropin (ACTH)

released from the anterior pituitary gland. The majority of cortisol travels through

the bloodstream bound to a protein carrier, primarily cortisol-binding globulin

(CBG). Cortisols' physiological actions include increasing gluconeogenesis,

glycogenolysis, and protein catabolism. In general, it helps in the production of

glucose mainly from the breakdown of protein, fat, and carbohydrate. Normal

cortisol levels have previously been reported as 3.6 :- 5.9ug/dL in adult gray

seals (Engelhardt and Ferguson, 1980), 3.6 - 11 ug/dL in adult harp seals

(Engelhardt and Ferguson, 1980), and 8 - 16ug/dL in adult harbor seals (Ashwell­

Erickson et aI., 1986). Cortisol is also used as an indicator of stress.

Previous studies have shown that cortisol increases during periods of

fasting or reduced energy intake to provide energy by increasing fat oxidation

and maintaining circulating glucose levels through increased gluconeogenesis
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(Exton et aI., 1972). Cortisol levels have also been shown to increase during the

molt of grey seals (Boily, 1996) and also in fasting northern elephant seal pups

(Ortiz et aI., 2001). In both cases, it was suggested that the increase in plasma

cortisol contributes significantly to increasing fat oxidation for energy and

substrates for gluconeogenesis.

1.2.3.5 Blubber Composition

1.2.3.5.1 Fatty Acids

Fatty acids are the major component of many complex lipids. They are

characterized as being a carbon chain, of varying length, ending with a carboxylic

acid. Those containing 12-24 carbons are the most common in animal tissues.

There are two basic categories of fatty acids including saturated and

unsaturated. Saturated fatty acids contain no double bonds, therefore each

carbon in the chain has two hydrogen ions attached to it. Saturated fatty acids

have higher melting points than unsaturated fatty acids, which increase as the

chain length increases. Saturated fatty acids are solid at room temperature and

are more characteristic of animal fats. Unsaturated fatty acids contain one or

more double bonds within the carbon chain. Unsaturated fatty acids have a

lower melting points than saturated fatty acids, which decrease more as the

number of double bonds present increases. Unsaturated fatty acids are more

fluid at room temperature and are characteristic of plant fats. Terrestrial species

generally require three fatty acids, which are linoleic acid (C18:2n6), linolenic

acid (C18:3n3), and arachidonic acid (C20:4n6). Aquatic species generally

require higher amounts of omega-3 polyunsaturated fatty acids. The omega-3
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fatty acids help maintain membrane fluidity at lower environmental temperatures

due to living in an aquatic environment. Marine fish generally have high

requirements for linoleic acid, linolenic acid, and C20 and C22 fatty acids.

The fatty acid profiles of fish lipids differ from other animal lipids. Fish

lipids contain a high amount of long-chain (~8 carbons) fatty acids and a high

amount of long-chain fatty acids of the linolenic (n-3) family compared to

terrestrial feeds (Grahl-Nielsen and Mjaavatten, 1991; Iverson et aI., 1997). The

fatty acid profile of fish lipids varies depending on the species and their specific

feeding pattern. In general, fish are high in omega-3 and omega-6 fatty acids

that cannot be synthesized in the animal body. These fatty acids are important

as precursors to prostaglandins (PGE and PGF), which act to regulate the

synthesis of 3',5'-cyclic AMP (cAMP). They are also precursors to prostacyclins

(vasodialators) and thromboxanes (vasoconstrictors).

When an animal consumes more energy in the diet than it needs, the

excess is stored as triglycerides in the adipose tissue. Triglycerides are made up

of three fatty acids attached to a glycerol molecule. If the diet is low in fat, fatty

acids can be synthesized from protein and carbohydrate components. The type

and amount of fatty acids synthesized is a function of both the type of animal and

the type and quantity of fatty acids absorbed from the intestine. In monogastric

animals, fatty acids in the diet are usually absorbed unchanged. This means that

the type and amount of fat in the diet can be reflected in the composition of fatty

acids in the adipose tissue. More specifically, fatty acids of lengths ~4 carbons
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are often deposited in animal tissue with minimal modification from the diet

(Iverson et ai., 1997).

1.2.3.5.2 Relationship to Prey

Previous studies have shown that the fatty acid composition of blubber

can vary depending on the type of prey consumed, the nutrient composition of

the prey, and the nutritional state of the predator. Various studies on captive and

wild seals and polar bears have shown that the fatty acid composition in the

adipose tissue is a reflection of the fatty acid composition of the dietary

components (Colby et ai., 1993; Iverson, 1995; Iverson et ai., 1997). Iverson

(1995) found that in seals, when consuming a high fat diet, fatty acids from the

diet are incorporated directly into the adipose tissue. However, during times of

reduced food intake and/or fat intake, the fatty acid composition of the adipose

tissue does not necessarily reflect the fatty acid profile of the diet (Kirsch et ai.,

1995). This can be due, in part, to the integration of synthesized fatty acids into

the blubber or selectivecatabolism for energy use.

In a study done with harbor seals and grey seals, the fatty acid

composition of the blubber fat was found to be significantly different than that of

the diet (herring and mackerel) (Grahl-Nielsen and Mjaavatten, 1991). In this

case, the conclusion was that the incorporation of fatty acids was not only due to

dietary influences but to metabolic and other effects also.

Kirsch et al. (2000) examined the effect of a low-fat diet on body

composition and blubber fatty acids in harp seals. During the low-fat Atlantic

pollock diet period, the harp seals lost body fat (blubber) and gained body protein
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(muscle). They also found that the blubber fatty acid profile changed to reflect

the changes in dietary fatty acid intake. For example, pollock was higher in

18:1n9, and 22:6n3 fatty acids compared to herring. When the harp seals were

fed pollock, their blubber profiles also showed increases in the same fatty acids.

The fatty acids 20:1 n9 and 22:1 n11 were found in lower quantities in the pollock

compared to the herring which was reflected in the decrease of these fatty acids

in the blubber when eating a pollock diet (Kirsch et aI., 2000).

Iverson et al. (1997) looked at the difference in fatly acid profiles in the

blubber of wild harbor seals in various areas of Alaska as compared to several

common prey. They found that the seals from different areas could be

distinguished by the differences in the fatty acid composition of the blubber. The

fatty acid composition of the blubber in turn reflected the differences in the fatty

acid profiles of the prey from the various areas.
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Chapter 2
Rate of Passage and Assimilation Efficiency of Herring Diets Containing

Different Fat Contents in Harbor Seals

Abstract

The focus of this study was to determine the effect of dietary fat content

on assimilation efficiency (AE) in harbor seals. Rate of passage (peak at 24h)

and initial defecation times (mean of 13.0h) were initially measured in five harbor

seals on a typical high fat herring diet. Five harbor seals were used to assess

the intake and nutrient digestibility of both high- and low-fat herring diets during

the last 72 h of a 4-week feeding trial. The AE was determined using chromic

oxide (Cr203 at 0.3% of the DM; placed in gel capsules and inserted into the

opercular cavity of multiple herring) as the inert marker of indicator technique. All

diet and fecal samples were analyzed for dry matter, ash, crude protein, and

crude fat content. Carbohydrate and energy components were then calculated.

Initial defecation times were longer than those found in previous studies at 13.0 ±

7.5h. Initial defecation times were found to be negatively correlated (~= 0.85) to

the total number of defecations. Percent Cr203 recovery was high at 85.33 ±

11.36%. Recovery of chromic oxide over 48 hours followed the expected bell-

shaped curve with peak Cr203 recovery at -24h after feeding. Assimilation

efficiency of dry matter was significantly higher (p=0.0006) for the high fat

herring, but AE's of crude protein, crude fat, and energy were similar between the

two diets. This study confirms that fat content of herring does not affect nutrient

AE's significantly when fed to harbor seals, but does have a significant

(p=6.8*10-5 and 3.15 *10-14
) impact on the quantity of protein and fat consumed
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daily. The similarity of AE values of the high and low fat herring found in this

study suggests that AE may be more dependent on prey species than was

previously thought, and less dependent on the varying nutrient composition of

any particular type (or kind) of prey. Further research should be conducted

during both the cold and warm seasons to assess differences and determine

relationships between level, type and proportion of nutrient intake on AE and

animal energetic efficiency. These studies should mimic the nutritional

circumstances in the wild in order to gain the best understanding of a possible

relationship between nutrition and the decline of harbor seals populations.
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2.1 Introduction

2.1.1 Background

Harbor seals (Phoca vitulina) are widespread in the north Pacific and

Atlantic oceans. However, over the past thirty years, there has been a decline in

the number of harbor seals in various locations in Alaska (Pitcher, 1990; Frost et

aI., 1999). The reason behind the decline is still unknown but may be due, in

part, to nutritional stress. Harbor seals in Alaska commonly prey on fish such as

herring, capelin, and pollock. Unfortunately, these fish species are also common

commercial fishery species. An understanding of factors such as rate of passage

and assimilation efficiency of prey can help in defining harbor seal feeding

ecology and ultimately help in determining any relation between their nutrition

and their current decline.

Rate of passage has been defined as the amount of time required for an

entire marked meal to pass through a point in the digestive tract in a given time

(Kotb and Luckey, 1972). Initial defecation time (lOT) is the amount of time

between ingestion of a marked meal and its first appearance in the feces (Helm,

1984). In the past, studies involving pinnipeds have shown that the rate of

passage is much faster than in most terrestrial animals (Helm, 1984; Markussen,

1993; Goodman-Lowe et aI., 1997). In particular, Helm (1984) and Markussen

(1993) found that the lOT in harbor seals was between 2 and 6h.

Assimilation efficiency (AE) is defined as the proportion of ingested

nutrients absorbed from the gastrointestinal tract and available for maintenance

functions, growth, reproduction, and external work (Hill and Wyse, 1989).
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Assimilation efficiency is commonly determined using the ratio of inert markers in

ingesta and feces (Kleiber, 1975). Feed quality (e.g. energy density) is one

factor that has been found to influence assimilation efficiency. In general,

assimilation efficiency is low when feed quality is low (Maiorino et aI., 1986). In

harp seals, it was found that lower feed consumption and higher AE values

occurred in animals fed herring or capelin compared to those fed low quality

invertebrates (Keiver et aL, 1984; Martensson et aI., 1994).

There are many factors that have been found to influence both the rate of

passage and AE. Feed quality (dry matter and nutrient levels), feeding

frequency, and meal size are probably the key variables. In harp seals, an

increased meal size increased the rate of passage and decreased AE (Keiver et

aL, 1984). The length of the intestinal tract also influences both rate of passage

and AE (Balch, 1950; Krockenberger and Bryden, 1994; Lawson et aI., 1997).

Pinnipeds tend to have a rapid rate of passage despite having a high small

intestine to body length ratio. Harbor seals used in a study by Helm (1984) had a

gastrointestinal tract length of 14m and an lOT of 4 to 6.5h. Age of the animals

has also been shown to affect rate of passage, lOT, and AE. Younger animals

tend to digest feed faster than adults whereas adults tend to have longer lOT's

(Helm, 1984). Due to the variation in these factors among different pinnipeds,

rate of passage and assimilation efficiency are most likely species and diet

specific.
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2.1.2 Objectives

The information gained from this study can be used to describe details of

harbor seal feeding ecology. This knowledge is necessary in order to determine

if a link exists between nutrition and the harbor seal decline in Alaska. The

objectives of this study were to determine the ROP and nutrient AE in mature,

captive harbor seals fed only herring. Specifically, rate of passage was

determined when consuming a high fat herring diet typically fed to captive

animals on exhibit. In addition, differences in nutrient AE were determined

between a high fat (high quality) and low fat (low quality) herring diets.

2.2 Materials and Methods

2.2.1 Animals and Facilities

This study was conducted with the approval of the Institutional Animal

Care and Use Committee (IACUC) of the University of Hawai'i (Protocol # 03­

002) and the Alaska SeaLife Center (Protocol # 00-007-03) under a scientific

research and enhancement permit from the National Marine Fisheries Service

(Permit # 881-1443-05). Five adult (3 male and 2 female) harbor seals were

used in this study. All of the seals were in residence at the Alaska SeaLife

Center (ASLC) in Seward, Alaska since 1998 and throughout the study, which

was conducted from January to March 2003. Both Atlantic and Pacific species of

harbor seals were used for the study. Their ages ranged from 7 to 20 years old,

and their initial body weights (mass) ranged from 55.2 and 73.5kg.
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Following is the individual information for each harbor seal.

Abbreviated Identification Age
Seal Identification Number Species Gender (Years)

Tina "T" PV96001-C98 Pacific F 12

Cecil "C" PV83005-C98 Atlantic M 20

Snapper "Sn" PV84006-C98 Atlantic M 19

Sydney "Sy" PV96001-C98 Pacific F 7

Pender "P" PV96002-C98 Pacific M 7

The seals were randomly rotated between an outdoor, 80,000-gallon

concrete pool and two indoor, 5,000-gallon fiberglass pools within the wet lab

area. Two female Steller sea lions were also housed and rotated between the

same pools during the time of this study. The daily pool locations of the harbor

seals during the study depended on the research and training schedules, and

also the compatibility of the harbor seals and the Steller sea lions. All pools

contained saltwater, ranging from 3-1 O°C, obtained directly from Resurrection

Bay adjacent to the ASLC. Each pool was surrounded by ample haul-out space

for the seals. The outdoor pool received natural sunlight. Overhead lighting

provided the light for the two pools in the wet lab, which could be dimmed to

mimic the light availability outdoors.
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2.2.2 Procedures

The experimental design for the rate of passage and assimilation

efficiency trials was as follows:

Diet Rate of Assimilation Herring Fecal

Week (Herring) Passage Efficiency Collection Collection

Prelim Hiqh Fat (HF) X

Dav 1 HF X X

Day2 HF X X

Week 4 HF X

Dav 1 HF X X

Day2 HF X X

Day3 HF X X

Week 8 Low Fat (LF) X

Dav 1 LF X X

Dav2 LF X X

Day3 LF X X

2.2.2.1 Nutritional Intake

Two types of herring, Pacific and Atlantic, were used during the course of

this study. All of the Pacific and Atlantic herring fed came form the same lot,

respectively. Preliminary proximate analysis indicated that the crude fat content

was greater than 10% different between the two types of herring. The protein

and fat content of the preliminary herring samples were 52.7 ± 0.29,36.6 ± 0.45

and 72.2 ± 5.18, 16.9 ± 5.82 for the high and low fat herring, respectively.

Therefore, it was determined that the Pacific herring was high fat, and the

Atlantic herring was low fat. The rate of passage study took place over a 48h

period prior to the start of the two-month feeding andAE studies. The test feed
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used during the rate of passage experiment was the higher fat Pacific herring,

which was more representative of herring typically fed in most marine mammal

facilities. The harbor seals were each fed herring at the rate of approximately 5%

of their body weight in one bolus feeding at the beginning of the ROP study.

Assimilation efficiency trials took place over the last 72 hours (3 days) of the last

week of both the high and low-fat 4-week dietary feeding trials. The seals were

fed ad libitum twice a day (morning and afternoon) during each AE trial, and the

amount of food consumed per seal was recorded daily. Feedings during the rate

of passage and assimilation efficiency trials lasted -10-15 minutes each.

2.2.2.1.1 Chromic Oxide Administration

Chromic oxide (Cr203; Fisher Scientific, Fairlawn, N.J.) was used as an

indigestible fecal marker during both the rate of passage and assimilation

efficiency trials. During both the ROP study and the AE trials, seals were fed

herring at levels to provide approximately 5% of their body weight (dry matter

basis). The amount of Cr203 given to each seal during both the ROP and AE

trials was 0.3% of the total amount of herring, on a dry matter basis, to be fed to

each seal. During the AE trials, herring (OMS) consumption was adjusted for

each seal based on their average consumption during the first three weeks of

each diet-feeding period. The amount of Cr203 given to each seal during the

ROP study and the high fat AE trial range from 1.95 to 2.93g, and ranged from

1.35 to 2.86g for the low fat AE trial. The Cr203 was placed in gel capsules in

amounts of 0.5 - 1.0g per capsule totaling four capsules per seal. The gel

capsules were then inserted into the opercular cavity of multiple herring for each

27



seal. For the rate of passage study, the Cr203 was administered in one bolus

feeding in the morning of the first day of dry holding and fecal collection. The

daily dose of Cr203 during the AE trials was split (2capsules/feeding) between

the two daily feedings for each seal. Cr203 was administered for four days prior

to the start of each 72h AE collection period in order for it to equilibrate in the

gastrointestinal tract. The administration of Cr203 was continued in the same

manner throughout the actual three-day collection period of the AE trials.

2.2.2.2 Separation and Holding

The fecal collection phases of the rate of passage and assimilation

efficiency trials required that the seals be held separately in dry holding areas to

facilitate collection. On the first day of each fecal collection period, the five seals

were brought into the indoor wet lab for separation and dry holding. The holding

areas included two drained, 5,OOO-galion pools and three metabolic cages. The

seals were each separated into one of the various holding areas and remained

there throughout the 48h rate of passage collection period and the 72h AE trials.

The individual seals were held in areas where, from past experiences, they

seemed to be most comfortable. For example, the larger harbor seals were held

in the drained pools, which offered more space. Doors in the wet lab area that

led to the outdoor holding pools were kept open to allow similar air temperatures

between the indoor wet lab and the outdoor environment. The seals were wetted

periodically with a hose to help maintain proper thermoregulation.
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2.2.2.3 Fecal Collection

Following the administration of the Cr203, the seals were watched, via live

feed cameras, by staff for 48h during the rate of passage trial and during the two

72h AE trials. Each defecation was collected, bagged in a Ziploc, labeled, and

time of excretion recorded. Samples were stored in an -80°C freezer until later

analysis. Because the feces from seals can have a high water content,

absorbent paper towels were used during the rate of passage collections to

ensure near total collection of the sample and the number used was recorded.

The paper towels were used to obtain any feces present on the floor or the

animal. Paper towels were not used during the assimilation efficiency fecal

collections because total collection was not necessary when using the inert

indicator marker technique.

2.2.2.4 Sample Analysis

2.2.2.4.1 Proximate Analysis

Proximate analysis was performed to determine the dry matter, moisture,

ash, crude protein, and crude fat content of the diet and the fecal samples from

the AE trials using standard methods of the Association of Official Analytical

Chemists (1990). For all samples, duplicate analyses were run for each nutrient.

Two random samples of the herring fed to the seals during the rate of passage

study were pulled in order to determine the nutrient content of the fish. Random

herring samples were also taken during each day of the high fat and low fat AE

trials and were stored at -80°C until analysis. Herring samples were thawed and

homogenized in a glass pitcher with an Oster blender, using chop then blend
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speeds. The frozen fecal samples from the AE trials were thawed in a cool water

bath while inside their sealed plastic storage bags. All of the fecal samples for

each seal for each day were pooled and homogenized in a mixing bowl. These

samples were then dried in a drying oven at 50°C for 48 hours to determine dry

matter content. The dried fecal samples were then ground in a Wiley mill through

a 2mm stainless steel screen. Dry matter of the herring was determined by

placing fresh sample in a drying oven at 100°C for 72 hours. Moisture was

calculated by the difference from initial fresh weight and the dry weight for both

the herring and the fecal samples. Ash content was determined after combusting

the dry herring and fecal samples in a muffle furnace oven at 650°C for 8 hours.

Crude protein content of the herring and fecal samples was determined using a

modification of the Kjeldahl nitrogen analysis. Fresh samples of the herring and

dry samples of the feces were first digested in sulfuric acid in a Decatur block

digester programmed for a 4%h ramp up and digestion. After digestion, the

samples were transferred to Kjeldahl flasks for distillation/titration using normal

Kjeldahl units and nitrogen determination. Fat content of the samples was

analyzed using the Goldfisch ether extract procedure. Fresh samples of the

herring were placed in thimbles and dried at 50°C for 72 hours before running the

rest of the procedure in orderto ensure that the fat in the fish was not lost during

drying. The dry fecal samples were placed in the thimbles and dried overnight to

pull out any moisture that may have been obtained while the samples were held

in the lab before the ether extract procedure.
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Carbohydrate (CHO) content of the herring and fecal samples was

determined by difference using the equation: CHO =100-(% Ash+% Crude

protein +% Crude Fat). Gross energy of the herring and fecal samples was also

calculated from the results of the proximate analysis. Gross energy (GE) is the

measure of the total potential energy consumed from a feed. It can be calculated

using the following formula from Pond et a!. (1995):

GE (kcal/g) =1000* (((%Crude protein/100) * 5.7) + ((% Crude Lipid/100) * 9.4) +

((% Carbohydrate/100) * 4.1))

2.2.2.4.2 Chromic Oxide Analysis

The frozen fecal samples collected during the rate of passage study and

the assimilation efficiency trials were thawed, while inside plastic bags, in water.

The weight of the fresh samples were determined and then placed in a drying

oven at 50°C to dry for 72 hours. For the samples containing paper towels, the

number of paper towels used during the collection was determined and actual

fecal weight was calculated before drying. The dry samples were ground in a

Wiley mill through a 2mm stainless steel screen. Each fecal sample was

analyzed in duplicate for chromic oxide content using the nitric acid and

perchloric acid digestion procedures of Hill and Anderson (1958). The results

were read on a spectrophotometer at 440nm (BioRad Smart Spec 3000; BioRad

Laboratories, Hercules, CA). One to two grams of sample were used for the rate

of passage analysis depending on the quantity of paper towels present in the

ground sample. For the AE samples, 0.75 grams was used for the analysis. A

standard curve was generated (Fig 2.1) from which the concentration of chromic
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oxide in the fecal samples (mg/g sample) was calculated using the following

regression equation:

Chromic oxide concentration (mg) = 44.201x - 0.4379, where x= the

optical density of the sample at 440nm (~= 0.9957, p=0.0001).

For the ROP study, it was necessary to quantify the recovery of chromic

oxide in the fecal samples. The amount of Cr203 recovered was expressed as

the total amount of Cr203 found in the feces of a particular seal during the 48h

collection period in relation to how much Cr203 the seal was fed as shown by the

following equation:

% Recovery = (Total Cr203 recovered (g)) / (Total Cr203 Fed (g)) *100

Assimilation efficiency was determined using the indicator method. AE

was calculated using the ratio of the concentration of chromic oxide fed

compared to the concentration in the feces and the ratio of a particular nutrient in

the feed to that in the feces (Jurgens, 1997) according to the following formula:

AE (%) = 100 - (100 * «% Indicator in feed / % Indicator in feces) * (% Nutrient in

feces / % Nutrient in feed))).

2.2.3 Data Analysis

The data was analyzed using Minitab 13.1 software (Minitab, Inc., State

College, P.A.). Linear regression was used to determine a relationship between

number of defecations and initial defecation time in the rate of passage study.

Student paired-T tests were used to determine any significant differences, at the

p ::;0.05 level, between the nutrient composition of the high fat and the low fat
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herring, the fecal samples from both AE trials, between the assimilation

efficiencies of the two diets, and any differences between days and seals.

2.3 Results

2.3.1 Rate of Passage

2.3.1.1 Diet Proximate Analysis

Proximate analysis of the herring fed to the harbor seals during the rate of

passage trial were as follows (n=6):

Dry matter (%): 29.60 ± 0.11
Ash (%): 6.41 ± 0.23
Crude Protein (%): 52.71 ± 0.49
Crude Fat (%): 36.60 ± 1.47

2.3.1.2 Initial Defecation Time

During the rate of passage study, the harbor seals defecated between 5

and 11 times within the 48-hour collection period (Table 2.1). Initial defecation

times ranged from -5h to 21h with a mean of 13.0 ± 7.5h (Table 2.1). Initial

defecation time was negatively correlated to the total number of defecations (r2 =

0.85, P = 0.027).

2.3.1.3 Chromic Oxide Recovery

Percent chromic oxide recovery in this study ranged from 69.42% to

99.71 %. The average recovery was 85.33% (Table 2.1). Chromic oxide

concentration in the feces of each seal was determined by pooling samples in 6-

hour intervals over the whole 48-hour collection period yielding a bell-shaped

curve (Fig 2.2 a,b). Four out of the five seals had maximum recovery

approximately 24 hours after initial feeding. Four out of the five seals had

between 0.05 and 6.66 mg Cr203/g feces in their last sample after -47h after
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initial feeding of the marker. This suggests that Cr203 was still present in the

feces after the 48h collection period.

2.3.2 Assimilation Efficiency

2.3.2.1 Nutritional Intake

The results of the herring proximate analysis can be seen in Table 2.2.

Dry matter, ash, crude fat, crude protein, and gross energy were all significantly

different (p :::;0.01) between the high fat and low fat herring (p=7.9*10-5
, p=0.018,

p=0.0003, p=0.0003, p=0.001, respectively). The fat content of the high fat

herring averaged 45.5% (n=6). The low fat herring averaged only 16.0% fat

content on a dry matter basis. That is a difference of 29%.

The harbor seals consumed fresh herring at -4% of their body weight

during the high fat AE trial and -6% during in the low fat herring trial (Table 2.3).

On a dry matter basis, there was no significant difference (p=0.67) in the quantity

of herring consumed between the two trials (Table 2.3). There was also no

significant difference (p=0.46) in the average daily total energy intake (Kcal GEld)

between the two AE trials (Table 2.3). Protein intake (g/d) was -32.3% higher

during the low fat AE trial and was significantly different than the protein intake

during the high fat AE trial (p=6.8*10-5
) (Table 2.4). Fat intake (g/d) was

significantly different (p=3.15*1 0-14
) between the diets and was almost four times

as higher during the high fat trial compared to the low fat trial (Table 2.4). The

energy:protein ratio was almost two times higher during the high fat AE trial

(Table 2.4).
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2.3.2.2 Fecal Analysis

From observation of the fresh fecal samples, there were differences noted

between the trials concerning the consistency of the fecal samples. A number of

the fecal samples collected during the high fat trial were coated in a "mucus-like"

substance whereas those from the low fat trial were not. Proximate analysis of

fecal samples from the AE trials revealed no significant differences between the

days within each trial and between seals. Dry matter, crude protein, and

carbohydrate content of the fecal samples were not significantly different

(p=0.057, p=0.76, p=0.12) between the high and low fat herring trials (Table 2.2).

Mean values across treatments for dry matter, crude protein, and carbohydrate

were 33.9, 25.7, and 14.3%, respectively. Fat content was significantly different

(p=4.37*10-5
) between the high and low fat trials as was gross energy content

(p=0.003) (Table 2.2). On average, fecal samples from the high fat trial

contained -2.33 times more fat and 24.7% more GE than those from the low fat

trial (Table 2.2). Ash content of feces from seals fed the high fat herring (51.6%)

was significantly lower (p=0.001) then those from seals fed the low fat herring

(58.6 %).

2.3.2.3 Calculated Assimilation Efficiency

Assimilation efficiency (%) of dry matter was significantly higher

(p=0.0006) for seals fed the high fat herring (96.9%) than seals fed the low fat

herring (94.7%) (Table 2.4). Assimilation efficiency (%) of crude fat and crude

protein were not significantly different (p=0.60 and p=0.83, respectively) between

the high and low fat diets, between seals, or between days within trials. On
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average, AE of crude fat was -99.0% on both diets and for crude protein AE was

-98.0% (Table 2.4). Digestible energy (DE) was also not significantly different

(p=1.0) between the high and low fat trials. DE was, on average, -98.6% for

both trials (Table 2.4).

2.4 Discussion

2.4.1 Rate of Passage

2.4.1.1 Initial Defecation Time

Initial defecation times in this study were generally longer and broader

than those previously reported for harbor seals. The rather large range of lOT in

this study was from -5h to 22h (Table 2.1). Markussen (1993) found the lOT in

harbor seals to be between 2 and 6h using various prey species. This is similar

to the results for three species of pinnipeds in a study by Helm (1984) where lOT

was 5h or less. The average lOT in this study was 13.0 ± 7.5h (mean ± SO)

which is similar to previous results for Hawaiian monk seals, at 14 ± 4.8h

(Goodman-Lowe et aI., 1997), and southern elephant seals, at -9h

(Krockenberger and Bryden, 1994).

The longer lOT found in this study may be attributed to several factors.

Though the animals used in this study were older than harbor seals used in

previous studies (3 months to 3 years, (Markussen, 1993)), it is hard to say if age

actually contributed to the longer lOT. The two animals in this study with the

shortest lOT (Table 2.1) are two of the older animals in the study. On the other

hand, the two youngest animals had the longest lOT. These data seems to go
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2.4.1.2 Rate of Passage Chromic Oxide Recovery

Percent chromic oxide recovery in this study, at 85.33 ± 11.36%

(Table 2.1), was relatively high compared to other pinniped studies on rate of

passage. Goodman-Lowe et al. (1997) had a recovery of only 67 ± 12.0% in a

study with Hawaiian monk seals. The use of absorbent paper towels may have

allowed for more complete collection of feces with high water content. One seal,

"1", had a rather low chromic oxide recovery compared to the other harbor seals

in this study (Table 2.1). The fecal samples colleted from this seal were

observed as being very loose and frequently liquid-like which could have led to

incomplete recovery, despite the use of paper towels, and a lower chromic oxide

recovery. After 48 hours of fecal collection, not all of the Cr203 had been

recovered though this is not readily obvious in Fig. 2.2a,b. Four out of five seals

still had Cr203 (0.05 to 6.66 mg) present in their feces after -47h after feeding of

the marked meal. Therefore, 48 hours may not have been enough time for all of

the marked meal to pass through the gastrointestinal tract.

The recovery of Cr203 followed the expected bell-shaped curve (Fig

2.2a,b). In four out the five seals, maximum Cr203 recovery occurred by 24

hours after feeding. This suggests that the majority of the marked meal had

passed through the gastrointestinal tract after one day.

2.4.2 Assimilation Efficiency

Previous studies of AE of feedstuffs of differing energy density have found

that AE is low when feed energy density is low (Maiorino et aI., 1986; Brekke and

Gabrielson,1994). Lawson et al. (1997a,b) observed that differences in AE were
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due to variation in lipid and energy density of the prey species. The AE of the

herring diets in this study were relatively high at> 90.0% (Table 2.4). This is

similar to other studies of AE of herring in pinnipeds where it was estimated at

91.2 - 92.4% in harbor seals (Ashwell-Erickson and Elsner, 1981; Rosen, 1996),

and 92.5- 95.0% in harp seals (Keiver et aI., 1984). In this study, there was no

significant difference in the AE of crude fat and crude protein between the high

and low fat herring diets (Table 2.4) despite the large difference in actual intake

(g/d) of protein and fat between the two AE trials (Table 2.4). Digestible energy

(%) of the high and low fat herring was rather high at -98.6% for both diets. This

is slightly high compared to previous studies where pinnipeds were fed herring.

DE (%) was found to be -95.5% in Steller sea lions (Rosen and Trites, 2000a),

92.5 - 96.6% in harp seals (Keiver et aI., 1984; Lawson et aI., 1997b), and

-93.9% in ringed seals (Lawson et aI., 1997a). The higher energy:protein ratio

during the high fat AE trial suggests that fat deposition would be increased on the

high fat herring diet due to low protein levels in relation to energy (Jurgens,

1997). However, this does not seem to be the case since average body weight

of the harbor seals was similar during both trials (Table 2.3). This is surprising

considering the extreme variation in the fat and energy content in the fish and the

big difference seen in GE intake (Table 2.2). It is also possible that over the

short duration of the trial, the seals might not show the extreme changes that

they would over prolonged feeding periods. Also the fact that they were being

held out of the water to collect feces likely lowered the need for energy for activity

and thermoregulation.
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Dry matter AE did differ significantly (p=0.0006) between the high and low

fat herring trials (Table 2.4). However, on a dry matter basis, there was no

significant difference in the food intake between the two diets (0.88 vs. 0.81 kg/d

for the high fat and low fat diet, respectively). There was a large difference in

gross energy between the high and low fat herring, -6980 kcal/kg and -5696

kcal/kg respectively, but the actual energy intake during the high and low fat AE

trials was similar (Table 2.4). The similarity in AE between the high fat and low

fat herring in this study may be due to digestibility of herring in general despite

variable nutrient composition.

2.5 Conclusions and Implications

Initial defecation time of a high quality (energy) herring meal by harbor

seals in this study differed somewhat from previous studies. lOT were longer

and may be due to the high lipid content of the fish or the conditions under which

the study was carried out. Rate of passage followed the traditional bell-shaped

distribution curve. Maximum Cr203 recovery occurred -24 hours after initial

feeding indicating a majority of the marked meal had already passed. The feces

collected over the 48 hours of the collection period yielded -85.0% recovery.

This could be due to incomplete collection of the more liquid fecal samples or

that it took longer than 48 hours for the whole marked meal to pass.

Assimilation efficiency of dry matter, crude protein, crude fat, and energy

were high for both diets and only that for dry matter was significantly different

between the two diets. This was unexpected due to the extreme variation in fat

and energy content of the high and low fat herring and the actual intake (g/d) of
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fat by the seals. The similarity of AE values of the high and low fat herring found

in this study suggests that AE may be more dependent on prey species than was

previously thought, and less dependent on the varying nutrient composition of

any particular type (or kind) of prey. The AE values for herring tended to be

slightly higher then those found for harbor seals and other pinnipeds in previous

studies where mixed species of prey were fed.

Further research should include multiple rate of passage and assimilation

efficiency studies using a variety of prey of differing nutrient composition.

Studies should also be conducted during both the cold and warm seasons to

assess differences and determine relationships between level, type and

proportion of nutrient intake on AE and animal energetic efficiency. Studies

should focus on mimicking the nutritional circumstances in the wild in order to

gain the best understanding of a possible relationship between nutrition and the

decline of harbor seals in Alaska.
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Table 2.1. Recovery of chromic oxide (Cr203) and initial defecation times of
five harbor seals. Cr203 recovered expressed as percentage of the total
amount of Cr203 fed.

Number of Initial Defecation Time

Seal Defecations (Hours) Cr203 Recovered (%)

T 11 5:13 69.42
C 11 4:52 81.07
Sy 5 21:43 91.51
P 6 16:40 99.71

Sn 9 16:33 84.94
.j::..
tv

Mean ± SO 8.4 ± 2.8 13:00 ± 7.5 85.33 ± 11.36



Table 2.2 Proximate analysis (dry matter basis) of herring fed to and feces collected from harbor seals during assimilation efficiency

trials. Values within the same columns, within type of material, followed by different letters are significantly different (p ~O.01).

Dry Matter (%) Ash (%) Crude Fat (%) Crude Protein (%) Carbohydrates (%) Gross Energy (Kcal/g)

Diet Samples

High Fat Herring 33.21 ± 0.87 a 6.98 ± 0.54 a 45.49 ±2.14 a 46.81 ± 1.65 a 1.00 ± 0.68 a 6980.43 ± 104.76 a
+>-w

Low Fat Herring 22.21 ± 0.76 b 8.58 ± 0.47 b 15.99 ± 3.72 b 73.55 ± 3.43 b 2.35 ± 1.69 a 5695.73 ± 252.24 b

Fecal Samples

High Fat Trial 35.56 ± 5.56 a 51.64 ± 6.22 a 5.65 ± 2.49 a 25.88 ± 3.53 a 15.10 ± 2.49 a 2787.61 ± 603.03 a

Low Fat Trial 32.33 ± 2.90 a 58.56 ± 3.94 b 2.43 ± 0.60 b 25.43 ± 4.31 a 13.58 ± 2.65 a 2234.65 ± 224.93 b



Table 2.3 Mean (± SO) of various variables measured during assimilation efficiency trials of herring

of different fat content. Values within rows followed by different letters are significantly different
(p :::;;0.01).

Variables High Fat Diet Low Fat Diet

(n=15) (n=15)

Fresh Herring Intake (kg/d) 2.75 ± 0.54 a 3.90 ± 0.90 b

Dry Matter Intake (kg/d) 0.89 ± 0.18 a 0.86 ± 0.20 a
+:>.
+:>.

Dry Matter Consumption (% of Body Weight) 3.95 ± 0.34 a 5.76 ± 1.03 b

Daily Gross Energy Consumption (kcal/d) 5380.2 ± 1054.5 a 5076.6 ± 1176.0 a

Body Weight (kg) 69.34 ± 11.67 a 67.70 ± 11.77 a

Calorie Consumption (kcal/kg body weighto.75
) 223.20 ± 23.60 a 214.90 ± 37.90 a



Table 2.4 Nutrient intake and assimilation efficiency values of high and low fat herring diets.
Means (±SD) within rows followed by different letters are significantly different (p =:;;0.05).

High Fat Diet Low Fat Diet
Variables (Mean ± SD) (Mean ± SD)·

Food Intake, kg/d 2.75 ± 0.54 a 3.90 ± 0.90 b

Dry Matter Intake, kg/d 0.89 ± 0.18 a 0.86 ± 0.20 a

Protein Intake, g/d 431.1 ± 84.50 a 635.9 ± 147.3 b

.j::.. Fat Intake, g/d 392.0 ± 76.84 a 100.2 ± 23.21 b
VI

Gross Energy Intake, kcal/d 5380.2 ± 1054.5 a 5076.6 ± 1176.0 a

Energy:Protein Ratio 14.3 ± 0.00 a 7.19 ± 0.0 b

Dry Matter AE (%)

Crude Fat AE (%)

Crude Protein (%)

Digestible Energy (%)

96.9 ± 0.98 a

99.5 ± 0.70 a

98.3 ± 0.33 a

98.6 ± 0.75 a

94.7 ± 1.91 b

99.4 ± 0.23 a

98.2 ± 1.61 a

98.6 ±0.31 a



Figure 2.1 Standard curve for determining the concentration of chromic

oxide in the fecal samples collected during the rate of passage and
assimilation efficiency trials. (y=44.201x - 0.4379: ,-2= 0.995, p= 0.0001).
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Figure 2.2. Concentration of chromic oxide in the feces (a) of individual harbor

seals and (b) the mean (± SO) concentration of chromic oxide in the feces

over time. Each point represents the amount of chromic oxide found in the fecal
samples in six hour increments over the 72 hour fecal collection period.
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Chapter 3
The Effect of Changes in Dietary Fat Level on Body Composition,

and Blood Metabolite and Hormone Levels in Harbor Seals

Abstract

This study tested the effect of feeding two herring diets of different

fat content on various physical and physiological parameters in harbor seals.

Five, adult harbor seals participated in two diet trials where high (-41.2%) and

low (-15.5%) fat herring were fed for four weeks each. Changes in fresh herring

and dry matter (OM) intakes, nutrient composition, body composition, blood

chemistry, and hormone levels were determined. Both herring and blubber

samples were collected during each trial for fatty acid (FA) composition, and

comparisons between FA intake and FA deposition showed that blubber

composition was not reflective of FA profiles of the diet. Body mass, blubber

thickness, girth, and standard length were measured weekly. Deuterium oxide

analysis was performed at the end of each 4-week diet period to determine body

composition. Blood was collected at the middle and end of each trial for

metabolite and hormone analysis. Food intake increased on average -30.0%

during the low fat trial, while gross energy intake was -24.0% higher during the

high fat trial. Body weight, overall blubber content, and blood metabolite and

hormone levels did not change significantly between the trials. Deuterium oxide

analysis showed that both lean body mass and fat mass also did not change

significantly between the two diet trials. Fatty acid analysis showed that though

the two types of herring differed (p< 0.0009) in their fatty acid profile, the

proportions found in the seals blubber were not significantly different. This study
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shows that adult harbor seals can maintain body condition and overall health

over a short period of time on a low-fat diet, mainly by slightly increasing their

food intake.
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3.1 Introduction

3.1.1 Background

Harbor seals (Phoca vitulina) inhabit a large area including the north

Pacific and Atlantic oceans. In parts of Alaska, harbor seal populations have

been declining for the past thirty years (Pitcher, 1990; Frost et aI., 1999). This

decline is similar to that of Steller sea lions in the same areas (Trites and Larkin,

1996). One explanation for this decline is that the quality of prey available to

animals in these regions has not been adequate to sustain the population. Prey

quality primarily refers to the fat and protein content and therefore the gross

energy content of the prey. Understanding the effects of a low-fat (low-energy)

diet or an imbalance in the energy:protein ratio can help determine if prey quality

may be related to the decline of harbor seals in regions of Alaska.

There are various physiological and physical mechanisms that animals

use to adapt to a low-energy diet in order to minimize potential effects. When

faced with lowered energy consumption, pinnipeds can either increase food

consumption to compensate or decrease energy expenditures to conserve

internal energy reserves. Past studies involving pinnipeds have examined the

effects of different diets on various parameters. Of interest are changes in

consumption, energy intake, body mass, and body composition (Martensson et

aI., 1994; Rosen and Trites, 1999, 2000b). Changes in blood metabolites, such

as blood urea nitrogen (BUN), glucose, triglycerides,and non-esterified free-fatty

acids (NEFA), can indicate changes in protein, carbohydrate, and lipid

metabolism, respectively (Castellini and Rea, 1992). Also, changes in hormone

50



levels (cortisol, thyroxine (T4), and triiodothyronine (T3)) can reveal changes in

metabolism and/or extent of stress due to changes in diet.

In general, overall body mass and blubber content decrease when

pinnipeds are fed a low-energy (low fat) diet (Martensson et aI., 1994; Rosen and

Trites, 1999, 2000b). Food consumption has been found to not change

significantly when fed a low-energy diet, likely due to physical satiation, resulting

in a lower gross energy intake (GEl) (Rosen and Trites, 1999, 2000b). Thyroid

hormones, usually associated with an increase in metabolism, have been found

to decrease in times of reduced food or energy intake as a way to conserve

energy (Renouf and Noseworthy, 1991; Boily, 1996; Ortiz et aI., 2001), but also

change with season (Oki and Atkinson, In press). Cortisol, a glucocorticoid,

generally increases when food and energy intake is decreased, which leads to an

increase in lipolysis and gluconeogenesis (Exton et ai., 1972; Ortiz et ai., 2001),

but the normal circadian pattern is abandoned during the summer (Oki and

Atkinson, In press). Because levels of blood metabolites change with nutritional

status, they have often been studied in fasting animals and used to estimate

nutrient utilization (Nelson, 1980; Castellini and Rea, 1992; Rea et aI., 1998a;

Ortiz et ai., 2001).

Comparison of the fatty acid composition of the diet and blubber of

pinnipeds is an emerging method in determining differences in the incorporation

of fatty acids from different diets into the blubber (Grahl-Nielsen and Mjaavatten,

1991; Kirsch et ai., 1995; Iverson et ai., 1997). Fatty acids from the diet can be

metabolized or are incorporated into the blubber and stored as triglycerides. In
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general, those fatty acids of fourteen carbons or more are usually deposited with

minimal modification in monogastrics. Therefore, relative proportions of dietary

fatty acids are reflected in the fatty acid profile of lipid stores (Reidinger et aI.,

1985; Colby et aI., 1993; Iverson et aI., 1997).

3.1.2 Objectives

The purpose of this study was to demonstrate the effects of changes in

dietary fat content over a short period (i.e. 4 weeks) of time. The objective of this

study was to examine the effect of changing dietary fat levels on a variety of

physical and physiological parameters in harbor seals. Specifically, differences

in fresh herring, OM and nutrient intake; body mass and composition; blubber

thickness and girth measurements; and condition of harbor seals were

determined when consuming a high and a low fat herring diet. Also, differences

in food gross energy intake were assessed. Changes in blood metabolites and

hormone levels when seals were fed the two dietary fat levels were also

determined. The relationship between fatty acid composition (levels and

proportions) of the herring diets and blubber samples of seals being fed the high

and low fat diets was also determined. The results of this study also studied the

short term effects of changes in dietary fat content on nutrient intake, energy

distribution within the body, and identify potential relationships between energy

fat content of diet and the stability of future harbor seal populations.
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3.2 Materials and Methods

3.2.1 Animals and Facilities

This study was conducted with the approval of the Institutional Animal

Care and Use Committee (IACUC) of the University of Hawai'i (Protocol # 03-

002) and the Alaska SeaLife Center (Protocol # 00-007-03) under a scientific

research and enhancement permit from the National Marine Fisheries Service

(Permit # 881-1443-05). Five adult (3 male, 2 female) harbor seals were used in

this study. All of the seals were in residence at the Alaska SeaLife Center

(ASLC) in Seward, Alaska since 1998 and throughout the study, which was

conducted from January through March 2003. Both Atlantic and Pacific species

of harbor seals were used for the study. Their ages ranged from 7 to 20 years

old and their initial body weights (mass) were between 55.2 and 73.5kg.

Following is the individual information for each harbor seal.

Abbreviated Identification Age
Seal Identification Number Species Gender (Years)

Tina "T" PV96001-C98 Pacific F 12

Cecil "e" PV83005-C98 Atlantic M 20

Snapper "Sn" PV84006-C98 Atlantic M 19

Sydney "Sy" PV96001-C98 Pacific F 7

Pender "P" PV96002-C98 Pacific M 7

The seals were randomly rotated between an outdoor, 80,000-galion

concrete pool and two indoor, 5,000-galion fiberglass pools within the wet lab

area. Two female Steller sea lions were also housed and rotated between the

same pools during the time of this study. The daily pool locations of the harbor
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seals during the study depended on the research and training schedules, and

also the compatability of the harbor seals and the Steller sea lions. All pools

contained saltwater, ranging from 3-1 DoC, obtained directly from Resurrection

Bay adjacent to the ASLC. Each pool was surrounded by ample haul-out space

for the seals. The outdoor pool received natural sunlight. Overhead lighting

provided the light for the two pools in the wet lab, which could be dimmed to

mimic the light availability outdoors.

3.2.2 Experimental Design

Below is a visual explanation of the experimental design for this study.

Rate of passage and assimilation efficiency were discussed in the previous

chapter.

Diet Rate of Assimilation Blood Body Composition Blubber

Week I(Herring) Passage Efficiency Sampling Morphometries (Deuterium Oxide) Biopsy

Prelim High Fat X X

1 High Fat X

2 High Fat X X

3 High Fat X

4 High Fat X X X X X

5 Low Fat X

6 Low Fat X X

7 Low Fat X

8 Low Fat X X X X X

3.2.2.1 Diet Trials

This study consisted of two 4-week trials where seals were fed either high

or low fat herring diets. Pacific herring was used for the high fat diet and Atlantic

herring was used for the low fat diet. Both lots of fish were caught around the

same time at the end of 2002. All five harbor seals were fed the same diet during
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each of the 4-week diet periods. The low fat herring ranged in size from 21.3­

26.7cm and weighed between 101.1 and 184.2g. The high fat herring were

slightly smaller at 16.0 - 24.1 cm long and weighing 64.5 - 168.6g. All five harbor

seals were on the same diet at one time. Preliminary proximate analysis of the

high and low fat herring was performed to ensure that the two types were at least

10% different in fat content. The protein and fat content of the preliminary

herring samples were 52.7 ± 0.29, 36.6 ± 0.45 and 72.2 ± 5.18, 16.9 ± 5.82 for

the high and low fat herring, respectively. Herring diets were weighed daily and

ingested food mass was determined and recorded daily for each seal throughout

each diet trial.

3.2.2.1.1 Herring Proximate Analysis

Two herring samples were randomly taken weekly during the two months

of the study. Five fish were collected and homogenized each week allowing for

two samples to be prepared for each week. Additional samples were collected

as part of the rate of passage and assimilation efficiency trials, which took place

during the fourth week of each diet trial. Whole samples were homogenized in a

glass pitcher with an Oster blender, using chop then blend speeds, and kept at ­

80°C until analysis. Proximate analysis was performed in duplicate for each

sample to determine dry matter, ash, protein, and crude fat content using

standard methods of the Association of Official Analytical Chemists (1990). Dry

matter of the herring was determined by placing fresh sample in a drying oven at

100°C for 72 hours. Moisture was calculated by difference from initial fresh

weight and the dry weight. Ash content was determined after combustion of the
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dry herring samples in a muffle furnace at 650°C for 8 hours. Crude protein

content of the herring was determined using a modification of the Kjeldahl

nitrogen analysis. Fresh samples of the herring and dry samples of the feces

were first digested in sulfuric acid in a Decatur block digester programmed for a

4~h ramp up and digestion. After digestion, the samples were transferred to

Kjeldahl flasks for distillation/titration using normal Kjeldahl units and nitrogen

determination. Fat content of the samples was analyzed using the Goldfisch

ether extract procedure. Fresh samples of the herring were placed in the

thimbles and dried at 50°C for 72 hours before running the rest of the procedure

in order to ensure that the fat in the fish was not lost during drying.

Carbohydrate (CHO) content of the herring was determined by difference

using the equation: CHO= 100-(% Ash + % Crude protein + % Crude Fat). Gross

energy of the herring was also calculated from the nutrient values obtained in the

proximate analysis. Gross energy (GE) is the measure of the total potential

energy consumed from a feed. It can be calculated using the following formula

from Pond et al. (1995):

GE (kcal/g) = 1000* (((%Crude protein/100) * 5.7) + ((% Crude Lipid/100) * 9.4) +

((% Carbohydrate/100) * 4.1))

3.2.2.2 Morphometries

Morphometric measurements were obtained from each animal at least

weekly throughout the study. Weights were taken using a platform scale to the

nearest 0.1 kg. Standard length (em) was determined by measuring from the tip

of the nose to the tip of the tail. Blubber thickness was measured to the nearest
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0.1 mm using a Scanoprobe 32A Doppler Ultrasound (Scanco, Ithaca, N.Y.). The

blubber measurements were taken dorsally at three sites: axillary, midtrunk, and

at the hipbone. Girth measurements were taken at the same sites as the blubber

measurements. They were taken by wrapping a nylon string around the animals

and measuring the length to the nearest 0.1 cm.

3.2.2.3 Blood Collection

Blood was collected from each seal during the second and fourth week of

each diet trial. Blood draws during the second week of each diet trial were

performed at a time where the seals had had free access to water. Those during

the fourth week were performed directly following a 72h dry holding period for

assimilation trials before the seals were allowed free-access to water. When

possible, blood was collected voluntarily while the seals were under trained

control. When necessary, seals were physically restrained on a belted restraint

board or inside a restraint box during blood collection. Blood was collected from

the intervertebral sinus at a site -60% of their body length. The site was cleaned

with 70% isopropyl alcohol and a dilute solution of povidone iodine in saline

(30ml in 500ml NaCI) prior to inserting the needle.

3.2.2.3.1 Blood Analysis

The levels of the blood metabolites BUN, triglycerides, and glucose were

determined directly following blood collection by standard IDEXX vet chemistries

using an IDEXX VetTest Blood Chemistry Analyzer 8008 (IDEXX Laboratories,

Inc., Westbrook, Maine). Serum was collected from each blood sample through

centrifugation and stored at -80°C until analysis. Non-esterified fatty acid (NEFA)
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concentrations were quantified, in duplicate, using an enzymatic colorimetric

method specific for NEFA's (Wako Chemicals USA, Inc., Richmond, VA). Each

sample was read on a spectrophotometer at 550nm (BioRad Smart Spec 3000;

BioRad Laboratories, Hercules, CA) to determine the absorbance.

Concentrations of NEFA's were determined using a standard calibration curve of

0.5, 1.0, and 1.97 NEFA concentrations and their respective absorbencies at

550nm.

Solid phase radioimmunoassays specific for total Thyroxine (T4), total

Triiodothyronine (T3), free T4, free T3, and cortisol were used to determine

hormone concentrations in serum (Diagnostics Products Corporation, Los

Angeles, CA; Oki and Atkinson, In press). Duplicate samples and three quality

controls were analyzed. The three quality controls were provided by Diagnostic

Products Corporation to validate the procedures. Sensitivities for the total T4,

total T3, free T4, freeT3, and cortisol were 0.05ng/tube, 4.93ng/tube,

0.008pg/tube, 0.05pg/tube, and 0.11 ng/tube respectively. The non-specific

binding readings were 1.07% for total T4, 1.80% for total T3, 1.07% for free T4,

1.36% for free T3, and 1.44% for cortisol. Intra-assay variation for all of the tests

was <5%. All samples for each assay were analyzed together to avoid

interassay variation. Sample concentrations were determined using the log-logit

transformed standard curve for each assay (Rodbard, 1974).
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3.2.2.3.2 Deuterium Oxide Analysis

The isotopic technique of using deuterium oxide (D20) was used at the

end of each diet trial as a means of determining body composition of the harbor

seals. The seals were physically restrained on a beited restraint board or inside

of a restraint box for this procedure. The dose of D20 for each animal was based

on its current weight following the equation: ((0.07g * body mass (kg» + 10%).

The dose was delivered into the muscle near the hips following a pre-dose blood

draw. A second blood sample was taken at 2 hours after the D20 injection. Pre

and post dose samples, in addition to a sample of the D20 used, were analyzed

for deuterium oxide content (Metabolic Solutions Inc., Nashua, NH; Scrimgeour

et aI., 1993).

Deuterium oxide analysis was only performed on four of the five seals

because while spinning the blood in the centrifuge, Seal T's post dose blood tube

broke. The blood was cleaned up using paper towels, which were then spun in a

centrifuge to re-collect the blood. -1 ml of serum was salvaged but because of

severe hemolyzation, the results from the D20 analysis were compromised so

the data was not used in the study.

3.2.2.4 Blubber Biopsies

Blubber biopsies were taken from four of the five seals during the fourth

week of each trial. The fifth, seal C, was excluded because of previous problems

concerning this procedure. Animals were pre-medicated 10 to 15 minutes prior

to the procedure using an injection of butorphanol at a dose of O.4mg/kg body

weight given intramuscularly (1M), followed by a local anesthetic of 2-4ml of 2%
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lidocaine at least 5 minutes prior to biopsy. The seals were physically restrained

on a restraint board during this procedure. A skin incision of -5mm was created

using a scalpel blade. A 6 or 8mm punch biopsy instrument was inserted into the

incision to obtain a blubber core (-300-500mg). The blubber samples were

wrapped in Teflon paper and aluminum foil and stored at -80°C until analysis.

Prior to release, each animal was given a single 1M injection (5000-9000 units/kg

body weight) of long-acting penicillin. Seals were then released and observed

during routine training sessions in the following days for signs of infection and

other health related problems.

3.2.2.5 Fatty Acid Analysis

Fatty acid profiles were determined for three high fat and low fat herring

samples taken during each trial, and the blubber samples from each of the

harbor seals. Approximately 1% g of each fresh, homogenized herring sample,

and 300-500 mg of the each blubber sample were freeze dried for 24 hours. Dry

samples were weighed and ground using a mortar and pestle. Fatty acid profiles

were determined, in duplicate, using the extraction method of Tamaru et aI.,

(1992). Extracted fatty acids from the blubber samples were analyzed on a gas

chromatograph (Hewlett-Packard) using a 0.32mm ID capillary column, helium as

a carrier gas at a flow rate of 4.0ml/min, and a starting temperature of 150° that

rose to 220°C at a rate of 10°C/min. The resulting peaks were compared against

a set of fatty acid standards containing known amounts of the major families of

fatty acids which had been previously prepared. By comparing the

chromatogram peaks for the fatty acids in the standards and those of the
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samples, the types and quantities of fatty acids present in each herring and

blubber sample were determined according to the method of Tamaru et aI.,

(1992).

3.2.3 Calculations

3.2.3.1 Blubber Content

Blubber content (%) was calculated using ultrasound measurements taken

throughout the study and the calculated surface area of each seal. Axial surface

area (AX), excluding flippers, was calculated using the following equation

developed for phocids (Ryg et aI., 1990b):

AXbody =0.112 SQRT(BW xL),

where AX is in m2
, SQRT is square root, BW is the body weight of the seal in kg,

and L is the standard body length in m. The calculated axial surface area was

then multiplied by the average blubber thickness for each seal at the end of each

diet trial to determine the total blubber volume. Weight of blubber was

determined by multiplying the total blubber volume by the 0.94 g/cm3 specific

gravity of seal blubber (Worthy et aI., 1992). Percent blubber content was then

calculated by dividing blubber weight by the total weight of each seal.

3.2.3.2 Total Body Water (TBW)

Virtually all of the body water is found in the fat-free mass of the body.

Therefore, there is a relationship between total body mass, fat mass, and total

body water. Using the results of the deuterium oxide analysis (where all

deuterium value results are in parts per thousand (%0)), TBW was calculated

using the following equations (Scrimgeour et aI., 1993).
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TBW (moles) =((ddose - dtap) / (dpost - dpre)) x (WA/18.02a), where;

dpre =deuterium values from pre-dose blood draws, dpost =deuterium values

from post-dose blood draws, dtap =deuterium content of tap water (control),

ddose =deuterium content of diluted dose (pure deuterium oxide), W =Amount of

water (g) used to dilute the dose, A =amount of dose (g) administered to each

seal, and a =amount of pure dose (g) diluted for the analysis.

TBW (kg) = TBW (moles) x 18.02/1000g/kg

Deuterium oxide has been experimentally determined to overestimate TBW (kg)

by - 4% (Scrimgeour et aI., 1993) so can be corrected using the following

equation.

Corrected TBW (kg) =TBW (kg) / 1.04

3.2.3.3 Lean Body Mass (LBM)

Lean body mass (kg) is a measure of the amount of total body mass which

is not fat, where 0.72 is the hydration coefficient of seal muscle (Reilly and

Fedak, 1990).

LBM (kg) =carr TBW (kg) / 0.72

3.2.3.4 Fat Mass (FM)

Fat mass can then be determined as the difference between total body

weight and lean body mass.

Fat Mass (kg) = Body weight (kg) - LBM (kg)

Percent fat can then be calculated by dividing fat mass by total body weight.
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3.2.4 Data Analysis

Linear regression was used to determine relationships between body

composition measurements (overall body mass, average blubber thickness, and

percent blubber weight), metabolites, and hormones (Minitab 13.1, Minitab Inc.

State College, PA). Student paired-T tests were also used to determine any

significant differences, at the p ~0.05 level, between the nutrient composition of

the high fat and the low fat herring, body composition measurements, metabolite

levels, hormone levels, and fatty acid composition of herring and blubber

samples measured during the two diet trials.

3.3 Results

3.3.1 Herring Proximate Analysis

Proximate analysis of the two types of herring fed to the harbor seals

during the diet trials revealed significant differences (p ~0.01) in most

parameters (Fig 3.1). Of most interest were the differences in fat and protein

content. The high fat herring contained, on average, 41.21 ± 4.15% fat on a dry

matter basis (mean ± SO) whereas the low fat herring only contained 15.45 ±

3.56% fat on a dry matter basis (mean ± SO). The high fat herring therefore

contained over 2.5 times the amount of fat as the low fat herring. The low fat

herring contained -31.8% more protein then the high fat herring (mean values

were 73.4% and 50.2% for the low fat and high fat herring, respectively).

As a consequence of the extreme difference in fat content, the two types of

herring were also found to have significantly different energy contents. The high

fat herring had a calculated energy content of 6800 ± 1770 kcal/kg (mean ± SO)
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whereas the low fat herring contained only 5640 ± 1600 kcal/kg (mean ± SO).

Digestible energy (%) was found to be similar at about 98.6% for both the high

and low fat diets (Fig 3.1).

3.3.2 Herring and Nutrient Intake

Food intake, on an as-fed basis, increased 29.69 ± 16.18% (mean ± SO;

Fig 3.2a) between the high fat and low fat herring diets. Food intake was

significantly higher (p=2.55*1 0-13
) during the low-fat trial in four of the five seals.

Dry matter intake also was significantly different (p=0.012) between the high and

low fat herring diets (Table 3.1). On an as-fed basis, four out of the five seals

significantly increased their herring consumption during the low fat diet period

(Fig 3.2a). Figure 3.4a shows that, on an as-fed basis, feed intake was high

during week 1 of the high fat diet then dropped and leveled off through the

remainder of the high fat trial. When the diet switched to the low fat herring, food

intake on an as-fed basis increased steadily over the four-week diet period. Dry

matter intake was consistent throughout the whole study (Fig 3.4a) though was

still significantly different due mostly to differences in moisture content (Fig 3.1).

Protein and fat intake (g/d) were significantly different (p=1.6*1 0-13
, p=2.7*10-77

)

between the two diet periods (Table 3.1). On average, the harbor seals

consumed 1.4 times more protein per day during the low fat diet than during the

high fat diet. On the other hand, 3 times more fat was consumed per day during

the high fat compared to the low fat diet. Four of the five seals consumed

significantly more protein (g/d) during the low fat diet (Fig 3.3a). All seals
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consumed more fat (g/d) during the high fat trial when compared to the low fat

trial (Fig 3.3b).

Daily gross energy intake (kcallkg) was higher for seals being fed the high

fat diet (Fig 3.2b) and was significantly different from the gross energy intake

when the seals were fed the low fat diet in three of the five seals. On average,

the harbor seals consumed 1.3 times more energy per day during the high fat

diet than during the low fat diet period. The seals consumed -5818.0 kcal/d

during the high fat period and -4435.6 kcalld during the low fat feeding period.

The dietary energy:protein ratio was two times higher during the high fat trial

compared to the low fat trial (Table 3.1).

3.3.3 Body Composition

On average, the seals gained weight during the high fat diet trial (Fig 3.7).

On average, weight (kg) increased 8.35 ± 3.25% (mean ± SO) during the high fat

trial (Fig 3.5). On average, the seals lost 2.35 ± 3.25% (mean ± SO) of their

weight during the low fat trial (Fig 3.5). The seals gained weight primarily in the

first two weeks of the high fat trial and lost weight mostly during the last two

weeks of the low fat trial (Fig 3.8). Because the changes in weight were

relatively small, the average weights after four weeks on both the high fat and

low fat diets were not significantly different (p= 0.83).

Average blubber thickness (mm) increased greatly during the high fat trial

(Fig 3.5). Blubber thickness increased 12.9 ± 9.8% during the high fat trial, and

on average still increased 1.7 ± 9.2% on the low fat trial (Fig 3.5). During the low

fat diet, three seals had a decrease in blubber thickness whereas in the other two
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seals, blubber thickness continued to increase slightly. Average blubber

thickness at the end of each 4-week herring diet period was significantly different

(p=0.85). The trend of changes in blubber thickness was similar to the trend in

body mass changes throughout both diet periods. The trend was that the

changes in blubber thickness occurred approximately one week after the

changes in weight (Fig 3.4b). Midtrunk girth was found to be most representative

of changes in body composition out of the three girth measurements taken. A

strong positive correlation (~= 0.855; p< O. 0001) was found between midtrunk

girth (mm) and body mass (kg) (Fig 3.6). The changes in midtrunk girth reflected

the changes in the changes in body mass (Fig 3.5). On average, midtrunk girth

increased 5.6 ± 3.5% during the high fat trial and decreased on average 2.8 ± 3.5

% during the low fat trial (Fig 3.5). Standard length did not change significantly

(p > 0.05) in any of the seals throughout the whole study.

Percent blubber weight (calculated using average blubber thickness

determined by ultrasound) and percent fat mass (calculated from deuterium

oxide analysis) were both used to determine blubber content. On average,

blubber content increased on the high fat diet and decreased on the low fat diet

(Fig 3.7) though not significantly (p=0.50). During the high fat diet, there was a

large increase in overall body mass and lean body mass (Fig 3.7). On the other

hand, the low fat trial was characterized by a 2.2% and 2.6% decrease in overall

body mass and fat mass, respectively (Fig 3.7).
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3.3.4 Blood Analysis

3.3.4.1 Metabolites

There were no significant differences in any of the metabolite levels

between the high and low fat diet trials measured after four weeks on each diet

(Table 3.2). Overall, mean levels of BUN, glucose, TG and NEFA's were 0.37

mg/ml, 1.82 mg/ml, 0.25 mg/ml, and 1.13 mEq/L after the high fatfeeding period,

respectively. After the low fat feeding period, mean levels of BUN, glucose, TG,

and NEFA's were 0.41 mg/ml, 1.99 mg/ml, 0.25 mg/ml, and 0.79 mEq/L,

respectively. On average, there was a trend for BUN, glucose, and triglyceride

levels to increase during the low fat trial, and NEFA levels to decrease during the

low fat trial (Table 3.2). There was no significant difference found between the

younger and older animals in any of the metabolites measured. Glucose levels

were significantly higher (p=0.001) in females, 2.04 ± 0.36 mg/ml, compared to

the males, 1.62 ± 0.20. Similarly, female harbor seals had higher triglyceride

levels, 0.46 ± 0.23, than the males, 0.25 ± 0.10, in this study (p=0.005). No

correlations were found between any of the metabolites or between the

metabolites and the body composition parameters. Linear regression of the

metabolites resulted in a range of ~= 0.002 (glucose vs. cholesterol) to ~= 0.44

(BUN vs. cholesterol). Linear regression of the metabolites and morphometric

measurements resulted in a range of ~= 0.008 (glucose vs. average blubber

thickness) to ~= 0.39 (BUN vs. % blubber weight).
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3.3.4.2 Hormones

There was no significant difference in any of the hormone levels of seals

after being fed the two diets for four weeks (p=0.19 - 0.68). Mean cortisol

concentrations, on average, increased during the low fat trial (Table 3.2). Free

T4, total T4, free T3, and total T3 levels all slightly decreased during the low fat

trial. There were significant differences found between the concentrations of total

T4, totaT3, and free T4 measured from the two regular blood draws (week 2 of

each diet period) and after AE holding (week 4 of both diet periods) (p=0.012,

p=0.00007, p=0.00007, respectively) (Table 3.2). No significant differences were

found in this study between harbor seals of different ages or genders (p= 0.057 ­

0.71). No significant correlations were determined between the hormones and/or

between metabolite levels or body composition parameters. Linear regression of

the hormone concentrations resulted in a range of ~= 0.004 (cortisol vs. total T3)

to ~= 0.27 (free T4 vs. total T3). Correlations between hormone and metabolite

levels resulted in a range of ~= 0.0008 (cholesterol vs. cortisol) to ~= 0.56 (BUN

vs. total T3). Linear regression of the hormone concentrations and the

morphometric measurements resulted in a range of ~= 0.001 (cortisol vs. percent

blubber weight) to ~= 0.50 (free T3 vs. percent blubber weight).

3.3.5 Fatty Acid Analysis

The fatty acid analysis of the two herring diets and harbor seal blubber

samples showed a high number of fatly acids that were 14 carbons or greater in

length (Table 3.3). The fatly acid identified as eructate (22:1 n11) is probably not
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actually eructate but an isomer. Eructate is a toxic fatty acid found in rapeseed

oil and so is not likely to actually have been found in. the herring or blubber.

Fatty acid analysis of the high and low fat herring revealed that the high fat

herring, on average, contained a significantly higher (p=0.002) amount of total

fatty acids. The high fat herring contained 27.67 ± 3.03 mg of fatty acids/1 OOmg

dried sample (mean ± SD) whereas the low fat herring contained only 14.90 ±

1.17 mg/100mg dried sample. There was no significant difference in total fatty

acid concentration in the blubber samples from seals fed the two herring diets.

The blubber samples taken during the high fat trial contained 66.28 ± 34.11 mg

of fatty acids/1 00 mg dried sample and the blubber from the low fat trial

contained 59.13 ± 10.65 mg/100mg dried sample. The high fat herring contained

significantly higher proportions of palmitic acid (16:00) (p=0.008), oleic acid

(18:1 n9) (p=0.005), and eicosapentaenoate (20:5n3) (p=0.002) compared to the

low fat herring (Table 3.3). The low fat herring contained higher proportions of

eicosenoate (20: 1n9) (p=0.009) and the eructate (22: 1n11) isomer (p=0.002).

The blubber samples taken during each diet trial showed no significant

differences in the proportion of each fatty acid identified. There were no

significant differences in the FA concentrations of the blubber samples taken

from the seals fed the two herring diets. But, there was a significant change in

the proportion of fatty acids when their levels in the blubber were compared to

the FA levels in the respective herring diets.

69



3.4 Discussion

3.4.1 Food and Gross Energy Intake

The purpose of this study was to examine the different effects of high and

low fat herring diets on nutrient intake, body composition, blood chemistry, and

blood hormone response. The Atlantic and Pacific herring fed during the two 4­

week trial periods had significantly different fat contents (p=9.11 *1 0-19
). The

difference in fat content between the two types of herring contributed to the

significantly different energy contents. Because of the lower energy content of

the low fat herring, the harbor seals would need to increase their food intake

during the low fat trial to compensate for the lack of energy. In this study, the

harbor seals did increase their food intake, on average -30%, during the low fat

trial. However, the daily gross energy intake was still lower in three of the five

seals during the low fat trial (Fig 3.2a). The failure of the harbor seals to increase

their food intake sufficiently enough to compensate for the lower energy is likely

due to physical satiation since the seals were fed ad libitum. Seals fed the low

fat herring consumed only -92% of the dry matter that they consumed when fed

the high fat herring. These results are similar to those found in previous studies

examining the effect of low-energy diet in Steller sea lions (Rosen and Trites,

1999,2000b).

3.4.2 Body Composition

As expected, all of the harbor seals gained weight during the high fat trial

(Fig 3.7), with the majority of this gained weight being in the form of lean body

mass (Fig 3.7). The harbor seals gained weight primarily in the first two weeks of
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the high fat trial (Fig 3.8). Despite increased food intake during the low fat trial,

gross energy intake was still significantly lower causing a mean decrease in

weight of 2.35 ± 3.25% (mean ± SO). An overall decrease in fat mass accounted

for a majority of the decrease in body mass during the low fat diet trial (Fig 3.7).

A majority of the weight loss occurred in the last two weeks of the low fat diet trial

(Fig. 3.8), which may be due to carry-over effects of the high fat diet during the

beginning of the low fat trial. Midtrunk girth was positively correlated to body

weight (~ = 0.855; p<0.0001) so changes in weight were directly proportional to

changes in midtrunk girth. Body weight increased, on average, 8.4% during the

high fat herring period and decreased only -2.4% during the low fat herring

period. Though body weight changed during both the high and low fat herring

diet trials, it was found to be significantly similar at the end of both trials (p=0.83).

These results differ from studies conducted with Steller sea lions in which there

were significant changes in body weight during periods of low-energy intake that

lasted only 11-24 days (Rosen and Trites, 1999, 2000b).

Overall, there were no significant differences in any of the body

composition parameters between seals fed the high and low fat diets, which was

unexpected. One possible explanation is that the trials were short enough so

that the harbor seals were able to somewhat maintain body composition.

Previous studies have shown that some pinnipeds have been able to maintain

body mass on a low-energy diet over a very short period of time (Miller, 1978;

Fadely et aI., 1994). It also may be possible that the effects of the high fat

herring trial carried over into the beginning of the low fat trial and therefore
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biased the final results since there was no intermediate/gradual diet adjustment

phase but instead a radical change from high fat to low fat over just a couple of

days.

3.4.3 Blood Analysis

3.4.3.1 Metabolites

Blood urea nitrogen (BUN) levels increased only slightly during the low fat

trial in four of the harbor seals and remained the same in the fifth (Table 3.2). An

increase in BUN levels normally reflects either an increase in protein catabolism

or that the animal has been consuming a meal high in protein. In this study,

where there were small changes in BUN levels, protein metabolism did not seem

to change significantly since lean body mass did not change during the low fat

trial (Fig 3.7) which is supported by the small change in BUN levels. If protein

catabolism had increased significantly, lean body mass would have decreased as

muscle components were broken down to meet the seal's energy shortages.

Even in fasting animals, BUN does not increase significantly in order to spare

protein and the breakdown of important muscle components (Castellini and Rea,

1992). Protein catabolism will increase significantly only if fat stores have been

almost completely utilized.

Triglyceride levels, on average, did not change significantly between the

high and low fat diets (Table 3.2). In three of the seals, triglyceride levels

decreased -5% during the low fat trial, indicating a $Iight increase in use of

triglycerides by the muscle for energy and a decrease in their storage in the

adipose tissue. Triglyceride levels increased only slightly in the other two seals
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(Table 3.2). Changes in NEFA levels are also used to indicate the use of fat

stores for energy. In the case of increased fat mobilization, levels of circulating

NEFA's will increase as triglycerides in the blubber are broken down, releasing

fatty acids into the blood. An increase in NEFA levels during the low fat trial

occurred in only two of the harbor seals in the study, which was not significant

(Table 3.3). Overall, there was no significant difference in levels of NEFA's

between the high and low fat herring diets. Mean blubber thickness and overall

blubber content also did not change significantly (Fig 3.4b and 3.7, respectively)

between the two diets, which supports the fact that triglyceride and NEFA levels

did not increase significantly during the low fat herring trial.

Glucose levels also did not change significantly during the study, inferring

that carbohydrate metabolism did not change significantly between the two diet

trials (Table 3.2). Carbohydrate levels in fish are known to be very low, therefore

the majority of the glucose utilized by pinnipeds comes from the synthesis of

glucose using breakdown products of lipolysis and gluconeogenesis. Glucose is

necessary to support the energy needs of the central nervous system and

cellular metabolism in mitochondria, so glucose levels are highly regulated to

remain consistent. Significant changes in glucose levels in blood would become

apparent if lipid and protein reserves had been exhausted, which clearly was not

the case in this study.

Overall, blood metabolite levels did not change significantly when the

harbor seals were switched to the low fat diet. This indicates that protein, lipid,

and carbohydrate metabolism did not change significantly with the feeding of the
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high and low fat herring diets. The fact that lean body mass and fat mass also

did not change significantly between the two trials supports this conclusion.

Since this study included only a short feeding period of both the high and low fat

herring diets, these results may not hold true if the feeding periods were

extended.

3.4.3.2 Hormones

Cortisol, free T4, total T4, free T3, and total T3 levels in the seals did not

change significantly between diets (Table 3.2). All of the thyroid hormones levels

decreased slightly during the low fat trial (Table 3.2). A decrease in thyroid

hormones is associated with a decreased metabolic rate and has been found to

occur during periods of reduced food and energy intake (Oppenheimer et aI.,

1987; Renouf and Noseworthy, 1991; Boily, 1996; Ortiz et aI., 2001). Cortisol

levels generally increase either during stress or during periods of reduced energy

intake, when it helps provide energy by stimulating lipolysis and

gluconeogenesis. In this study, cortisol levels, on average, increased slightly

though it was not significant. This could, in part, account for the slight loss of fat

mass during the low fat trial. The fact that hormone levels did not change

significantly in the course of this study could be due to the relatively short period

in which the diet trials were conducted. Four weeks of reduced energy intake

may not be long enough to elicit a significant hormonal response. Other studies

that looked at hormone levels in conjunction with energy intake were conducted

over periods of 7 weeks (Ortiz et aI., 2001) to 18 months (Renouf and

Noseworthy, 1991).
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In the analysis of the hormone concentrations, one interesting point

became apparent. Levels of total T3, total T4, and free T4 were found to be

significantly different (p=0.012, p=0.00007, p=0.0007) depending on the

conditions during which the blood draws occurred (Table 3.2). The levels of

these hormones were significantly higher in the blood collected when the animals

had had unlimited activity and access to water (week 2 of each diet period). This

may be due, in part, to a need for increased heat production for thermoregulation

due to the cold water. On the other hand, levels of these same hormones were

significantly lower in the blood collected after the animals had been held for 72h

in dry holding for assimilation studies. This may be due to less heat needed for

thermoregulation since they were out of the water and inactive for the whole 72h

period. These results show that the circumstances surrounding blood collection

and the environment in which the seals are kept can. have an affect on the blood

analysis results, regardless of the diet.

3.4.4 Fatty Acid Analysis

The high fat herring and blubber samples from seals fed the high fat diet

contained more (p= 0.041, p=0.049, respectively) total fatty acids. The high fat

and low fat herring contained, on average, 27.4 and 14.9 mg fatty acid/100mg

sample, respectively. The blubber samples from the high and low fat herring

periods contained, on average, 77.5 and 50.3 mg fatty acid/100mg sample,

respectively. This was expected considering the higher fat content of the fish

and the somewhat higher amount of blubber on the seals in the high fat trial.

However, the high and low fat herring contained approximately the same
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proportion (of total fatty acids) of 9 of the 14 identified fatty acids (Table 3.3).

The high fat herring contained significantly higher amounts of palmitic acid

(16:00), oleic acid (18:1 n9), and eicosapentaenoate (20:5n3), whereas the low

fat herring contained higher amounts of eicosenoate (20: 1n9) and the eructate

(22:1 n11) isomer. The low fat herring contained a fatty acid profile similar to that

found in other studies (Grahl-Nielsen and Mjaavatten, 1991; Iverson et aI., 1997).

Despite the differences in the fatty acid profile of the two types of herring, the

proportion of fatty acids in the blubber samples did not differ significantly

between the two herring diets (Table 3.3). The fatty acid profiles of the blubber

samples from both diet periods were not exact reflections of either the high or low

fat herring. For example, myristic acid (14:00), eicosenoate (20: 1n9), and

eicosapentaenoate (20:5n3) levels in the blubber were similar to those in the high

fat herring (Table 3.3). On the other hand, the amounts of palmitic acid (16:00)

and docosahexaenoate (22:6n3) in the blubber of the harbor seals were similar

to those found in the low fat herring (Table 3.3). The amounts of palmitoleate

(16:1 n7), oleic acid (18:1 n9), and docosapentanoate (22:5n3) in the blubber of

the harbor seals were, on average, - 63.0%, 50.0%, and 81.0% higher

(respectively) than the levels found in the high and low fat herring. Stearic acid

(18:00) and the eructate isomer (22:1 n11) were found to have lower proportions

(-58.0% and 86.0%, respectively) in the blubber than in either type of herring

(Table 3.3). This shows that there was a large amount of modification and/or

synthesis of these fatty acids before they were incorporated into the blubber

layer.
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The fatty acid profiles of the blubber samples were similar to another study

that looked at herring and blubber fatty acid composition in harbor seals (Grahl­

Nielsen and Mjaavatten, 1991). Because there was no difference in fatty acid

composition in the blubber samples despite differences in the composition of the

two types of herring, it can be assumed that the fatty acids supplied in the diet

were modified and/or that some fatty acids were either preferentially metabolized

or biosynthesized before being incorporated into the blubber. These results are

also similar to the fatty acid profiles in blubber from harp and grey seals at times

of reduced feeding (Kirsch et aI., 1995).

3.5 Conclusions and Implications

Overall, the effects of low and high fat diets did not differ significantly in

the majority of parameters measured. Though the energy intake during the low

fat trial was lower, the harbor seals did not seem to compensate to a significant

degree by utilizing their body reserves. Body weights, blubber content, and lean

body mass were not significantly different when seals were fed high and low fat

herring diets. Because body reserves were not utilized to a significant extent,

changes in protein, lipid, and carbohydrate metabolism, as indicated by BUN,

triglyceride, NEFA, and glucose levels, also were not significant. Metabolic rate

was also found not to differ significantly between the trials as seen by

insignificant changes in the total and free T4 and T3 levels, which normally

regulate metabolism. However, due to the different conditions under which blood

was collected during the study, other factors besides diet likely had an effect on

thyroid hormone levels and the overall results.
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Fatty acid analysis of the high and low fat herring showed that the profiles

were significantly different in certain fatty acids. However, the blubber samples

from the harbor seals during both trials contained approximately the same

proportions of fatty acids and did not directly reflect either the high or low fat

herring. This suggests that fatty acids were not just deposited directly into the

blubber layer straight from the diet. It is likely that some preferential

metabolism/modification or biosynthesis of fatty acids took place before they

were incorporated into the blubber layer.

Due to the fact that energy intake was reduced, not absent, the trials may

not have been long enough to induce significant changes in body composition.

These changes would still be expected to coincide with changes in blood

metabolite and hormone levels. It was not expected that changes would be as

considerable as those during a period of fasting, though some significant

changes would be expected if energy intake were reduced over a long period of

time. In this study, body weight, blubber content, and lean body mass had

decreased slightly by the end of the low fat trial, just not significantly. This

suggests that if the trial had been longer, it is likely that significant changes in

these parameters would have occurred. This study suggests that over a short

period of time, harbor seals can adjust to a low-fat (low-energy) diet without

significant metabolic and morphometric changes. However, in the wild, it is likely

that harbor seals facing reduced energy intake would have to do so for a longer

period of time than a 4-week period and therefore more metabolic and

morphometric changes would occur.
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Further research should include longer diet trials in order to determine the

long-term effects of a low-fat (energy) diet in harbor seals. Also, studies should

be conducted using juvenile harbor seals to investigate any effect on growth.

Further studies should incorporate other prey items similar to those eaten by

harbor seals in the wild. Because body composition is known to change

seasonally, studies should be conducted accordingly to determine the effects of a

low-energy diet in addition to seasonal effects. This knowledge about the effect

of low-fat (energy) diets in harbor seals can contribute to the understanding of

why the population is declining in some areas of Alaska.
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Table 3.1 Nutrient intake of high and low fat herring diets. Means (±SD) within rows followed by the
same letter are not significantly different (p ::;;0.05).

High Fat Diet Low Fat Diet
n=145 n=165

Variables (Mean + SO) .(Mean ± SO)

Food Intake, kg/d 2.76 ± 0.71 a 3.3Q± 1.09 b
00
0 Dry Matter Intake, kg/d 0.88 ± 0.22 a 0.81 ± 0.26 b

Protein Intake, g/d 430.1 ± 132.6 a 585.8 ± 208.3 b

Fat Intake, g/d 354.3 ± 106.3 a 117.5 ± 52.4 b

Gross Energy Intake, kcal/d 5818.0 ± 1768.2 a 4435.6 ± 1626.8 b

Energy:Prc;)tein Ratio 13.6 ± 0.55 a 7.60 ± 0.50 b



Table 3.2 Mean (± SO) blood metabolite and hormone levels in five harbor seals during a high fat and a low fat herring diet.
Values within rows followed by different letters were significantly different (p ::;;0.05). * Denotes a significant difference (p ::;;0.05)
in concentrations meaured within a diet trial. Regular blood draws are the mean (± SO) of values from week 2 of each diet trial.
After AE holding blood draws are the mean (± SO) of values from week 4 of each diet trial.

High Fat Low Fat Regular AfterAE
Week 2 Week 4 Week 2 Week 4 Blood Draw Holdin

BUN (mg/ml) 0.30 ± 0.02 0.35 ± 0.06 0.41 ± 0.04 0.41 ± 0.02 0.35 ± 0.06 0.38 ± 0.05

Glucose (mg/ml) 1.59 ± 0.14 1.82 ± 0.18 1.76 ± 0.40 1.99 ± 0.44 I 1.68 ± 0.30 1.91 ± 0.33

Triglycerides (mg/ml) 0.28 ± 0.18 0.25 ± 0.16 0.43 ± 0.19 0.26 ± 0.14 I 0.35 ± 0,19 0.26 ± 0.14

00
I..... NEFA (mEq/L) 0.65 ± 0.38 1.15 ± 0.60 1.11 ± 0.23 0.80 ± 0.45 0.88 ± 0.38 0.97 ± 0.53

Cortisol (ng/ml) 90.9 ± 85.4 91.2 ± 30.0 137.9 ± 93.6 97.2 ± 26.4 114.4 ± 88.0 94.2 ± 26.8

Total T.3 (ng/ml) 0.66 .± 0.08* 0.51 ± 0.12* 0.52 ± 0.05 0.40 ± 0.12 0.59 ± 0.10 a 0.45 ± 0.13 b

Total T4 (ng/ml) 16.14 ± 1.88* 11.08 ± 3.43* 16.82 ± 3.35* 10.21 ± 2.63* 16.5 ± 2.60 a 10.6 ± 2.92 b

Free T4 (pg/ml) 1.94 ± 0.46* 1.15 ± 0.46* 2.37 ± 0.25* 1.02 ± 0.49* 2.15 ± 0.42 a 1.09 ± 0.45 b

Free T3 (pg/ml) 0.04 ± 0.04 0.11 ± 0.10 0.08 ± 0.06 0.06 ± 0.06 I 0.06 ±.0.05 0.08 ± 0.08



Table 3.3 Mean amount (± SO), expressed as % of total fatty acid content, of fatty acids in the diet

and blubber of harbor seals. 1 Values are means of the analysis of three herring for each diet type.
2 Values are means of the analysis of blubber samples from four harbor seals. Bold values in rows
are significantly different (p :::;;0.01).

Fattv Acids Diet 1 Blubber Fat 2

High Fat Herring Low Fat Herring High Fat Diet Low Fat Diet .

Myristic Acid 14:00 8.03 ± 1.20 10.06 ± 0.70 6.83 ± 1.16 5.89 ± 0.92
Palmitic Acid 16:00 23.20 ± 1.75 13.85 ± 2.83 10.03 ± 1.73 ·9.39 ± 0.58

00
Palmitoleate 16:1 n7 6.92 ± 0.47 4.79 ± 0.45 15.47 ± 1.56 16.11 ± 2.29N

Stearic Acid 18:00 1.90 ± 0.19 1.17 ± 0.13 0.71 ± 0.16 0.58 ± 0.13
Oleic Acid 18:1n9 17.01 ± 1.55 8.27 ± 2.21 24.35 ± 2.61 28.16 ± 3.51

Linoleic Acid 18:2n6 1.30 ± 0.06 1.34 ± 0.15 1.35 ± 0.42 1.60 ± 0.49
Linolenate 18:3n3 d.57 ± 0.07 0.80·± 0.22 0.76 ± 0.23 0.85 ± 0:17
Ocatdecatetraenoate 18:4n3 1.92 ± 0.30 1.54 ± 0.39 1.36 ± 0.34 1.15 ± 0.53
Eicosenoate 20:1n9 6.36 ± 1.21 14.37 ± 2.63 9.44 ± 0.60 8.82 ± 1.72
Arachidonic Acid ·20:4n6 0.98 ± 0.14 0.64 ± 0.06 0.66 ± 0.11 0.70 ± 0.03
Eicosapentaenoate 20:5n3 13.76 ± 1.58 6.77 ± 0.40 10.74 ± 0.78 9.34 ± 0.85
Eructate* (Isomer) 22:1n11 8.93 ± 1.71 24.73 ± 3.35 1.98 ± 0.36 1.84 ± 0.87
Docosahexaenoate 22:6n3 7.95 ± 0.76 10.93 ± 1.38 11.49 ± 0.96 10.54 ± 1.77
Docosapentanoate 22:5n3 1.17 ± 0.08 0.76 ± 0.18 4.83 ± 1.55 5.03 ± 1.11



Figure 3.1 Proximate analysis of herring for high fat and low fat diet trials. Values for each nutrient shown are
the mean ± SD of all fish analyzed for the high fat (solid bars) trial (n=15) and the low fat (shaded bars) trial
(n=18). Dry matter and ash are expressed on an as-fed basis. All other values are on a dry matter basis.
Organic matter was determined as 100-%ash. * High fat and low fat values for each nutrient are significantly
different (p :::;;0.01).
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Figure 3.2 Mean (± SD) (a) daily food intake (kg/d) on an as-fed basis and (b) daily gross energy
intake (kcal/d), by five harbor seals during high and low fat diet periods. Values for each seal are the
mean ± SD of each day during the high fat (solid bars) trial (n=29) and the low fat (shaded bars) trial
(n=33). * Denotes seals with a significant difference (p ::;0.05) between diet trials.
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Figure 3.3 Mean (± SD) (a) protein intake (g/d) and (b) fat intake (g/d) by five harbor seals
during diet trialso Values for each seal are the mean ± SD of each day during the high fat
(solid bars) trial (n=29) and the low fat (shaded bars) trial (n=33). * Denotes seals with a
significant difference ( p :;:;0.05) between diet trialso
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Figure 3.4 Mean (a) weekly food intake (kg) on a dry matter and as-fed basis and (b)
weekly body weight (kg) and blubber thickness (mm), in five harbor seals consuming a high
fat herring (weeks 1-4) followed by a low fat herring (weeks 5-8) diet.
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Figure 3.5 Mean (± SD) changes (%) in body mass, blubber thickness, and midtrunk girth measured
in five harbor seals fed high fat (solid bars) and low fat (shaded bars) herring diets.
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Figure 3.6 The relationship between midtrunk girth (mm) and body mass (kg) in harbor seals.

(y= 0.5719x + 65.063: ~ = 0.855 ; P< 0.0001 )
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Figure 3.7 Mean changes (± SD) in body mass (kg), lean body mass (kg), and fat mass (kg)
measured in harbor seals fed high fat (solid bars) and low fat (shaded bars) herring diets. Lean
body mass and fat mass were determined using deuterium oxide analysis.

10

8-C)
.:.::: 6-
~
CI)

4...
CI)

Eco
~ 2co

00 I
D.

\0 C.- 0CI)
C)
c
co -2.r:::

(.)
Body Ma~s Lean Body Mass

-4

-6



Figure 3.8 Mean (± SO) changes in body mass (%) of harbor seals in two-week periods during

the high fat (weeks 1-4) and low fat (weeks 5-8) herring diets.
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Chapter 4
Overall Summary

4.1 Conclusions

Overall, the effects of the low and high fat herring diets did not differ

significantly in the majority of the parameters measured. Compared to previous

studies of rate of passage in pinnipeds, initial defecation times by the harbor

seals in this study were longer and likely due to the individual ability to digest a

meal with high lipid content, feeding frequency, meal size, and lack of activity.

The majority of the marked meal had passed within -24h of initial feeding, which

is shown by the maximum chromic oxide recovery at this point. After 48 hours,

only -85.3% of the chromic oxide had been recovered. The longer rate of

passage of a high fat diet allows for more nutrients to be absorbed. This could

account for the similar assimilation efficiencies for crude protein, crude fat, and

energy during both the high and low fat trials. The nutrient intake during the 3-

day assimilation trials (Table 2.3) was not as variable as the nutrient intake

measured over each 4-week diet period (Table 3.1). The similarity in the nutrient

intake during the two AE trials could also account for some of the similarity in AE

values for the high and low fat herring diets. Assimilation efficiency values were

high for dry matter, crude protein, and crude fat but were similar to results found

in other studies where harbor seals were fed herring (Ashwell-Erickson and

Elsner, 1981; Rosen, 1996).

The energy intake during the low fat trial was lower than during the high

fat trial, but the harbor seals did not seem to compensate to a significant degree
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by utilizing their body reserves. Body weights, blubber content, and lean body

mass were not significantly different between the two diet trials, though these

parameters all had a downward trend at the end of the low fat diet period.

Because body reserves were not utilized to a significant extent, changes in BUN,

triglyceride, NEFA, and glucose concentrations in the blood were also minimal.

This was reflected as no significant changes in protein, lipid, and carbohydrate

metabolism. Thyroid hormone and cortisol levels also did not change

significantly as a function of diet, indicating therewas not a change in metabolic

rate.

Fatty acid analysis of the high and low fat herring showed that the profiles

were significantly different in only five of fourteen fatty acids identified. However,

the blubber samples from the harbor seals during both trials contained

approximately the same proportions of fatty acids and the profiles did not directly

reflect the fatty acid profile of the high or low fat herring. This suggests that fatty

acids were not just deposited directly into the blubber layer, as is seen when

seals are fattening at a high rate (Iverson, 1995), but that some modification or

biosynthesis took place before the fatty acids were incorporated over the time

period of this study.

4.2 Implications

Since assimilation efficiency of the high and low fat herring was found to

be similar during this study despite the extreme variation in fat and overall energy

content, it is likely that assimilation efficiency in seals may be more dependent on

prey species than on prey composition. Assimilation efficiency of different prey
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species could be, in part, due to the characteristics of their bones and scales.

The similar assimilation efficiencies suggest that the seals retained

approximately the same proportion of the ingested fat and energy from both the

low and high fat diets. From this, it can be concluded that differing assimilation

efficiencies did not compound the difference in energy obtained by the seals

between the two trials.

Due to the fact that energy intake was reduced during the low fat diet trial,

not absent, the trials may nothave been long enough to induce significant

changes in body composition. These changes would then coincide with changes

in blood metabolite and hormone levels. It is not expected that changes would

be as considerable as those during a period of fasting, though some significant

changes would be expected if energy intake were reduced over a long period of

time. In this study, body weight, blubber content, and lean body mass had

decreased slightly by the end of the low fat trial, just not significantly. The results

of this study show that adult harbor seals are able to withstand reduced energy

intake over short periods of time without relying on energy reserves. However, it

is likely that if the trial had been longer, significant changes in these parameters

would have occurred.

4.3 Future Research

Further research on the effect of changes in dietary fat and energy content

need to be conducted to fully understand any possible relationship between

nutrition and the decline of harbor seals in parts of Alaska. A switchback

experimental design could be used in future studies in order to see if the order in
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which the high and low fat diets are provided has an effect on the overall results.

Because harbor seals are known to eat a varietyof prey items in the wild, studies

on combinations of prey items need to be conducted in order to determine their

combined effect on the same parameters tested in this study. Since both body

composition and prey availability and/or composition are known to change

seasonally, this aspect should also be researched further. Future trials should be

conducted using a larger number of animals, of different ages and genders, to

determine any differences between the animals of different ages and sex, and to

see the effect on the population as a whole. Trials, similar to those in this study,

should especially be done on juveniles to see the effect of a low fat (energy) diet

on growing animals. Longer diet trials should be conducted in order to determine

the long-term effects of a low-fat (energy) diet in harbor seals.
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Appendix A. Mean (± SO) daily dry matter intake (kg), percent of body weight fed, total Kcals consumed,
and kcals/kg·75 body weight for five harbor seals during assimilation efficiency trials of herring of different fat content.

Dry Matter Food Intake Daily Gross Energy Calorie Consumption
Diet Day/Seal Intake (kg/d) (% of Body Weight) Consumption (kcal/d) (kcal/kg body weighf75

)

High Fat Day 1 0.91 ± 0.16 4.10 ± 0.11 5484.6 ± 949.56 114.87± 27.25
Day 2 0.86 ± 0.24 3.76 ± 0.55 5171.2 ± 1416.6 130.91 ± 53.94
Day 3 0.91 ± 0.16 4.04 ± 0.17 5484.6 ± 949.56 107.55 ± 18.91

Low Fat Day 1 0.93 ± 0.18 6.20 ± 0.34 5467.1 ± 1053.5 . 95.35 ± 11.53
\0 Day 2 0.78 ± 0.23 5.27 ± 1.54 4569.0 ± 1336.5 97.71 ± 8.71VI

Day3 0.88 ± 0.20 5.90 ± 0.83 5193.8 ± 1189.0 94.24 ± 15.16

High Fat SealT 0.97 ± 0.00 4.10 ± 0.00 5680.5 ± 0.000 123.78 ± 6.47
Seal C· 1.07 ± 0.00 4.10 ± 0.00· 6268.2 ± ·0.000 89.11 ± 6.19
SealSy 0.73 ± 0.00 3.73 ± 0.81 4309.4 ± 0.000 118.18 ± 8.38
SealP 0.71 ± 0.15 3.80 ± 0.00 4178.8 ± 904.7 166.02 ± 50.2

Seal Sn 1.10 ± 0.00 4.00 ± 0.00 6464.0 ± 0.000 92.87 ± 4.04

Low Fat SealT 1.03 ± 0.36 4.33 ± 1.56 4013.6 ± 1405.5 106.2 ± 3.73
Seal C 1.48 ± 0.20 5.83 ± 0.81 5770.9 ± 771.00 85.79 ± 10.3
Seal Sy 1.08 ± 0.03 5.93 ± 0.23 4208.8 ± 135.50 102.0 ± 4.31
SealP 1.24 ± 0.00 6.50 ± 0.00 4816.3 ± 0.0000 103.1 ± 2.57

SealSn 1.70 ± 0.07 6.20 ± 0.26 6573.6 ± 283.70 81.77 ± 2.04



Appendix B. Herring nutrient composition fed during assimilation efficiency trials. Shaded columns are values on an
as-fed basis, all others are on a dry matter basis.

Diet Day Dry Matter (%) Moisture (%) Ash (%)

High Fat Day 1 32.7 ± 0.31 67.3 ± 0.31 6.97 ± 0.03 46.1 ± 1.07
Day2 33.2 ± 0.98 66.8 ± 0.98 6.94 ± 0.55 43.7 ± 2.18
Day 3 34.4 ± 0.23 65.6 ± 0.41 6.27 ± 0.16 47.8 ± 0.67

Mean ± SO 32.55 ± 1.80 67.45 ± 1.80 6.98 ± 0.54 43.9 ± 4.44

Low Fat Day 1 22.0 ± 1.07 78.0 ± 1.07 8.82 ± 0.65 15.5 ± 3.94
Day 2 22.6 ± 1.08 77.4 ± 1.08 8.36 ± 0.38 14.9 ± 5.24
Day 3 22.0 ± 0.07 78.0 ± 0.07 8.56 ± 0.59 17.6 ± 4.30

\0 Mean ± SO 22.2 ± 0.76 77.8 ± 0.76 8.58 ± 0.47 16.0 ± 3.72
0\

High Fat Day 1 '46.1 ± 1.31 0.83 ± 0.27 6994.9 ± 36.96
Day 2 47.8 ± 2.39 1.51 ± 0.77 6897.9 ± 99.90
Day 3 46.2 ± 1.24 0.00 ± 0.00 7116.5 ± 31.,29

Mean ± SO 48.2 ± 3.74 1.00 ± 0.68 6909.6 ± 197.3

Low Fat Day 1 72.0 ± 3.80 3.73 ± 0.79 5557.4 ± 154.1
Day 2 73.4 ± 5.87 2.95 ± 1.00 5608.4 ± 158.1
Day 3 74.9 ± 1.16 0.38 ± 0.54 5921.4 ± 337.8

Mean ± SO 73.4 ± 3.43 2.35 ± 1.69 5695.7 ± 252.2



Appendix C. Fecal nutrient composition of samples from assimilation efficiency trials.

Gross Energy
Diet Day Dry Matter (%) Moisture (%) Ash (%) Crude Fat (%) Crude Protein (%) Carbohydrate (%) (kcal/kg)

\0
--J

High Fat

Low Fat

Diet

High Fat

Low Fat

Day 1 33.1 ± 5.80 66.9 ± 5.80 51.0 ± 3.74 6.54 ± 3.67 26.6 ± 4.49 15.9 ± 3.81 2779.0 ± 303.6
Day 2 38.4± 6.82 61.6 ± 6.82 49.5 ± 8.58 5.72 ± 2.39 25.4 ± 2.73 15.7 ± 1.08 2646.4 ± 347.3
Day 3 34.7 ± 3.47 65.3 ± 3.47 54.3 ± 5.15 4.89 ± 1.64 25.8 ± 3.75 15.1 ± 1.21 2546.1 ± 335.9

Day 1 33.0 ± 1.76 67.0 ± 1.76 58.6 ± 2.58 2.60 ± 0.82 24.8 ± 3.21 13.8 ± 2.68 2221.3 ± 182.0
Day2 32.0 ± 4.17 68.0 ± 4.17 57.7 ± 2.58 2.30 ± 0.43 27.0 ± 5.75 13.0 ± 3.64 2285.8 ± 228.1
Day 3 32.0 ± 2.84 68.0 ± 2.84 59.1 ± 5.70 2.40 ± 0.58 24.5 ± 4.15 14.0 ± 1.85 2196.8 ± 315.1

Gross Energy
Seal Dry Matter (%) Moisture (%) Ash (%) Crude Fat (%) Crude Protein (%) Carbohydrate (%) (kcal/kg)

T 27.9 ± 0.67 72.1 ± 0.67 47.4 ± 2.13 6.80 ± 1.66 30.9 ± 0.69 15.0 ± 1.09 3011.6 ± 157.5
C 35.6 ± 3.11 64.4 ± 3.11 56.7 ± 2.80 3.35 ± 0.29 23.4 ± 2.03 16.6 ± 0.54 2327;7 ± 161.6
Sy 38.2 ± 2.90 61.8 ± 2.90 55.3 ± 1.92 4.98 ± 2.36 24.6 ± 1.71 15.1 ± 1.26 2490.2 ± 176.5
P 41.4 ± 4.44 58.6 ± 4.44 45.9 ± 9.81 9.23 ± 3.81 23.3 ± 2.02 17.0 ± 5.27 2868.6 ± 424.3

Sn 35.5 ± 4.64 64.5 ± 4.64 54.2 ± 1.44 4.88 ± 0.52 26.8 ± 2.26 14.1 ± 1.86 2565.4 ± 111.6

T 28.6 ± 3.11 71.4 ± 3.11 52.8 ± 2.66 2.78 ± 0.95 32.7 ± 3.46 11.8 ± 4.10 2605.8 ± 91.46
C 32.5 ± 0.29 67.5 ± 0.29 58.7 ± 4.69 2.28 ± 0.34 24.7 ± 3.36 14.4 ± 1.04 2208.4 ± 264.2
Sy 36.4 ± 1.38 63.6 ± 1.38 62.7 ± 1.05 2.29 ± 0.66 23.9 ± 0.73 11.1 ± 0.31 2031.5 ± 85.91
P 32.1 ± 0.60 67.9 ± 0.60 59.4 ± 0.19 2.24 ± 0.78 21.7 ± 0.47 16.6 ± 1.14 2130.0 ± 53.08

Sn 32.2 ± 0.63 67.8 ± 0.63 59.2 ± 0.75 2.56 ± 0.32 24.2 ± 0.69 14.1 ± 0.44 2197.6 ± 54.95



Appendix D. Assimilation efficiency values of herring diets in harbor seals.

Dry Matter Crude Fat Crude Protein Digestible Energy
Diet Day AE(%) AE (%) AE (%) AE (%)

High Fat Day 1 97.0 ± 1.02 99.6 ± 0.31 98.2 ± 0.34 98.3 ± 1.07
Day 2 96.4 ± 1.30 99.1 ± 1.14 98.4 ± 0.45 98.6 ± 0.81
Day 3 97.2 ± 0.56 99.7 ± 0.11 98.5 ± 0.20 99.0 ± 0.14

Low Fat Day 1 95.0 ± 1.42 99.4 ± 0.15 98.3 ± 1.49 98.7 ± 0.38
Day 2 94.0 ± 2.23 99.3 ± 0.26 97.6 ± 2.29 98.2 ± 0.82
Day 3 95.0 ± 2.20 95.0 ± 2.20 98.5 ± 1.03 98.8 ± 0.50

Dry Matter Crude Fat Crude Protein Digestible Energy
Diet Seal AE (%) AE (%) AE(%) AE (%)

High Fat T 97.8 ± 0.42 99.6 ± 0.20 98.3 ± 0.28 98.9 ± 0.29
C 97.1 ± 0.12 99.8 ± 0.02 98.6 ± 0.14 98.3 ± 1.39
Sy 97.0 ± 0.30 99.7 ± 0.13 98.6 ± 0.13 99.0 ± 0.06
P 95.4 ± 1.20 98.6 ± 1.30 98.0 ± 0.24 98.1 ± 0.84

Sn 97.0 ± 0.09 99.7 ± 0.05 98.4 ± 0.31 98.9 ± 0.14

Low Fat T 96.0 ± 2.07 99.5 ± 0.22 98.5 ± 1.04 98.5 ± 0.89
C 92.3 ± 1.64 99.2 ± 0.34 95.4 ± 1.59 97.9 ± 0.74
Sy 94.9 ± 1.26 99.5 ± 0.21 99.0 ± 0.27 98.9 ± 0.31
P 95.3 ± 0.29 99.4 ± 0.18 99.1 ± 0.03 98.8 ± 0.03

Sn 94.7 ± 2.18 99.4 ± 0.18 98.8 ± 0.49 98.6 ± 0.51
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Appendix E. Nutrient intake during four weeks of both a high and low fat herring diet.

\0
\0

Diet

High Fat

Low Fat

Dry Matter Gross Energy Energy: Protein Ratio
Week Intake (kg) g Protein/d g Fatld (kcal/d) (kcal of GE/g protein)

1 0.96 ± 0.23 492.2 ± 117.1 385.1 ± 91.64 6497.8 ± 1546.1 13.2 ± 0.00
2 0.83 ± 0.21 414.1 ± 105.6 350.4 ± 89.39 5680.8 ± 1449.2 13.8 ± 0.00
3 0.84 ± 0.22 428.1 ± 112.4 338.3 ± 88.80 5630.5 ± 1478.1 13.2 ± 0.00
4 0.86 ± 0.20 415.4 ± 94.55 377.8 ± 86.00 5952.9 ± 1355.0 14.3 ± 0.00

Mean ± SO 0.88 ± 0.22 430.1 ± 132.6 354.3 ± 106.3 5818.0 ± 1768.2 13.6 ± 0.55

1 0.71 ± 0.24 553.6 ± 183.8 85.30 ± 28.32 3956.7 ± 1313.6 7.15 ± 0.00
2 0.83 ± 0.28 600.0 ± 206.0 147.3 ± 50.56 4807.5 ± 1650.3 8.01 ± 0.00
3 0.85 ± 0.30 601.9 ± 215.0 151.2 ± 54.01 4848.3 ± 1731.9 8.05 ± 0.00
4 0.86 ± 0.21 634.3 ± 153.0 99.95 ± 24.11 4558.1 ± 1099.7: 7.19 ± 0.00

Mean ± SO 0.81 ± 0.26 585.8 ± 208.3 117.5 ± 52.40 4435.6 ± 1626.8 7.60 ± 0.50

Dry Matter Gross Energy Energy: Protein Ratio
Diet Seal Intake (kg) g Protein/d g Fatld (kcal/d) (kcal of GE/g protein)

High Fat

Low Fat

T 0.86 ± 0.15 432.9 ± 76.00 356.7 ± 61.25 5857.2 ± 998.94 13.55 ± 0.46
C 1.00 ± 0.17 504.6 ± 88.42 415.2 ± 68.39 6823.0 ± 1145.4 13.55 ± 0.46
Sy 0.66 ± 0.18 333.5 ± 93.57 274.4 ± 73.66 4510.8 ± 1233.5 13.55 ± 0.46
P 0.78 ± 0.09 394.0 ± 50.46 324.1 ± 35.50 5326.0 ± 616.11 13.55 ± 0.46

Sn 1.08 ± 0.20 544.9 ± 105.5 449.1 ± 82.26 7375.7 ± 1377.8 13.55 ± 0.46

T 0.76 ± 0.20 558.6 ± 147.1 113.2 ± 43.07 4248.2 ± 1182.9 7.59 ± 0.00
C 0.98 ± 0.20 721.3 ± 140.4 145.7 ± 46.04 5481.8 ± 1135.8 7.59 ± 0.00
Sy 0.49 ± 0.19 361.3 ± 143.1 69.57 ± 26.63 2713.8 ± 1027.7 7.59 ± 0.00
P 0.81 ± 0.06 600.2 ± 37.85 120.5 ± 29.68 4554.5 ± 402.54 7.59 ± 0.00

Sn 1.02 ± 0.22 751.4 ± 152.1 152.5 ± 51.55 5717.2 ± 1263.4 7.59 ± 0.00



Appendix F. Morphometries of harbor seals fed both high and low fat herring diets. Preliminary measurements are provided

for comparison. Blubber thickness shown as mean of the three sites measured (axillary, midtrunk, hip).

Morphometric Seal Identification Weekly
Measurement Week T Sy Sn C P Mean ± SO

Body Mass (kg) Prelim 65.0 55.5 74.5 71.9 53.2 64.0 ± 9.50
HF 1 66.5 57.0 77.0 73.5 52.6 65.3 ± 10.4
HF 2 67.0 56.9 78.0 73.1 53.5 65.7 ± 10.4 .
HF 3 66.5 58.0 78.5 73.4 54.5 66.2 ± 10.1
HF4 70.5 58.2 83.5 77.5 57.0 69.3 ± 11.7

Mean ± SO 67.1 ± 2.0 57.1 ± 1.1 78.3 ± 3.3 73.9 ± 2.1 54.2 ± 1.7

LF 1 72.0 77.3 81.5 77.3 57.3 73.1 ± 9.4
LF 2 72.5 77.5 81.5 77.5 57.9 73.4 ± 9.2
LF 3 ' 72.3 77.9 80.0 77.9 58.2 73.3 ±'8.9
LF 4 71.3 76.0 80.5 76.0 56.7 72.1 ± 9.2

Mean ± SO 72;0 ± 0.5 77.2 ± 0.8 80.9 ± 0.8 77.2, ± 0.8 57.5 ± 0.7

Blubber Prelim 22.67 24.00 20.67 20.67 19.00 21.4 ± 1.95
Thickness (mm) HF 1 24.00 25.33 23.67 22.00 18.00 22.6 ± 2.83...... HF2 23.50 26.67 23.67 23.33 21.00 23.6 ± 2.020

0 HF 3 23.00 25.36 23.79 24.67 21.33 23.6 ± 1.56
HF4 27.33 24.00 22.67 24.00 20.00 23.60 ± 2.65

Mean ± SO· 24.1 ± 1.88 25.1 ± 1.12 22.9 ± 1.32 22.9 ± 1.61 19.9 ± 1.39

LF 1 30.00 29.33 27.33 24.33 23.00 26.8 ± 3.06
LF 2 28.00 28.33 24.00 22.67 18.00 24.2 ± 4.25
LF 3 25.00 27.33 25.00 22.67 25.00 25.0 ± 1.65
LF 4 24.00 27.00 25.67 25.67 20.00 24.5 ± 2.71

Mean ± SO 26.8 ± 2.75 28.0 ± 1.05 25.5 ± 1.40 23.8 ± 1.45 21.5 ± 3.11

Midtrunk Prelim 101.0 93.0 106.0 105.0 96.0 100.2 ± 5.63
Girth (cm) HF 1 105.0 96.5 111.0 103.0 98.0 102.7 ± 5.81

HF 2 105.0 97.0 105.0 108.0 94.0 101.8 ± 5.97
HF 3 107.0 99.0 111.0 110.0 97.0 104.8 ± 6.42
HF4 106.0 101.0 112.0 114.0 96.0 105.8 ± 7.50

Mean ± SO 104.8 ± 2.28 97.3 ± 2.99 109.0 ± 3.24 108.0 ± 4.20 96.2 ± 1.48

LF 1 104.0 99.0 111.0 111.0 103.0 105.6 ± 5.27
LF 2 110.0 97.0 110.0 111.5 110.0 107.7 ± 6.02
LF 3 108.0 95.0 110.0 110.0 98.0 104.2 ± 7.16
LF 4 108.0 95.0 106.5 108.0 96.0 102.7 ± 6.61

Mean ± SO 107.5 ± 2.52 96.5 ± 1.91 109.4 ± 1.97 110.1 ± 1.55 101.8 ± 6.24



Appendix G, Changes in morphometries in harbor seals fed high or low fat herring diets. Preliminary values represent measurements taken just before
the first diet trial. High and low fat measurements are those taken during the last week of each diet period. 1 Blubber weight was calculated by dividing
blubber content (kg), by total body mass (kg). Blubber content (kg) was calculated using average blubber thickness values determined by ultrasound.
2 Fat mass was calcuated using values determined by deuterium oxide analysis.



Appendix H. Blood metabolite and hormone concentrations.

Seal Identification
Blood Parameter Blood Draw T Sy Sn C P

BUN (mg/ml) Prelim 0.36 0.34 0.38 0.40 0.36
HF 1 0.30 0.31 0.32 0.27 0.31
HF2 0.34 0.34 0.35 0.44 0.28
LF 1 0.45 0.39 0.35 0.41 0.43
LF2 0.38 0.40 0.40 0.44 0.41

Glucose (mg/ml) Prelim 2.50 1.67 1.35 1.57 1.77
HF1 1.67 1.68 1.47 1.42 1.72
HF2 1.91 2.05 1.76 1.56 1.84
LF .1 2.43 1.71 1.42 1.49 1.77
LF 2 2.53 2.25 1.65 1.45 2.06

Triglycerides (mg/ml) Prelim 0.86 0.37 0.39 0.45 0.21
HF 1 0.22 0.59 0.21 0.25 0.14
HF2 0.52 0.12 0.27 0.15 0.20
LF 1 0.55 0.65 . 0.22 0.46 0.25
LF 2 0.50 0.18 0.28 0.14 0.19

NEFA (mEq/L) Prelim 1.96 0.83 0.60 1.10 0.87
HF 1 0.33 1.25 0.46 0.80 0.42
HF 2 1.51 0.25 1.84 1.00 1.13
LF1 0.86 1.40 1.05 1.30 0.93
LF 2 1.51 0.33 0.88 0.56 0.70

Cortisol (ng/ml) Prelim 118.57 32.56 64.22 174.31 360.14
HF 1 74.17 57.52 19.85 63.73 239.29
HF2 139.40 87.00 56.29 86.36 87.10
LF 1 133;59 126.33 17.56 280.51 131.52
LF 2 107.34 100.93 50.88 111.54 115.21

Total 14 (ng/ml) Prelim 20.3 13.1 11.8 16.5 16.4
HF 1 17.5 14.9 15.3 14.3 18.7
HF2 11.8 13.8 8.4 6.7 14.7
LF 1 20.6 13.6 13.2 17.1 19.6
LF 2 8.7 11.4 7.0 10.1 13.9

Total T3 (ng/ml) Prelim 0.63 0.64 0.44 0.61 0.71
HF 1 0.79 0.68 0.64 0.57 0.66
HF2 0.65 0.6 '0.49 0.33 0.46
LF 1 0.48 0.54 0.58 0.47 0.54
LF 2 0.61 0.37 0.34 0.32 0.34

Free T4 (pg/ml) Prelim 2.28 1.60 1.02 1.89 1.62
HF 1 2.54 2.32 1.49 1.71 2.32
HF2 1.16 1.53 0.80 0.60 1.53
LF 1 2.62 2.26 2.56 2.00 2.26
LF 2 0.98 0.98 0.30 0.90 1.40

Free T3 (pg/ml) Prelim 0.014 0.060 0.00001 0.080 0.026
HF 1 0.007 0.033 0.00001 0.030 0.111
HF2 0.240 0.083 0.180 0.001 0.040
LF 1 0.135 0.100 0.001 0.020 0.124
LF 2 0.022 0.080 0.014 0.031 0.150
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