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ABSTRACT

There are numerous species of marine mammals found throughout the earth's
oceans and waterways. The study of marine mammal energetics is an attempt to define
the flow of energy in homeotherms adapted to an aqueous environment. Their lifestyle is
different than terrestrial mammals and must compensate for the challenging
thermoregulatory requirements of water survival. Field studies of free-ranging animals
are difficult, since continual direct observation and measurements are impossible. It is
important to conduct controlled laboratory studies, from which to build a foundation of
physiological principles on these mammals.

The objectives of this research project were to investigate the bioenergetic
scheme of the bottlenose dolphin under controlled laboratory-like conditions.
Morphometric data in a large bottlenose dolphin population established an equation to
predict age from length measurements in juvenile animals. The decrease in caloric
intake seen with aging is in agreement with terrestrial mammals, and the importance of
nutritional planning based on calories per kilogram body weight versus total calories fed
was explained. Increased activity levels required increased caloric consumption, the
amount being related to the degree of activity.

A recently developed method to assess blubber volume using ultrasound are
compared to standard measurements of body condition, weight-length ratio and condition
index, and found to be a valid technique in this species. Blubber insulation was found to
be more important than surface area in controlling environmental heat loss. Using stable
isotopes of water, body composition, lean body mass and fat mass, were determined. An
increase in fat mass, with a concurrent decrease in lean body mass, was observed in adult
bottlenose dolphins, similar to terrestrial mammals. Also, consumption of a high fat diet
contributed to an increase in body fat. Metabolic rates declined with age in bottlenose

dolphins, and a significant increase was observed with low fat diets. Finally, the use of
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doubly labeled water to determine metabolic rate in free-ranging bottlenose dolphins was
compared to the intake balance method and found to be an accurate technique in this
species.

The drawbacks of controlled laboratory trials is that, although all attempts are
made to mimic diets and conditions that exist in the wild, the methods are only an
approximation of wild conditions. The advantages are the ability to isolate and evaluate
individual parameters and ensure adequate and timely data collection. It is essential to
combine laboratory and field studies in order to elucidate the bioenergetic mechanisms
and physiological adaptations of marine mammals.

Although marine mammals have evolved specialized compensatory adaptations to
ensure success in an aquatic environment, they follow the same general principles
observed in terrestrial mammals. This research supports the concept of evolution and the

relationship of all homeotherms, despite differences in ecological niches.
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CHAPTER |
INTRODUCTION

Energetics is the study of energy. Bioenergetics is defined as the study of energy
transformations in living organisms (Dorland, 1974). The field of bioenergetics
encompasses physical thermodynamics, energy flow, metabolism, exercise, and
regulatory and control mechanisms for energy intake and expenditure. The basic
principles of energy metabolism are thoroughly covered in two classics on animal
energetics (Brody, 1945, Kleiber,1961), as well as more recent monographs (Rothwell
and Stock,1981, Baldwin and Bywater,1984, Woo, Daniels-Kush and Horton, 1985).
This discussion will cover the principle areas of bioenergetics applicable to this research

project.

BIOENERGETIC THEORY

Energy flow

As described by the first law of thermodynamics, when the energy content of a
system changes, the sum of all forms of energy given off (or absorbed) must equal the
magnitude of the change. This is known as the law of conservation of energy (Kleiber,
1961, Lewis ef ul, 1987). The second law of thermodynamics holds that all forms of
energy may be quantitatively converted to heat. Classically, animal nutrition studies
have recognized this and measured energy transactions in units of heat energy or calories.
The amount of energy required to raise the temperature of 1 ml of water from 14.5-15.5
OC is defined as 1 calorie. Until 1981, this unit was widely employed by physiologists,
but after conversion to the International System of Units (ISU), all units were
standardized. The ISU and the US National Bureau of Standards adopted as the basic
unit of heat energy the Joule, which is defined as one kg-n12/sec2 or 107 erg. The
nutritional calorie is defined as 4.184J (NRC, 1981b).
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A bioenergetics analysis describes the flow of energy through an individual or a
population. All biological processes are powered by solar enery, either directly, or from
stored energy from past solar radiation. The energy is captured by the organisms that
carry out photosynthesis, called primary producers. The herbivores feed on the primary
producers, and are known as the secondary trophic level. The carnivores, which feed on
the herbivores, are referred to as the third trophic level. This example of the food chain
is oversimplified; the true structure is more web-like than chain-like, due to interactions
of organisms in the chain. In terms of ecological systems, energy flows through this
trophic network. The flow of energy is used for three basic processes: maintenance,
synthesis and mechanical energy (Morowitz, 1978, p.203).

Nutritional bioenergetics evaluates the relationship between dietary energy

consumed and the total energy expended by an animal (Worthy, 1990). The basic

equation is:
deltaE=E;, -E ot (Woo, 1985).
where delta E = the change in energy
E;,, = energy taken in
and E,t = energy expended.

The major objective is to predict the energy balance based on body weight, on other
morphometric measurements, sex, physical activity, environment, and the amount and
nutritive value of the food eaten (Baldwin and Bywater, 1984). The National Research
Council and the British Agricultural Research Council have reviewed the great amount
of experimental data on energy metabolism in a wide range of species, including man
(NRC,1976, 1981, ARC, 1965), and have formulated systems to predict energy and feed
requirements. No single system takes into account all conditions or has universal
applicability. The general objective is to formulate diets that optimize performance,

whether it be maintenance, growth, reproduction, or athletics.



Nutrient energy flow

One aspect of bioenergetics takes into account how efficient the body is in
absorbing and processing nutrient energy. The efficiency is less than 100%. Not all
nutrients are available for metabolic needs; much is lost as waste or as heat. Energy
balance is achieved when ingested energy equals work performed plus that energy lost in
feces, urine and as heat. The partition of energy from nutrients is shown in Figure 1. The
total energy available in food can be determined by complete combustion in a bomb
calorimeter, and measured by the resulting heat produced. This is called the "heat of
combustion" and represents the total Intake Energy content of the food, or IE. As noted,
not all the IE is available to the animal; some energy is lost in the feces, the urine and as
heat: in digestion, absorption and use of the food. The latter is called the heat increment
of feeding (HIF), or specific dynamic action (SDA). What is left is the Recovered Energy
(RE) or available energy, which can be used for maintenance or production, such as
growth, reproduction or physical activity. A common failure is to equate intake energy of
a food with its metabolizable energy, or to assume that the retention of 1gm of protein
represents an increase of 17 kJ (its metabolizable energy) when the same gram of protein
actually represents 22 kJ (its gross energy) as measured by bomb calorimetry. The
energy lost in feces, as urinary nitrogen, and as heat must be considered and accounted
for. The intake energy is the gross energy; the metabolizable, or, more accurately, the
recoverable energy is the net energy. Using indirect calorimetry, [E may be measured
from the proximate analysis of the food consumed, and RE may be calculated indirectly
using energy equivalents for protein, fat and carbohydrates in kcal/gm dry weight
(Lavigne, 1982). These energy equivalents were initially derived by W. O. Atwater in
1900. Thus, the energy losses from digestion and metabolism are adjusted by the
Atwater factors, and are the values commonly used when estimates of digestibility must

be made (Watt and Merrill, 1963). See Table 1.



INTAKE ENERGY (IE)

Heat produced from
complete combustion
(oxidation) of food

Energy lost in feces<----

DIGESTIBLE ENERGY (DE)

Energy lost in urine<---

METABOLIZABLE ENERGY (ME)

Energy lost as heat in digestion,
absorption, and use of the food;<----
called the heat increment of feeding
(HIF) or the specific dynamic action

(SDA)

RECOVERED ENERGY (RE)

RE for maintenance-----{--~---~----- RE for production
(growth, reproduction,
physical performance)
--occurs only if there is RE
left after maintentance

FIGURE 1. The partition of energy from nutrients
(adapted from NRC, 1981).



TABLE 1. CALORIC EQUIVALENTS (kcal/gm dry weight) at the intake
energy (IE), digestible energy (DE), and recoverable energy
(RE) stages of the generalized bioenergetics scheme.

(Adapted from Lavigne et al, Pinniped Bioenergetics, 1982)

SUBSTANCE IE DE RE
Fat 9.4 9.0 9.0
Protein 5.65 5.20 4.0
Carbohydrate 4.15 4.0 4.0

The energy available to the animal, the RE or recoverable energy, is used for

maintenance of bodily functions and production of new tissue, referred to as

RE orRE, ., and RE or RE_, respectively.

maintenance’ m> production- P

Basal Metabolic Rate (BMR)

Maintenance energy, RE._ | is used for basal metabolism, voluntary activity, and

me
thermoregulation. Basal metabolic rate (BMR) is the largest single component of an
animal's daily energy expenditure, and can be measured as the heat produced by essential
cardiovascular, hepatic, respiratory, renal, nervous and endocrine functions while the
organism is at rest. Cellular level functions contributing to BMR include ion transports
to maintain membrane potentials and macromolecular maintenance, turnover and repair
(Baldwin and Bywater, 1984). BMR is not a linear function of body weight, but varies as
an approximate function of body size or surface area (Baldwin and Bywater, 1984,

McNab, 1980). Brody



and Kleiber report that the best statistical fit between BMR and body weight in young

human adults is

y = a x body weight ;o 0.7-0.75
where y = basal heat production in kcal/day
and a = coefficient with unit of kcal/(day x BW 0.7-0.75)

The BW kg0'7 - 0.75 i5 defined as the metabolic body weight. The well known equation,
frequently referred to as Kleiber's equation:

BMR =70 x BW 0.73
has been adapted for the estimate of basal heat production in young adults on an
interspecific basis (Baldwin and Bywater, 1984). The metabolic body weight equation
estimates energy expenditure but is not a direct measure of the oxygen consuming mass.
Fat free mass (FFM) is much more metabolically active than fat, and it is important to
understand the relationship between FFM and BMR (Luke and Schoeller, 1992). BMR is
measured under basal conditions, that is, postabsorptive, quiescent, and thermoneutral.
In humans, this means that the subject is at mental and physical rest, has not eaten in at
least twelve hours, and is at a comfortable temperature (Vander ef a/, 1990). In animal
studies, metabolic rates must be measured under comparable conditions, that is, mature
animals in a post-absorptive state, in the range of metabolically indifferent temperatures,

and at rest, or at least without abnormal activity (Kleiber, 1961, Lavigne ¢t al, 1986).

ivi
The other components of maintenance energy, RE,,, are muscular activity and
thermoregulation. Even small increases in muscle tone significantly increase energy
costs. Muscular activity may involve external work, i.e. movement of external objects, or

internal work, i.e. cardiac contraction. The energy expenditure due to different types of



activity, such as walking, flying, and swimming have been measured. Swimming animals
appear to be more efficient in energy expenditure than walkers or fliers (Schmidt-
Nielsen, 1972). At best, external work represents twenty percent of energy intake.

Organisms are thus 20% efficient.

Thermoregulation

The maintenance of a constant body temperature is advantageous for biochemical
reactions within the body. Warm-blooded animals have evolved thermoregulatory
mechanisms to maintain a narrow range of body temperatures for the integrity and
response of their chemical systems. Mammals regulate their core temperature by
balancing heat production and heat loss. It is advantageous to keep energy expenditure
for thermoregulation at a minimum, so animals who are adapted to their environment
will generate enough heat in basal metabolism to maintain a constant core temperature at
rest. Thermoregulation, or the adaptive ability to generate heat, is influenced by the
environmental temperature (McNab, 1980, Woo, 1985). The Thermoneutral Zone(TNZ)
is defined as the range of environmental temperatures where no additional energy is

required to maintain thermal equilibrium. The boundries of the TNZ are called the upper

critical temperature (T, ) and the lower critical temperature (T).,). If the ambient

temperature is below the Ty, extra energy is required to compensate for heat loss to the

environment (Lavigne, 1982). Change in muscular activity is the major avenue to
generate heat but heat may also be produced by shivering or increased muscular
movement. In addition, animals living in cold conditions can control heat loss through
thermal insulation (Scholander er a/, 1950). If the ambient temperature is above the Tuc:
additional energy is required to activate cooling mechanisms, such as sweating or panting

(evaporative heat loss), vasodilation (radiation) or fanning movements (convection). The



relationship between environmental temperature and heat production, based on Newton's

Law, is
M=C (T}, -Typ)
where M = metabolism
C = thermal conductance (inverse of insulation)
Ty, = core temperature
and T,= ambient temperature  (Kleiber, 1961, McNab, 1970,

Tracy, 1972).

Water has a high heat capacity, approximately twenty five times that of air, and
small changes in water temperature could affect energy utilization. This provides a
challenge to homeotherms which inhabit an aquatic environment, if even for a short
period of the day. Cetaceans (dolphins and whales) are truly aquatic and are minimally
influenced by air temperatures. Thus, as marine mammals have necessarily evolved
highly adaptive thermoregulatory mechanisms. Pinnipeds (seals and sea lions) have a
thick fur coat and subcutaneous fat. Dolphins depend on the heat produced during
feeding and activity, as well as peripheral insulation (blubber) to maintain thermal
balance (Hampton and Whittow, 1971). Blubber is the anatomic adaptation some marine
mammals have evolved to compensate for thermoregulatory demands imposed by the
aquatic environment. Dolphins have little subcutaneous or intrabdominal fat. Most of
their fat stores are located in the blubber layer found directly below the dermis. Blubber
is composed of connective tissue embedded with fat, and is functionally analogous to a
wet suit on a scuba diver. It traps heat within the body as well as insulating from the
colder aqueous environment. The thermal characteristics of blubber vary with thickness
and quality, that is, percent fat within the connective tissue layer. Seasonal changes in
blubber depth and quality have been observed, related to changes in water temperature

(Worthy, 1990).



Energy for production

If recoverable energy remains after the energy requirements for maintenance have
been met, other energy uses, such as production, growth of cells and tissues, storage of

energy reserves (lipids) and reproduction are possible (Bartholomew, 1982). The energy

requirements for production, RE.,, may be accomplished by significant increases in food

p,
intake (Baldwin and Bywater, 1984, Lavigne, 1982).

Respiratory quotient
The relative amounts of CO, produced by the cells and the O, consumed depends
primarily on which nutrients are being used for energy and is called the respiratory

quotient (RQ):
RQ = CO2 formed (Schoeller ef al, 1986, Schmidt-Nielsen,
02 consumed 1990, Lee and Liefson, 1966)

It is of interest, metabolically, because the magnitude reveals information about the
material catabolized. Catabolism of carbohydrate, fat and protein each yields a
characteristic RQ: The RQ for fat combustion is 0.7, and for carbohydrate combustion is
1.0. In the catabolism of protein, oxidation is incomplete because nitrogen compounds
are excreted in the urine, not oxidized. Further, the exact RQ will vary, depending on the
amino acid composition of the protein. Assuming all the nitrogen is excreted as urea, the
respiratory exchange in protein catabolism may be closely estimated to be 0.83 (Kleiber,
1975, Bartholomew, 1982, Schmidt-Nielsen, 1990). On a mixed protein, fat, and
carbohydrate diet, the post-absorbtive RQ is approximately 0.8, which means that 8
moles of CO, are produced for every 10 moles of O, comsumed. The RQ measured in
resting, post-absorptive seals and whales is about 0.74, indicating that fat is the primary
metabolic fuel. This is predictable, since fat is the primary fuel for aerobic metabolism
in most carnivores on a low carbohydrate diet (Hart and Irving, 1959, Kooyman, 1973,

ana Scholander, 1940). In addition to dietary composition information, from the



respiratory quotient one can calculate the caloric yield of the various foodstuffs. The
oxidation of one gram of carbohydrate, fat or protein yields 4.0, 9.0 or 4.0 kcal,
respectively (Bartholomew, 1982, Schmidt-Nielsen, 1990). The respiratory quotient is

measured in a living animal (COy produced, O, consumed). A related term, the food

quotient (FQ), is measured in a bomb calorimeter, and is obtained by the total oxidation
of a representative diet sample (CO, produced/ O, consumed) (Flait, 1985). If the RQ
equals the FQ, then energy intake equals energy expenditure and body weight and body
composition are stable (Thomas, 1992, Flatt, 1988) . When the RQ : FQ is greater than
one, this is a condition of positive energy balance, and the excess intake is stored as fat.
If the RQ : FQ is less than one, in the case of negative energy balance, the fuel mixture

oxidized includes stored fat, which lowers the RQ (Jequier and Schultz, 1988).

Energy balance

Studies of energy balance measure three distinct components: nutrient intake,
body energy stores, and energy expenditure. As discussed, the energy derived from
nutrient energy, or intake energy (IE), depends on the efficiency of digestion, absorption
and metabolism of the foodstuffs. Energy stores are in two forms: (1) glycogen, found in
various tissues, and (2) fat. Glycogen is impossible to measure through existing
techniques, but fat is a tissue amenable to measurement. Thus, the body's energy stores
can be estimated through the change in fat content. However, the change in body weight
may be misleading without concomitant knowlege of body composition (Horton, 1983).
Morphometric measurements frequently express metabolic body weight, BW 0'75, or
weight as a function of length. The more useful estimate of metabolic size measures the
body fat content, and the fat-free mass (FFM). FFM, or lean body mass, represents the
respiring cell mass, or the active metabolizing cell mass, and is essential to know for
metabolic rate and energy balance determinations (Goran 1993). Adipose tissue is less

metabolically active and does not contribute significantly to metabolic energy
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production. A generalization used by investigators is that FFM contains 73.2% water.
This figure has been determined in a wide range of mammalian species, including
humans, and has been validated in some marine mammals (Pace and Rathbum, 1945,
Ortiz e al, 1978). The body can be separated into two components: fat and lean.
BW =TBL + TBF
where BW = body weight
TBL = total body lean, also known as the fat free mass (FFM) .
and  TBF = total body fat.
Since lean mass contains 73.2% water, the percentage of fat is calculated:
% fat=100 - % TBW /0.732
where TBW = total body water.
Total body fat (TBF) is calculated:
TBF =% fat X BW (kg)/ 100  (Sheng, 1979).

Although the body fat storage sites differ in aquatic mammals, the LBM still
represents the active metabolizing cell mass, and is the critical measurement for the
determination of energy expenditure . Body composition measurements allow
comparison of metabolic rate and energy balance between individuals of different sizes
and different body compositions, different populations, and the comparison of the same

individual before and after some treatment (Horton, 1983, Luke, 1992).

Assessment of body condition

Ridgway and Fenner (1982) developed the weight-length relationship (WLR) as a
non-invasive method to monitor the condition of bottlenose dolphins. They compared
measurements of healthy and sick dolphins to project the optimal weight for a bottlenose
dolphin of any given iength. Length and girth measurements have also been used to
assess body condition in pinnipeds and large cetaceans and are correlated with body mass

(Bryden er ul, 1984; Castellini and Kooyman, 1990; Lockyer and Waters, 1986). A
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potential source of error in predicting body mass from morphometric measurements
alone is the variation in body composition which can add an error of + 3% (Haley ef al,
1991).

Most condition indices estimate the overall lipid content of an animal. The direct
method is to extract and measure the lipids, but this can only be done post mortem.
There are several indirect methods to estimate body lipid content in marine mammals:
water space, blubber thickness and changes in morphometric measurements (Costa,
1986). Lipid content can be estimated by the measurement of total body water in many
animal species, including man (Rothwell and Stock, 1981).

Cetaceans and some pinnipeds have evolved a thick, fatty hypodermal blubber
layer, which is defined as the layer between the epidermis and the fascia of the
underlying muscle. It is an insulative layer, covering most of the body surface area,
leaving only flukes, flippers and fins available for rapid thermoregulatory heat exchange
(McGinnis ef al, 1972). More than insulation, blubber also serves as an energy reserve
(Brodie, 1975, Ryg et «/, 1990). Blubber layer thickness is a measurement of lipid
storage in those marine mammals having this anatomical feature (Lockyer, 1981),
however, the importance of fat storage in the blubber varies between species (Worthy
and Lavigne, 1983). Blubber depth and fat content varies throughout the year (Worthy,
1990, Ryg e ul, 1990), due to seasonal water temperature changes, thermoregulatory
requirements, and dietary intakes. An increase in food consumption will promote fat
deposition, a decrease, fat utilization. In the wild, prey availability influences intake
(Costa ef al, 1989; Ryg ef al, 1990).

Blubber volume can be estimated using a series of interlocking truncated cones
(Gales and Burton, 1987). This method converts length, girth and blubber depth to an
estimated blubber volume, which is then converted to blubber mass, assuming a blubber
density of 0.94 gm cm -3, Blubber content, or blubber mass, has been used as an

estimate of body condition in marine mammals. An "LMD -index" has been proposed for
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seals and estimates the % fat content of the blubber (Ryg e/ al, 1990). It is calculated
from standard length , body mass and blubber thickness measurements. Slip ef a/ (1992)
found that measurement of maximum girth in the seal, taken around the axillary region,
correlated most closely with blubber mass, as compared to other length and girth
measurements. Ultrasound determination of blubber thickness, and mass, is well
correlated with total body water and total body fat measurements obtained through
isotope dilution methods.

Standard morphometric measurements of length, axillary girth, weight and
blubber thickness have been proposed for marine mammals by the American Society of
Mammologists to assess individual animals in a population (Norris, 1961, Schefter,
1967). Other researchers concur that a combination of morphometrics and blubber
thickness is the best estimate of body condition in cetaceans (Lockyer ef al, 1985.

Lockyer and Waters, 1986).

Measurement of energy expenditure

There are several ways to measure energy expenditure (EE) (Rothwell and Stock,
1981). The carcass balance method uses the general principle that the energy expended
equals the intake energy plus the change in carcass energy storage, or:

EE = Ejjtake

+ change in carcass energy (gain or loss)
Evaluation of the carcass at the end of the experiment provides an estimate of the energy
expended over the course of the experiment. The disadvantage is that it does not permit
monitoring of progressive or dynamic changes during the experiment.

Calorimetry menitors acute changes of EE using simple closed or open circuit
systems. Direct calorimetry measures actual heat loss from an individual. The subject is
placed in a sealed container, called a calorimeter. Measurement of the changes in

temperature of water flowing through the walls of the calorimeter measures heat loss of

the subject in the chamber. If the subject is fasting and at rest, the total energy
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expenditure becomes equal to heat production, since energy storage and external work
are eliminated. Direct calorimetry is very accurate, with an error of only 1-2%. The
disadvantages are: (a) the metabolic chambers required are expensive to maintain and
operate, and are not widely used (Kleiber, 1961, Vander er a/,1990), (b) the subject is
confined to a chamber under artificial living conditions, and (c¢) physical activity is
limited so true measurements of energy expenditure under actual living conditions cannot
be obtained (Jequier and Schutz, 1988). In contrast, indirect calorimetry measures heat
production, or metabolic rate, which is determined from the respiratory exchange of
oxygen and carbon dioxide (O, consumed and CO, produced) and the urinary excretion
of nitrogen. The fundamental principle of indirect calorimetry is that the heat liberated
from the catabolism of food within the body is equal to the oxidation of food outside the
body. The amount of heat produced for each liter of oxygen consumed varies by less
than 6%, regardless of whether the material oxidized is fat, carbohydrate, or protein. The
heat liberated from a combination of fat, carbohydrate and protein when one liter of
oxygen is consumed in the combustion process averages 4.8 kcal / liter O,. The
oxidation rates of carbohydrate, fat and protein can be calculated from the RQ using
standard tables when more exact calculations are required. The aécuracy 1s 2-5 %,
assuming a steady state of respiratory exchange and normal acid-base status. The errors
using calorimetry are due to the variability in animal activity and other physiological
functions, not to inaccuracy of measurements (Schmidt-Nielsen, 1990), The
disadvantage of this method is that respirometers are cumbersome and not practical for
all species (Rothwell and Stock, 1981; Horton, 1983; Jequier and Schultz, 1988,
Wo0,1985; Vander ef ul, 1990).

The use of isotopes to measure energy expenditure

The use of isotopes allows measurement of progressive changes in body

composition and energy expenditure in free living systems over several days. It thus
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overcomes several limitations of direct and indirect techniques, such as being confined to
a metabolic chamber or wearing a respiratory apparatus to measure gas exchange. A
major advantage is that subjects can be studied while engaging in normal activities or
that specific regimes can be examined. Energy expenditure data is commonly expressed
in energy terms: kcal/time, Joules/time, or watts. The data are usually reported per
individual, that is, intake energy and the change in energy stores within the whole person
or animal.

Stable, or heavy, isotopes are non-radioactive isotopes which contain one or more
additional neutrons compared to the normally abundant isotope of that atom (Brown,
1990). There are several advantages in using stable, as opposed to radioactive, isotopes:

1. There are minimal isotope effects

2. The substrate content and the isotope enrichment can be measured
simultaneously

3. The confidence in the specificity of the assay is high
and 4. Simultaneous and repeated use of several tracers are possible in the same
subject (Bier, 1987).

The doubly labeled water technique (DLW) to measure body composition uses
water containing enriched level of stable or radioactive isotopes of hydrogen and oxygen.
The isotopes of hydrogen used are tritium (radioactive), denoted 3 H, H-3 or HTO, and
deuterium, denoted 2H, H-2, or HDO. The isotope of oxygen used is oxygen-18, denoted
180 or O-18. The doubly labeled water technique measures water intake, or influx,
water loss, or efflux, and energy metabolism (Nagy, 1989).

Following administration of an isotope of hydrogen (H*), the isotope distributes
in the body water compartments to a uniform concentration. This concentration in body
fluids declines exponentially with time, as water is lost due to water evaporation in the
lungs and the skin, water lost in glandular secretions, urine and feces. Simulataneous

gains, that is, addition of unlabeled water to the body water pool, occur with energy
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metabolism and dietary intake. Ideally, there is water balance, losses equal gains, and the
rate of flux, or change, is constant over time (Nagy and Costa, 1980, Nagy, 1989). A

semilog plot of H* over time yields a straight line:
In H*

time
in which the slope indicates fractional turnover rate per unit of time. Similarly,
enrichment of an animal with an isotope of oxygen (O*) will be followed by the
exponential decline of the O*, but the slope of the washout is steeper. O* is eliminated

in water losses, as is the H*, but the O* is also eliminated in carbon dioxide.

There is a rapid equilibration of O* in HyO* with CO, in body fluids due to the action of
the enzyme carbonic anhydrase, which forms carbonic acid (HyCO3) from H,O and

COzi

HyO% + COy <enemen CA > HyCO5*
Since the O* is eliminated from two sources, it is cleared more rapidly than the H*. The
difference between the slopes of the H* and O* washout measures CO, production
during that period, from which energy metabolism, or total energy expenditure can be
calculated (Nagy and Costa, 1980, Bier, 1987, Nagy, 1989). Using the following
relationship:

carbohydrate
fat + 02 ------ > C02 + H2O + heat

protein
the CO, produced can be converted to the standard units of metabolism, calories or
joules, as will be discussed later.

The use of doubly labeled water to measure energy expenditure was first

developed in the 1950's by Lifson (Lifson er al, 1955, Lifson, 1958) and has been
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extensively validated in many species, under many conditions such as normal weight,
obesity, and fasting (Lifson, 1960; Lifson and Lee, 1961; Lifson, 1966; Lifson ef al, 1975,
Schoeller and Van Santen, 1982; Schoeller, 1983; Schoeller, 1988; Speakman and Racey,
1986; Roberts, 1989; Calazel ef al, 1993).

The DLW method can be developed mathmatically (Lifson, 1966; Schoelier and

Van Santen, 1982; Schoeller, 1988; Schoeller, 1991; Coward, 1988):
¢)) rHyO=koyx N

where T HZO = rate of water loss

kopy* = fractional turnover rate of hydrogen

and N = total body water.
(2) rHyO+2rCOy=kps N
where r HyO = rate of water loss

r CO2 = rate of CO2 produced
kO* = fractional turnover rate of oxygen
and N = total body water

Note that a factor of two is necessary since each mole of CO2 contains oxygen

which is equivalent to two moles of water.

Subtracting (1) from (2), and solving for rCO2:

3) rCO2 = [N (kO™ k2H*)] /2

Thus, the rate of CO2 production can be calculated from the turnover rates of the

isotopes.
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There are a number of assumptions that must be made with the DLW technique,

as well as mathmatical conversions to permit practical applications of the technique.

Assumption one: isotopes disperse in and disappear from the total body water
pool only (Lifson, 1955, Schoeller ef ¢/, 1986, Schoeller, 1988, Schoeller, 1991,
Gettinger, 1983, Roberts, 1989). This assumption is controversial. The hydrogen dilution
space is greater than the water space due to an exchangeable pool of non-aqueous
hydrogen: the labile hydrogen of protein and other body constituents. Although
theoretically available for exchange, hydrogens in lipid or hydrophobic protein regions
are not chemically available (Goran, 1992). The hydrogen space is proportionately
larger than the water space by about 4%. The oxygen space also appears to overestimate
the water space by about 1% (Lifson e/ al, 1955, Nagy, 1980, Schoeller ¢f a/, 1980). The
incorporation of isotope label into non-aqueous compounds will yield an overestimation
of body water (Nagy and Costa, 1980). Because isotope spaces are larger than water
spaces, the model is modified to use dilution spaces rather than total body water for
calculation of material flux, and the relationships between dilution spaces and total body
water are assumed to be constant. The coefficents of 1.04 and 1.01 for hydrogen and

oxygen are used, respectively (Schoeller ¢f al, 1980). The relationships are calculated:

TBW = hydrogen dilution space/1.04 = oxygen dilution space/1.01 (Lifson and
McClintock, 1966; Schoeller ¢r al, 1986; Schoeller, 1988; Schoeller ef al. 1980).

Assumption two: The volume of the water pool in which the labels are diluted is
constant (Lifeson and McClintock, 1966, Nagy, 1980, Schoeller, 1988). The water pool
size can be influenced by eating, water intake and weight changes. Changes that occur
within one day in the pool size represent only a small percent of the pool size and is
quantitatively insignificant. However, large weight changes over several days should be

considered. Nagy and Costa (1980) calculated rates of water influx and efflux in a
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dehydrating and rehydrating camel. This represents a wide range of change in total body
water and measures errors due to variations in water fluxes in extreme situations. They
concluded that errors due to unequal flux rates would be less than 5% in field studies and
can be minimized by careful timing of sampling procedures. Averaging the initial and
final pool sizes to calculate CO, production has been used to account for linear growth.
If the change in pool size is less than 15%, less than 1 to 2% error is predicted using this
model. In a controlled study, where environment and intake is regulated, large variations
in water flux rates are minimal. In this context, marine mammals drink minmal amounts
of water, deriving the majority of water from their diet, and have a further advantage.
The linear change averaging of pool sizes adequately compensates for the daily variation
in total body water fluxes. In the case of rapidly growing animals, the exponential

equations would be best. See equations on page 23.

Assumption three: the influx and efflux rates of water and efflux rate of CO,

remain constant (Lifson, 1955, Gettinger, 1983, Schoeller, 1988). The DLW model

assumes steady state kinetics, but water intake and physical activity will cause variation

in isotope elimination rates since the rate of CO, production is not constant. Multipoint

regression models reveal day to day variations of elimination rates (Coward, 1985, Cole
and Coward, 1992, Speakman and Racey, 1989). In contrast, the two point model, in
which samples are collected at the start and the end of the metabolic period, eliminates

the variation perceived with multiple sampling. By using the two sample technique, the

resultant CO, production equals the the exact average of the flux, or the mean CO,

production, over the sampling period (Lifson and McClintock, 1966, Speakman and
Racey, 1986, Schoeller, 1988).

Assumption four: Enrichments of CO, and H5O lost from the body are the same

as those in the body water (Lifson, 1955, Gettinger, 1983, Schoeller, 1988, Schoeller,

1991). Any isotope fractionation that results in the decrease or increase in the
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enrichment of the isotopes will underestimate or overestimate the calculated efflux.

Respiratory water, non-sweat transcutaneous water vapor and CO, are isotopically

fractionated relative to body water. That is, water vapor and CO, outputs have different

isotope concentrations than the isotope concentration in body water, but the relationships
are fixed and can be included in the calculations. The DLW model calculations have
been modified to correct for this fractionation (Schoeller, 1986, Schoeller ef al, 1986,

Wong, 1988, Roberts, 1989).

Assumption five: No CO, or water enters the body through the skin or lungs
(Gettinger, 1983, Schoeller, 1988). The goal of the DLW method is to measure water
intake and CO, production, not environmental water or CO, exchange. Although this

exchange has been demonstrated, the error in measurement of CO, production is small

(see below) (Nagy, 1980, Nagy and Costa, 1980). The absorbed water vapor will

increase the water flux, but the elimination rates of hydrogen and oxygen are equally

affected, so the calculation of CO, production is not changed. The error associated with
absorption of CO, through the lung and the skin is small, less than 1%, and could lead to

an overestimation of the CO, production. This error has only been considered in studies

of small burrowing animals that live in enclosed, poorly ventillated areas (Gettinger,

1983).

Accuracy (how closely the mean of measured values approaches the true value)
and precision (how closely multiple measurements of the same sample agree with each
other) are critical in the DLW method, since CO2 production is calculated from the
disappearance rates of the two isotopes and errors in measurement or isotope analysis can
produce a large variation in calculated CO2 production. Each slope is calculated from
three isotope measurements: the initial concentration following dosing, the final
concentration following decline, and the background concentration, or natural

abundance. This method assumes that the background is constant over time, allowing a
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single measurement of background before isotope enrichment and subtraction of that
from subsequent sampling. Background, or natural abundance, can vary in an individual,

depending on the rates and proportions of water gains and losses, and the variation in the

enrichment of that water. If administered isotope doses greatly exceed background, then
natural variation has little effect (Nagy, 1989). Studies comparing water flux with H*
balance method (intake measurements) show an error less than or equal to 10% in
mammals and reptiles (Nagy and Costa, 1980). Schoeller and VanSanten (1982)
measured a 2.1% error in human studies. They attributed most of the error to uncertainty
in isotope measurement. The coefficient of variation in small animal studies ranges from
3-14%. The largest deviation is observed in arthropods, perhaps due to deviation from
single compartment kinetics. Metabolic CO2 may be eliminated directly from cells in
addition to incorporation into carbonic acid pools in these species (Schoeller, 1988,
Nagy, 1989).

Analyses with isotope ratio mass spectroscopy (IRMS) has increased the accuracy
and precision by 50-100 times from measurements obtained with older mass
spectroscopes, infared absorbance (IR) or nuclear magnetic resonance (NMR) methods
(Penman and Wright, 1987, Karasov ef a/, 1988, Brans et al, 1990). The sensitivity,
which is an index of the smallest amount of isotope the instrument can detect, is much
greater with IRMS than with IR or NMR. Since the detection level of the isotope is
reduced, the dose can be decreased. Errors due to background abundance may increase
as isotope doses and concentrations are reduced (Nagy,1989). The cost advantage is by
decreasing the dose required, the cost of the isotopes is lowered to the point where it is
now a feasible method in larger animals.

Studies comparing isotope measurement of CO2 production with indirect or
direct calorimetry methods show errors < 7% in mammals, birds, and reptiles (Nagy,

1989). One adult human study reported the total energy expenditure measured with the
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doubly labeled water method was 4-14% higher than that measured by direct calorimetry,
with the smaller difference observed in sedentary individuals (Jaquier and Schutz, 1988).
In a study comparing respiratory and isotopic methods at high and low activity levels, the
isotope measurement was 1.4% higher than the respiratory measurement during low
activity, and 1% lower during high activity (Westerterp e/ u/, 1988). Numerous other
human studies have compared calorimetric and isotopic methods and have found
minimal statistical differences between the two methods (Seale ef «/, 1993, Klein et ul,
1984, Schoeller and Webb, 1984, Ravussin ef al, 1991). Isotopic studies in children and
preterm infants report that the doubly labeled water method is very well suited to
measuring energy expenditure under normal daily living conditions (Goran e/ al, 1993,
Emons er al, 1992, Roberts et ul, 1986). Schoeller reports that calorimetry has an
accuracy of 1% and a precision of 2-3%. Similarly, the doubly labeled water method has
an accuracy of 1% and a precision of 4-7% (Schoeller, 1988). Thus, DLW seems to be
an adequate estimate of energy expenditure with minimal differences from more
commonly employed techniques.

The major application of the doubly labeled water technique is the measurement
of body composition and energy expenditure in free-living organisms over several days.
As discussed, the method has been validated in a wide range of animal species, in adults
and children, and during periods of inactivity as well as strenuous exercise (Delaney er
al, 1989, Hoyt ef al, 1994, Hoyt ef al, 1991, Jones and Leitsch, 1993, Westerterp e/ al,
1988).

The measurement of total body water (TBW) is an essential component in the
determination of body composition in nutritional studies. TBW is an estimate of the lean
body mass (LBM) since water associates predominantly with non-fat tissue, and LBM
varies inversely with body fat content on a live weight basis (Thomas ef ¢/, 1991,
Johnson and Farrell, 1988). Dilution of a tracer compound is the most common

technique to measure TBW (Schoeller et «/, 1980, Thomas et al, 1991). A commonly
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used compound for TBW measurement is deuterium oxide (2H20) since it has the same
distribution as body water and is non-toxic at levels required for accurate quantitation.
The smallest possible tracer dose is preferred to minimize the possibility of physiological
effects due to the tracer, and to prevent high background concentration if using repeated
determinations (Thomas ef ¢/, 1991, Sheng and Huggins, 1979).

The behavior of the isotope can be expressed mathmatically (Nagy er al, 1980):

(1) k=In(H1*/H2*)
t
where k = turnover rate of the isotope

H1* and H2* = initial and final concentrations in body water
t = time elapsed (days) between body water samples
and In = natural log.

The half-life (T]/ 2), in days, of the isotope in the body is:

) T12=0693
k
where 0.693 =1n (2).

If the animal has maintained a constant water volume throughout the period, k is equal to
the fractional turnover rate of the body water (the water flux), which is equal to the
turnover rate of the isotope. If the animal has not maintained a constant water volume, k
equals the turnover rate of the isotope only.

Water flux can also be expressed in ml H2C kg’l day’lz

3) ml H20 flux = 1000 W In (H1*/H2%*)
kg day Mt

where W = body water volume (ml)

and M =body mass (gm).

If the body water volume is constant over time, water influx equals water efflux. If the

body water volume changes, equation (3) must be modified to account for this change,
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which may occur in either a linear or exponential manner. The body water efflux

equation, if the body water volume changes linearly with time, becomes:

(4) ml H20 efflux= 2000 (W2-W1)in (HI*W1/H2*W2)
kg day (M1 +M2)In(W2/W1) t

subscripts 1 and 2 represent initial and final values.
If the body water volume changes exponentially with time:

(5) ml H20 efflux= 2000 W1in(W2/WDIn(H1*W1/H2*W?2)
kg day (M1+M2)[1-(W1/W2)] t

The body water influx equation, with either a linear or exponential change in body water

volume, becomes:

(6) ml H20 influx= mIH2Qefflux + 2000(W2-W1)
kg day kg day t (M1+M2)

Deuterium has been used to measure TBW in some species of marine mammals:
fur seals (Costa and Trillmich, 1988, Costa et «/, 1988), northern elephant seals (Costa ef
al, 1986), California sea lions (Costa, 1985), and Hawaiian monk seals (Dunn, 1990).
This technique has not been previously reported using cetacean subjects.

The second major application of the doubly labeled water technique is the
determination of energy expenditure and metabolic rate.

The interacting systems in an organism can only function by the continuous
expenditure of energy, which is commonly defined as energy metabolism. To determine
the total energy metabolism of an animal while carrying out normal activity, energy
requirements of various functions need to be added together. Basal metabolic rate
(BMR) is measured under non-feeding, non-digesting, non-growing, inactive and non-
breeding conditions. The average daily metabolic rate (ADMR) is definable in terms of
BMR plus the energy costs of digestion and assimilation of foodstuffs (SDA),
thermoregulation, and daily activity and production (Bartolomew, 1977). Metabolic rate

refers to energy metabolism / unit time, and can be measured in.at least three different
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ways (Schmidt-Nielsen, 1990). The first is the determination of the total heat production
by the organism, as measured inside a calorimeter. A second measurement of MR can be
made from the rate of oxygen consumption. The amount of heat produced for each liter
of oxygen consumed in metabolism is nearly constant, regardless of substrate (Schmidt-
Nielsen, 1990). See column (¢) in Table 2. The third method, the intake balance

method, 1s discussed on page 26.

TABLE 2: Heat produced and oxygen consumed in the metabolism

of common foodstuffs (Adapted from Schmidt-Nielsen,

Animal Physiology, 1990)

(a) (b) (c) (d)
FOOD keal g'l(mJ)  liter Oy g1 keal per liter O, (mJ) RQ
Carbohydrate 42(17.57) 0.84 5.0 (20.92) 1.00
Fat 9.4(39.33 2.0 4.7 (19.66) 0.71
Protein 4.4(18.41) 0.96 4.5(18.83) 0.81

However, using the doubly labeled water method, the average CO, production

can be measured (Schoeller ef al, 1986, Schoeller er al, 1980, Lifson and McClintock,
1966).
The 2H and 180 dilution spaces (D) are calculated from the isotope enrichments

in the plasma samples taken 5 hours following the dose:
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(1) D(kg) = (d X APE§/MWy) (182/ APE,, ) 10-3
where d = dose of isotope (gm)
MW, = molecular weight of the dose water
APE j = atom % enrichment of the dose water

APRy,,, = atom % enrichment of body water relative to the

predose plasma value
The total body water is calculated from the dilution of the isotopic waters:

() TBW=D-2H/104 + D-1830/101
2

The mean daily CO, production is calculated by dividing the cumulative total

CO, by the length of time in days:
(3)  rCOy = N(kq-kp)/2.08-0.015Nky,
where rCOy = CO, (mol / day)
N = total body water
and k0 , kp, = isotope elimination rates

The isotope elimination rates (k, and ky,) are calculated using the two point

method, using isotope enrichment relative to the predose value and the time difference

between collection of the initial and final samples:
(4) k=In(APE;- APE;)/ delta t

where APE;, APE; = atom percent enrichment of initial and final samples,
respectively
In = natural logarithm
and  t= time (days)
The energy expenditure is calculated by multiplying the rCO, by the energy

equivalent of CO, calculated from the macronutrient content of the diet (See Table 3,

adapted from Lusk, 1906).
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The oxygen consumption can be calculated using the measured CO, preduction

and the the RQ of the diet, assuming FQ = RQ, using the following relationship:

(5) Oy consumed = _CO2 formed (Schoeller e/ a/, 1986, Schmidt-
RQ Nielsen, 1990, Lee and Liefson,
1966)

The third method to calculate metabolic rate or energy expenditure is the intake
balance method (Schoeller and Van Santen, 1982, Acheson ef o/, 1980, Worthy and
Lavigne, 1983):

Energy expenditure = dietary intake / day + change in body energy stores / day
The dietary intake is obtained from records using energy equivalents for food consumed
(see column (a) Table 2) (Schoeller and Van Santen, 1982, Acheson ef a/, 1980, Edholm
et al, 1970). The change in body energy stores is the change in lean body mass and fat
mass from day 0 to day 5, as measured by the doubly labeled water method. The change

in energy stores per day can be calculated (Acheson ef 1., 1980):

change in energy = change in body fat (g) X 9.4 kcal g-1
day # days
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TABLE 3: Oxidation of Protein and Fat Mixtures

(Adapted from Lusk, Elements of the Science of Nutrition, 1928)

RQ keal/g fi keal/105(J) keal/ICO,(J)
0.71 9.40 (39.92) 4.69 (20.75) 6.63 (27.74)
0.72 8.89 (37.19) 4.70 (19.66) 6.52 (27.28)
0.73 8.38 (35.16) 471 (19.71) 6.42 (26.86)
0.74 7.87(32.92) 4.73 (19.79) 6.31(26.40)
0.75 7.36 (30.79) 4.74 (19.32) 6.21 (25.98)
0.76 6.85 (26.66) 475 (19.87) 6.10 (25.52)
0.77 6.34 (26.52) 4.76 (19.92) 5.99 (25.06)
0.78 5.83 (24.39) 4.78 (19.99) 5.89 (24.64)
0.79 5.32 (22.26) 4.79 (20.04) 5.78 (24.18)
0.80 4.81(20.18) 4.80 (20.08) 5.68 (23.77)
0.81 4.30 (17.99) 4.81(20.13) 5.57 (23.30)

BIOENERGETICS OF MARINE MAMMALS

In contast to humans and domestic animals, there is little data on bioenergetics
and nutritional requirements in marine mammals. Only a few species have been studied
in the wild and fewer are held or studied in captivity. Most of the metabolic and
energetic studies have looked at pinnipeds (Lavigne ez a/, 1982): harp seals (Lager,
1994), elephant seals (Rea and Costa, 1991, Costa et al, 1991, Worthy e al, 1991),
harbor seals (Davis et al, 1991), grey seals (Reilly, 1991, Reilly and Fedak, 1990, Nordoy
et al, 1990, Nordoy and Blix, 1985), monk seals (Dunn, 1990), ringed seals (Ryg ef a/,
1985), Weddell seals (Castellini et a/, 1992), fur seals (Costa e/ al, 1989, Costa and
Trilimich, 1988, Boyd and Duck, 1990), and sea lions (Williams ef a/, 1990). Pinnipeds
are not 100% aquatic, but spend part of the time on land. During these times, the animals

are more accessible to measurements and manipulations. This is in contrast to cetaceans,
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whales and dolphins, which spend 100% of the time in the water, and reed constant
wetting and support when on land. Also, unlike cetaceans, pinnipeds may be placed in
metabolic cages for short periods of time for respirometry and other metabolic
determination. Long term studies of wild marine mammals are difficult because they
spend the majority of their lives beneath the ocean surface and many species are pelagic,
living far offshore. This increases the costs and decreases availability of data on many
species. However, recent major advances in biotechnology, such as VHF and UHF radio-
transmitters using miniturized microcomputer technology, have made possible some
studies on bioenergetics and fuel homeostasis in both captive and free-ranging marine
mammals (Ijarwood, 1989).

There are no measurements of the energy losses in the transformation of IE to RE
in cetaceans available in the published literature. In several species of seals, however,
metabolizable energy, which is the intake energy minus urinary and fecal energy losses,
has been measured and ranges from 83 to 88% of the gross energy intake (Kleiver, et al,
1983, Mardussen ef a/, 1990, Ronald ¢ al, 1984, and Castellini ef al, 1992). Kleiver
points out that measuring RE in free living marine mammals can result in gross errors
due to failure to account for variations in the amount of food consumed, the energy
content of the the food and the availability of food energy (digestibility).

Seals and whales are reported to have relatively high energy requirements,
ranging from 1.5 to 3.0 times the values for terrestrial animals of similar size
(Bartholomew, 1982, Kanwisher and Ridgway, 1983, Kooyman, [981, Snyder,1983).
This may be due to many factors: thermoregulation in an aquatic environment,
consumption of a high protein diet, and anatomic adaptations, such as a large liver and
large thyroid glands (Lavigne ef al, 1986). These high values may be incorrect for
several reasons.

Kleiber's equation for determining metabolic rate as a function of BwO.75

requires a post absorptive state, inactivity and thermoneutral conditions. The report of
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elevated metabolic rate in aquatic mammals may have arisen because these conditions
have not been met (Huntley, 1987). In addition, captive feeding studies may have over
estimated the food requirements of adults because many animals investigated are
juveniles. The extrapolation of juvenile or growing animals to adults causes an artificial
elevation due to biosynthesis and increased turnover metabolism. Similarly, the caloric
variability has not been considered in the intake calculation (Lavigne, 1986). Most
captive cataceans are fed rations based on percentage of body weight or total pounds fed
(Geraci, 1986).

In feeding studies of captive seals, maintenance energy intake, that is, the energy
level necessary to maintain body mass, was measured. The daily food requirement was
twice the BMR, which is consistent with the average daily metabolic rate (ADMR) of
other wild animals. The intake data was analyzed using a least squares regression model,
and the logarithm of the metabolic rate in relation to body mass was plotted and
compared to standard rates for terrestrial animals. The metabolic rate of aquatic animals
was higher than predicted by Kleiber's equation (Kleiber, 1961), but consistent with adult
terrestrial animal that are active, not postabsorptive, and not under thermoneutral
conditions. Immature growing pinnipeds, measured under conditions that otherwise met
Kleiber's criteria, had metabolic rates 2X that predicted by Kleiber's equation, which is
typical of immature, growing animals of other species. This is often referred to as the
Resting Metabolic Rate (RMR) and is used as the reference for basal energy output in
young animals (Kleiber, 1961, Lavigne ¢t a/, 1986). The authors concluded that the
available estimates of metabolic rates for whales and seals are similar to those predicted

for terrestrial mammals under similar conditions,
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FORMULATION OF THE PROBLEM

Diet composition variability

The fat and protein composition of fish commonly fed to marine mammals varies
with season, location of catch, storage temperature, and many other factors (Van Dyke
and Ridgway, 1977). Gross energy of fish has been measured over a fourteen month
period and differences up to 35% within the same fish type have been reported (Cates,
1986). Differences may be due to water temperatures, reproductive state of the fish, or
anatomical variability in fish species. By laboratory analysis, these energy differences are
due to variability of the fat and protein content. These differences range from 5 - 45% fat
and 33 - 65% protein, on a dry matter basis. How changes in fat to pro@iin ratios effect
energy requirements in cetaceans has not been examined. Diet composit-lfc;n will not only
affect caloric composition, but, also, recoverable energy (RE), that is, the intake energy
that is available to the animal for maintenance. High protein diets require more calories
for maintenance. High protein diets have higher urinary energy losses and have a greater
HIF, requiring more energy for digestion, and leaving less available for metabolic
requirements (Kleiber, 1975, Worthy, 1990). It remains controversial whether weight
can be maintained at a single level of caloric intake or whether an animal can adjust the
efficiency of absorption to allow maintenance at a variety of intakes (Schoeller, 1988).
There is little information on nutrient requirements and adequate diets for captive marine
mammals (Bernard and Ullrey, 1989). Summaries of feeding programs containing fish
types and nutritional supplements for different marine mammal species have been
described (Bernard and Ullrey, 1989, Van Dyke and Ridgway, 1977). Vitamin
deficiencies and other dietary disorders are documented in captive species (Geraci, 1981,
Worthy, 1990). The husbandry plans outline feeding programs based on fish types, but

are not specific for nutrient content, that is percent fat and protein. Nor is the published
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data tailored for animals with different metabolic needs: active vs. sedentary, adult vs.

juvenile, male vs. female, pregant or lactating.

High fat : low fat diets

Stability of body weight and body composition means that energy intake equals
energy expenditure, and the intakes of protein, fat and carbohydrate equals the oxidation
of each. If these conditions are not met, changes in weight and body composition will
occur (Thomas, 1992). Ingested protein and carbohydrates are rapidly oxidized in
humans, but fat oxidation depends on energy needs, not fat intake. Dietary fat is used or
stored in response to day-to-day variations in energy balance (Jequier, 1993). In rats fed
isocaloric diets, that is, diets containing the number of calories required to maintain body
mass, there was a weight gain observed when fed a high fat diet. It was concluded that
there is a greater energy efficiency with a high fat diet: less energy is required to convert
ingested fat to stored fat than with a carbohydrate or protein diet (Pi-Sunyer, 1990).

Further studies with humans consuming high fat and high carbohydrate isocaloric
diets examined energy requirements and metabolic rates (Hill, 1991, Thomas, 1992). A
change in dietary composition did not change energy expenditure or metabolic rate when
caloric intake was fixed. However, the RQ was substantially changed by different diets,
being highest with carbohydrate diets (RQ = 0.917) and lowest with fat diets (RQ =
0.770). This indicates that there may be differences in substrate oxidation with changes
in diet composition.

There is a limited amount of published information on energetics in marine
mammals. In contrast to domestic animals, the nutritional needs of dolphins are poorly
documented. Captive dolphins are fed diets which are not synthetic, balanced and
uniform, but vary in content according to season and availability of fish types. Since
there is little control over this variation, more information is needed about optimum

diets, how fat and protein composition affects maintenance requirements and body
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composition, how diet composition affects energy expenditure. The following study
attempts to provide some basic information about the relationship between diet and
energy expenditure in bottlenose dolphins.

In humans, age is a significant determinant of total energy expenditure. An age
related decrease in resting metabolic rate is seen, probably due to changes in body
composition (a decrease in metabolically active tissue) and changes in physical activity
(Goran, 1993a; Vaughan ef «/, 1991; Rising et al, 1994; Fulop ef al, 1985). A study
evaluating 639 human males showed an age-related decrease of 17% in basal metabolic
rate per unit body surface area between the ages of 26 and 76 years (Keys ef al, 1973).
The decrease was attributed to an increase in body fat and decrease in lean body mass,
and is substantiated by other investigators (Vaughan e/ a/, 1991, Fulop ef al, 1985).
Similar changes have been observed in dogs (Sheng and Huggins, 1986). Body
composition studies have been done in several species of marine mammals: juvenile
grey seals (Nordoy and Blix, 1985, Nordoy er a/,1992), and adult grey seals ((Reilly and
Fedak, 1990), adult ringed seals (Ryg et «/,1990, and adult fur seals (Boyd and Duck,
1991). Comparison of in vivo and post moriem techniques have validated isotopic
methods for the determination of body composition in pinnipeds. The use of tritium was
compared to the carcass balance method of measuring body composition for the
determination of metabolic rate using the intake balance method in fur seals and there
was no significant difference between the two methods in this species. The relationship
between body composition and metabolic rate in adult and juvenile dolphins has not been

examined.
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CHAPTER II
HYPOTHESES

. There is a postive relationship between age and length in bottlenose dolphins.

There is a negative relationship between age and energy intake in bottlenose
dolphins.

There i1s a relationship between age and body composition in bottlenose
dolphins, with an increase in body fat and a decrease in body lean
observed with increasing age.

There is a relationship between diet composition and body composition in
bottlenose dolphins: high dietary fat increases body fat and low dietary fat
decreases body fat.

There is a postive relationship between intake and activity levels in bottlenose
dolphins.

There is a negative relationship between age and metabolic rate in bottlenose
dolphins.

There is a relationship between diet composition and metabolic rate in
bottlenose dolphins: an increase in metabolic rate is seen with a low fat

diet
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Objectives

CHAPTER 111
MATERIALS AND METHODS

OVERVIEW OF EXPERIMENTAL DESIGN

—_—

. to investigate the relationship between age and length in dolphins

N

. to investigate the relationship between age and energy intake in

dolphins

(¥

. to investigate the relationship between age and body composition in

dolphins

4

. to investigate the relationship between diet composition and body

composition in dolphins

wn

. to investigate the relationship between diet composition and metabolic

rate in dolphins

(o)}

. to investigate the relationship between energy intake and activity in
dolphins
7. to investigate the relationship between age and metabolic rate in

dolphins

oo

. to address the question: are standard morphometric measurements of
weight, length and girth accurate assessments of body condition, as
compared to measurements of blubber volume and body

composition?

O

. to compare the calculation of ADMR by the intake balance method
with measurement of ADMR using the doubly labeled water

technique in dolphins
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Qverview

A population of 57 bottlenose dolphins was studied from January 1991 to May
1993, including a period of 126 weeks. The animals ranged in age from 2.2 to 29.7
years. There were 20 females and 37 males. They belong to the order Ceracea, the
suborder Odontoceti (toothed whales), and the family Delphinidue. Bottlenose dolphins
are the species most commonly kept in captivity, worldwide. All marine mammals are
federally regulated by the National Marine Fisheries Service, and limited permits are
issued for collection of animals from the wild, and maintenance of captive populations.

Fifty-two dolphins were Atlantic bottlenose dolphins, Tursiops truncatus, and five were a

subspecies, Jursiops (runcatus gilli, known as Pacific bottlenose dolphins. (Table 4.)
There is limited documentation of physiological differences between these subspecies.
Total pounds of fish fed, for each type of fish, was recorded daily. Each lot of fish was
analyzed for caloric content and composition, and from this proximate analysis tdtél
calories fed were calculated on a daily basis. In addition, activity levels were assessed
over twelve months of the study. Monthly body weight measurements were taken and
lengths were measured every six months.

Four of the Atlantic bottlenose dolphins participated in four feeding trials, each
six weeks long. Two diets were employed: (1) high fat: high protein, consisting of fresh
frozen herring, and (2) low fat. high protein, consisting of fresh frozen capelin. The
study employed a Latin square crossover design (Hassard, 1991), with each animal
receiving both diets. Throughout the feeding trials, intake data was monitored, and
morphometrics, consisting of weight, length, girth, and blubber depth at standard sites,
were measured. Using a stable isotope of water, deuterium, body composition (total
body water / total body fat) was assessed at the beginning and the end of each feed trial.
Average daily metabolic rates were calculated at the end of each feed trial for each
animal using the intake-balance method, and, in one animal, ADMR was measured for

both diets using the doubly labeled water technique.

36



TABLE 4: ANIMAL POPULATION DATA

Species Total # Males Females Adults Juvenile Age range (yr)
Tursiops truncatus 52 36 16 21 31 22-297
Tursiops truncatus gilli 5 1 4 1 4 6.7-18.7

ANIMAL SELECTION FOR FOOD TRIALS

Four Atlantic bottlenose dolphins, Tursiops truncatus, participated in the feed
trials. Due to federal regulation of marine mammals limiting collection, permitting and
confinement, it is not possible to select a research group at random. It is not known how
representative of the bottlenose dolphin population the animals selected may be:
However, the animals are healthy, adjusted to their environment, and typical in size to

other Yursiops truncatus. Two of the animals chosen for the study were originally from a

pod in Florida, one was collected from the Gulf of Mexico, and one was born in captivity
in Hawaii. All are males; two are mature adults, older than 25 years; Two are juveniles:
one approximately 12 years and the other, definitively six years of age. During the study,
all animals were housed in 20 X 30 X 15 foot open ocean pens and limited to pen
activity. They swam freely in their enclosures but did not engage in any distance

swimming or other strenuous activity. See Table S.
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TABLE 5: MORPHOMETRICS OF SUBJECTS: FEEDING TRIALS

NAME  DATE GENDER AGE(yr) WT (kg LNGTH (cm) GIRTH (cm)

Oldben May,1993 Male 336 230.45 261 136
Mauka May,1993 Male 24.6 188.18 254 132
Trident  June, 1994 Male 14.5 151.8 239 116
Boris June, 1994 Male 6.1 127.7 233 114

BACKGROUND DATA
From 01 January 1991 to 15 September 1994, daily food intake data was
collected for each of the dolphins. Frozen fish was purchased from the open market and
stored at -10 degrees Farenheit until prepared for the day's rations. The fish types fed

depended on what was available, but included Columbia river smelt (1haleichthus

pacificus), mackeral (Scomber juponicus), capelin (Mallotus villosus), and Pacific
herring (Clupea harengus). The fish was removed from the freezer, and thawed in a tub
with a minimal amount of fresh water. The day's food ration was weighed on a hanging
spring scale (+ 0.5 1b) and placed in insulated buckets covered with ice. The fish was
given in two to three meals, throughout the day, between 0730 and 1500 hours. Each
feeder was instructed to record the amount of fish consumed, and to subtract any refused
fish or fish not fed from the total bucketed. Each lot of fish was analyzed to determine
the % fat, % protein, and the % dry matter by the methods of the Association of Official
Analytical Chemists (AOAC, 1993). Each analysis was done in duplicate and the if the

variability in measurement was > 5%, the analysis was repeated. The caloric content of
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each fish type was calculated using the Atwater factors (Table 2, column a) using the
factors of 4.0 and 9.0 for protein and fat, respectively . Use of the Atwater factor
presumes standard measurements of digestibility of 0.910 for protein and 0.965 for fat
(Southgate and Durnin, 1970). The digestibility was calculated for one fish type, capelin,
using the Atwater values and compared to measured digestibility of capelin in harp seals,
using dietary manganese as an inert marker, a technique developed by Fadely er al/ (1990)
(Martensson, ef al, 1994). The percent digestibility was 92.5% when calculated and
93.5% when measured using the manganese technique. Close correspondence between
calculated and measured values suggests the present techniques are adequate for caloric
measurement. Monthly weights and semi-annual measurements of length and post-
axillary girth were obtained for each of the animals. Post-axillary girth is the
circumference posterior to the pectoral fins and anterior to the dorsal fin, and obtained by
placing a nylon line around the animal, then recording the length of the line with a tape
measure. The length measurement is done with the animal on the pendeck, and is a
straight line on the ventral surface from the tip of the rostrum to the notch in the tail fluke
(Norris, 1961). If an animal's weight varied by more than + 5 pounds for any month,
individual diets were adjusted (increased or decreased) to minimize changes the
following month.

Level of activity for each animal was recorded during the twelve months of 1992,
Each animal was assigned to two general categories, inactive and active. The inactive
group was limited to their pens, ranging in size from 20 X 30 X 15 feet t0 40 X 30 X 15
feet. The active group were open ocean swimmers, that is, each animal swam in the open
ocean water during a typical work session of approximately one hour, 3-5 times a week.
The rest of the time was spent in pens. The active group was further divided into
moderate and strenuous activity. The moderate activity level consisted of shallow diving,
<120 feet, and short distance swimming, <5 miles per day. The strenuous activity level

consisted of deep diving, > 120 feet, or long distance swimming, > 5 miles per day.
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During the twelve months prior to the feed trials, daily food intake data was
collected for each of the dolphins participating in the food trials. A maintenance diet,
that is, the number of calories required to maintain body mass with neither a weight gain
or loss, was estimated for each animal by examining the dietary and body mass data from
the previous twelve months and predicting individual caloric requirements. The average
number of daily calories consumed was plotted monthly against measurements of body
mass. If body mass changed during the month, a dietary change was prescribed (increase
or decrease) to minimize changes the following month. The year's total data, caloric
intake and body mass changes, were examined to predict the maintenance diet for the
fzeding trials. The monthly kilocalories consumed / kilogram body mass (kcal/kg) values
were assessed in relation to body mass changes, and the daily maintenance diet was
estimated, in terms of kcal /kg, for each individual .

The food preparation was similar to that described for the general population and

discussed in detail below.
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FEED TRIALS
Diets
Each experiment was divided into two feed trials, six weeks long. During
the experiment, each dolphin received a high fat diet and a low fat diet sequentially, in a
Latin square crossover design (see statistical design section below). The low fat diet
consisted of a ration of capelin (Mallotus villosus), and the high fat diet consisted of
Pacific herring (Clupeu harangus).

Representative samples of each fish lot were removed and stored at -10 degrees
Fahrenheit for subsequent laboratory proximate analysis. Each sample was analyzed,
commerciallyl , to determine the concentrations of dry matter, ether extract (primarily
triglycerides), and crude protein by the methods of the Association of Official Analytical
Chemists (AOAC, 1993). The recoverable energy was calculated using the Atwater
factors (Table 1). The low fat diet was less than 5% fat and the high fat diet was 8 to
15% fat, on a dry matter basis. Although a higher fat percentage was desirable for the
high fat diet, the actual fat content varied in accordance with the fat content of the fish
available on the market and could not be controlled.

Using the caloric values obtained from the proximate analysis and the kcal / kg
body weight determinations, a maintenance diet in kilograms fish / day was prescribed
for each animal. The maintenance diet predicted the number of calories required to
ensure that no changes, increases or losses, in body mass occurred. The exact formula
for determining maintenance requirements of bottlenose dolphins is not available in the
literature. The caloric number was derived for each animal, individually, based on the
previous year's dietary and body mass data, as described. It was anticipated that some
dietary adjustments would have to be made throughout the trial following body mass
measurements. This proved true.

The fish were kept frozen at -10 degrees Fahranheit until 24 hours before

preparation. At that time, the fish were placed in a refrigerator for a partial thaw. In the
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morning, the correct amount of each fish type was thawed, based upon the expected
caloric value, placed in insulated buckets, and stored with ice until fed. Approximately
one-third of a pound of each fish type was removed from the fish breakout daily and
stored frozen at -10° F for subsequent proximate analysis. The fish selected for
sampling were Kvisual]y identical to the fish fed. An accurate measurement of fish
consumed was recorded daily using a balance capable of weighing to 0.001 kg. Any fish
dropped or refused during the feeding was saved, weighed and subtracted from the total
amount bucketed for the day. Supplemental vitamins were administered approximately
one hour prior to the first meal, per accepted husbandry protocol (Bernard and Ullrey,
1989, Geraci, 1986, Geraci, 1981, Geraci, 1972, Magee, unpublished protocol, 1992).
Supplementation included a multivitamin developed for captive marine speciesz,

vitamin C, and vitamin E. The dosage was based on weight of the animal. The day's

ration was divided into two meals during the day, at approximately 0800 and 1300 hours.

Statistical design

The animals were assigned diet sequence by pairs, randomly, in a Latin square
crossover design. With this design, the first animal received a high fat and the second
received a low fat diet for six weeks, then the diets were reversed. This design offers a
way of reducing sources of variation using a small number of subjects (Hassard, 1991,
Steel and Torrie, 1960).

The variation was partitioned into variability due to the diets, variability between
animals, and variability within each dolphins' response to the diets (Glantz, 1992). The
within subjects factors was:

Dependent variables: body composition, morphometric changes, metabolic rate

Independent variable: diet composition

The between subjects factor was: age.
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Linear regression was used to describe the relationship between variables. A 95%
confidence interval was calculated on the slopes of each regression line to determine if it

was different from zero and whether the slopes differed from each other.

Morphometrics

Each animal was weighed initially and bi-weekly throughout each trial. The
animals were placed in a nylon stretcher and suspended on a hanging load cell
(electronic) marine scale. The scale meets the accuracy requirement of the National
Bureau Requirement of Standards Handbook #44 for Class 11l scales. The weight of the
stretcher was subtracted from the gross weight of the suspended animal. Standard
measurements developed in marine mammals to evaluate body condition were employed
(Scheffer, 1976, Norris, 1961, Ridgway and Fenner, 1982, Hanley ¢r a/, 1991, Read,
1989). Measurements of length and post-axillary girth, immediately posterior to the
pectoral flippers, were made at the beginning and end of each six week trial. Each
animal was placed in sternal recumbancy on the pen deck and his length from the tip of
the rostrum to the proximal part of the fluke notch was obtained with a tape measure.
Girth measurements were obtained with the animal in the water by first placing a line

around the body, and then measuring the circumference with a tape measure.

Blubber thickness

Measurement of blubber depth and volume is an integral part of the assessment of
body condition in cetaceans. Morphometric condition indices were compared to blubber
measurements and total body fat measurements, which were calculated from total body
water determinations. Two morphometric indices used were:

(I  CI = (maximum girth) X 100 /body length (Bryden et al, 1984)

and (2) WLR = weight / length regression analysis of Ridgway and Fenner (1982).
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Blubber layer thickness was measured using a portable ultrasonic scanner
(Scanoprobe | l3). The use of ultrasound was developed to determine fat thickness in
carcass classification of pigs (Terry ¢/ al, 1989). It is non-invasive, and has beer. used to
assess body condition in seals (Gales and Burton, 1987, Slip ef al, 1992).

Prior to ultrasound technology, measurement of blubber quantity was restricted to direct
thickness and weight measurements taken after slaughter. This technique was validated
in cetaceans during routine post mortem examinations. Blubber depth was measured at
standard sites using the Scanoprobe instrument followed by an incision and direct
measurement of the blubber depth using a ruler. All pairs of readings were identical
(Magee, unpublished data).

The blubber thickness was obtained using echoes. A small transducer was placed
against the skin surface and lubricant used to facilitate signal transmission. The
transducer sent a sound wave signal (20MHz) into the animal and received the echoes
returned. The emitted echoes were reflected back when a major density change was
encountered, which occured at the interface between the blubber and the underlying
muscle. The time from the initial signal transmission to the reception of the echo was
taken as a measure of blubber thickness in milimeters. Six standard sites on the dorsal,
lateral and ventral body surfaces were measured (See Figure 2). From these site

measurements, both average blubber depth and blubber volume were calculated.
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FIGURE 2. Standard sites of blubber depth measurement on a bottlenose dolphin

Site #1:
Site #2:
Site #3:
Site #4:
Site #5:
Site #6:

3" posterior to blowhole

flat surface anterior to front of dorsal fin

ventral midline: 3" anterior to umbilicus

mid-lateral, above anterior genital slit, between transverse processes
half way between #4 and dorsum

mid-lateral, below middle of dorsal fin, in muscular groove
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Blubber volume was estimated using interlocking truncated cones (Gales and
Burton, 1987). This method converts length, girth and blubber depth to blubber volume,
which is then converted to blubber mass. The flippers, dorsal fin and tail flukes were
excluded, because they were assumed to contain no subcutaneous fat. The depth of fat
on the two lateral body walls was assumed to be equal. Each dolphin was divided into
two sections or cones (See Figure 3). For the circumference measurement, each animal
was regarded as having a circular cross-section. The post-axillary girth is the largest
circumference on a dolphin, and was employed as the base of each cone. The height of
each cone was measured with the dolphin in sternal recumbancy, using a tape measure.
The outer volume of the two cones was calculated:

Vi (mm3) = (piX r2d)/3
where pi=7.14
r = radius of girth circle

and d = height of cone

The blubber depths, measured at the dorsal, ventral and lateral points within each cone,

was averaged to give a mean blubber depth. This average depth was subtracted from the

radius of the girth circumference to allow the calculation of the inner cone volume, V,,

which is the area beneath the blubber layer. V{ minus V, equals the volume of blubber

for that cone. The sum of the blubber volume of the two cones represents the total
blubber volume of the dolphin. In this study, only two cones were used to mimic the
dolphin's shape and estimate blubber volume.

In pinnipeds, the body was divided into a series of interlocking cones, and the
estimated blubber volume was obtained by adding the volumes of each cone (Gales and
Burton, 1987). Estimated volumes ranged from 44.16 to 269.56 liters in elephant seals.
This multiple cone method may be a more accurate assessment. In addition, a dolphin's
body shape is round, somewhat irregular, and not perfectly symmetrical like a

mathmatical geometric shape. Realizing the limits of using only a two cone model, and

46



the irregular contour of a living animal as opposed to a mathmatical figure, the
measurements obtained for each dolphin was done identically, and the volumes are
relative for each animal. The only alternative method is a post mortem carcass

evaluation.

FIGURE 3. Estimating blubber volume using interlocking cones.
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Blubber mass was calculated from the volume, using the assumption that blubber
density equals 095 g cm™ (Gales and Burton, 1987), where mass equals density times

volume.

Body composition

Body composition, lean mass: fat mass, was determined at the beginning and end
of each 6 week trial using the deuterated water method. This method has been employed
in the study of body compostion in humans (Schoeller e/ a/, 1980, Delaney ef al, 1989),
fur seals (Costa and Trillman, 1987, Costa ¢/ a/, 1988), northern elephant seals (Costa e/
sl, 1986), California sea lions (Costa, 1985), and Hawaiian monk seals (Dunn, 1990).
This technique is based upon the known water content of several kinds of tissue. Muscle,
or fat free mass, contains 73.2% water. This figure has been determined in a wide range
of mammalian species, including rats and humans, and has been validated in some
marine mammals, such as the elephant seal and the fur seal (Pace and Rathburn, 1945,
Ortiz et ul, 1978). The body can be separated into two components: fat and lean. The
lean mass contains 73.2% water, and the fat mass can be calculated:;

% fat = 100 - % lean / 0.732
The lean body mass, or total body lean (TBL), was estimated from the total body
water (TBW), which was obtained by the dilution of a measureable water soluble
substance, deuterium. The total body fat (TBF), or % fat mass, was calculated from the
TBW and the total body mass measurements.

An initial blood sample was drawn from each animal to determine the
background concentration, or natural abundance, of deuterium in the body as a baseline.
Deuterium was then administered orally, by gravity flow, via a stomach tube placed in
the forestomach. Animals were not anesthetized or tranquillized for this procedure. The
first and second dolphins were dosed in sternal recumbancy on the pen deck. The third

and fourth dolphins were trained to accept the stomach tube voluntarily while in the
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water. These animals remained in the water, at penside, during the tubing. A dose of
99.9% deuterium was administered at 0.15g 2H20 / kg body weight followed by a 100cc
tap water rinse (Costa and Worthy, personal communication, Schoeller ¢/ ul, 1980). The
dose is based on the assumption that the error in the mass spectoscopy measurement will
be < 3%, providing the initial enrichment obtained following distribution of the isotope
is at least 600X the random analytical error (Schoeller, 1988). The isotope was allowed
time to equilibrate with the body water and a second blood sample was taken five hours
following dosing (Costa, personal communication). The serum was separated from the
whole blood and stored in 1.5ml vials at -70° Fahrenheit until analysis by mass
spectroscopy.

The hydrogen isotope abundances were measured on a Finnigan MAT 252
Isotope Ratio Mass Spectometer (IRMS) as previously described (Delaney ef af, 1989,
Penman and Wright, 1987). The 21 abundance was measured in parts per ml relative to
a working standard that was calibrated against Standard Mean Ocean Water (SMOW).

The TBW was calculated using the 24 isotopic enrichments measured in plasma

before and five hours after the dose:

TBW = (A/MW ) (APE4/100) 18.02 [1/Rgq (Eg - Ep)] (1/1.04)
where A = dose in grams
MW 4 = molecular weight of the dose water
APE 4 = atom percent excess enrichment of the dose water
Rgiq = ratio of heavy to light isotope of SMOW, i.e. 1.5576 X 104

and Eg and Ep = per ml enrichments of the final and predose

samples, respectively
It is necessary to divide by 1.04 since the 24 dilution space is larger than the TBW (see

page 17).
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Average daily metabolic rate

The average daily metabolic rate (ADMR) was calculated for all dolphins during
each 6 week trial using the intake balance method. In addition, the ADMR was
measured in one dolphin following both the high fat and the low fat diets using the
doubly labeled water technique (Schoeller and Van Santen, 1982, Costa, 1988, Costa and
Trillmich, 1988, Costa ef a/, 1988, Dunn, 1990).

The intake balance method uses the daily intake data and the changes in body
energy stores to calculate the energy expenditure. The daily food intake was recorded
and the estimated nutrients ingested were calculated from the nutrient content of each
fish type obtained by laboratory analysis. The changes in body energy stores were
obtained from the weight data, and the changes in fat-free and fat- mass as measured by
the deuterium dilution. Fat-free mass was assumed to be 27% protein and 73% water and
fat-mass to be 100% fat, which has been shown to be valid in many species (Delaney e/
al, 1989. Costa, 1986, Pace and Rathburn, 1945). The energy equivalents for protein and
fat were 4.4 and 9.5 kcal/g, respectively. It was assumed that each kg of fat loss
contributed 9.5 kcal to the total energy intake (utilization of body energy stores) and each
kg of fat gain was responsible for the the loss of available intake energy (deposition of
body energy stores). Similarly, for body water changes, the assumption that each kg of
body lean mass is 73% water, and 27% protein, represents a loss or gain of intake energy,
depending on lean deposition or loss of lean mass. Body composition changes must be
included in the calculation of energy expenditure to account for changes in body stores,

which contribute to the total energy available to the animal.

Using the doubly labeled water technique, the ADMR of one animal was

measured at the end of both the high fat and the low fat trial. A second isotope, 10%
H20] 8, was administered orally, at a dose of 0.15 g/ kg body weight (Costa and Worthy,

(personal communication), Schoeller and Van Santen, 1982) along with the 2H20, via a
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stomach tube. A third blood sample was obtained 5 days following isotope

administration. The baseline, 5 hour, and 5 day 180 enrichments were measured in the

serum using IRMS.  The mean daily CO, production over the five days was calculated

using the two point method according to Schoeller (1988) (see page 24) and the energy
expenditure was calculated from the measured CO,, the RQ of the diet, and the body

stores of protein and fat used for energy (Lee and Liefson, 1966, Schoeller er al, 1986,

Delaney, et al, 1989, Schmidt-Nielsen, 1990) (see page 25).
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CHAPTER IV
RESULTS

POPULATION DATA

There is no clear definition of the age cutoff between adult and juvenile
bottlenose dolphins. Reproductive competence is one way to define maturity. However,
puberty is a fuction of size in 7ursiops, as well as age. We followed serum progesterone
levels in all females and found reproductive cyclicity patterns as early as five years of age
in bottlenose dolphins. In a Zursiops hybrid crossed with a false killer whale, Pseudorca,
reproductive cycling started at four years of age with conception and birth of a viable calf
at 5 years of age (Marlie Breese, personal communication). Physical growth continues
throughout the teen years (see following discussion). Using the estimates of maturity
based on weight-length ratios (Ridgway and Fenner, 1982), 1 used 12 years as an average
maturation age: <12 years is juvenile, >12 years is adult. This is an estimate, and there
is individual variation to this figure.

Length has been used to approximate age and sexual maturity. A mean length of
254 + 17 cm is suggested for mature males and 238 + 11 cm for mature females
(Ridgway and Fenner, 1982).

An analysis of variance was performed to determine the effects of gender and
species on length, using age as a covariate (f=7.352; 1,2 df, p<.01 and f=41.582; 1,2
df, p <.001, for gender and species, respectively). Gender and species were significantly

different in terms of length, with males being larger than females and Tursiops truncatus

gilli being larger than Tursiops truncatus. The males averaged 243 + 17 cm while the
females were 238 + 11 cm. This is comparable with the findings of Ridgway and Fenner
(1980). The Pacific bottlenose dolphins averaged 258 + 17 cm and the Atlantic
bottlenose dolphins were 239 + 12 cm. For this reason, the examination of population

variables was further divided into male and female, and species.
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Using the Pearsor correlation coefficient, length as a function of age was
examined and found to be significant for the total population (n =55, 2= 0.657) as well
as each of the four groups: adult males (n= 12, 2= 0.632), adult females (n =12, 2=
0.658), juvenile males (n =24, 2= 0.325), and juvenile females (n =7, 2= 0.567) (see
Figures 4 - 8). In each case the relationship was positive, with length increasing as a
function of age. However, there was a difference in the groups. Age was responsible for
a larger percent of the variation in length for the adults. Variation in growth rates may
explain part of the decrease in significance seen in young animals. Length vs. age for
bottlenose dolphins over 20 years old was not significant (n = 10, r2 = 0.208) (see Figure

9). Similar to other species, growth ends in adult dolphins.
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FIGURE 4: Total Tursiops truncatus population: length (cm) vs. age (years)
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FIGURE 6: Tursiops truncatus: Adult females: length (cm) vs.age (years)
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FIGURE 8: Tursiops truncatus: Juvenile females: length (cm) vs. age (years)
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Using the regression of age vs. length in juvenile 7ursiops truncatus (n = 31), an

age-adjusted length equation of length vs. age was predicted:

length = age (1.92) + 215.38 (see Figure 10)

From this relationship, the length of a juvenile bottlenose dolphin can be

predicted for a given age.
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FIGURE 10: Tursiops truncatus: Age adjusted length: predicted length as a
function of age in bottlenose dolphins: length (cm) vs. age (years) in juvenile dolphins

Equation: length = age (1.92) + 215.38
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Proximate analysis of all fish lots fed between January 1991 and May 1993 was
employed to measure percent fat, percent protein and percent dry matter. The coefficient
of variability was < 3%. Using the Atwater factors, total caloric content per kg fish was

calculated. See Table 6.

TABLE 6: Food Analysis: 1991 - 1993 (n = 41)

mean std dev range
percent fat 7.478 3.611 0.91-13.30
percent protein 14.581 3.203 11.05-23.40
calories per kg fish  1259.31 265.02 731.00-1815.40

These values were then employed to evaluate the relationship between age and
caloric consumption. The Pearson correlation coefficient was used to evaluate the
relationship between age and total calories consumed (n = 1348). The association was
not significant. Figure 11 shows the variability in the caloric content of 41 lots of fish: 8
mackeral, 5 herring, 3 squid, and 24 smelt. This presents an element of variability which
cannot be closely controlled by simply feeding a single fish species for, in some cases,
the variability in caloric content can be greater than 200 percent for a single fish type,

and the range is 800 kcal through 1800 kcal per kilogram of fish.
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FIGURE 11: Caloric content of fish: calories per kg fish by batch

Caloric intake by body weight was investigated and found to eliminate the
variation seen with total caloric intake. For a sample of 316 feedings (each feeding
represents a monthly total for 14 animals), the regression between caloric consumption
by adult males is illustrated in Figure 12, and represents the equation:

caloric intake = (-1.69) age + 86.45
The relationship is strong and negative, that there is a gradual reduction in kcal
consumed per kg body weight between the ages of 10 and 35 years. The greatest
variability is in the adolescent years, probably because some are still growing. The
relationship is significant (p <.001, 2= .50). Similar associations were also seen in
adult females (Figure 13). The male and female relationship is similar, in that the slope

of the relationship is (-1.69) and (-1.55) for males and females, respectively.
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FIGURE 12: Adult males: caloric intake per kg body weight (cpk body weight) vs. age
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FIGURE 13: Adult females: caloric intake per kg body weight (cpk body weight) vs.
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The relationship between age and intake in juveniles was not significant, but the
trend of decreasing calories per kilogram body weight with increasing age is similar to
adults and clearly present (see Figures 14 and 15). It is noteworthy that despite the
greater mass of the older juveniles, the caloric consumption is not substantially different.
The animals were on a controlled and prescribed diet. Had they been allowed to eat ad
lib, the consumption might have been larger, and the relationship different than what was

observed on a fixed diet.
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FIGURE 14: Juvenile males: caloric intake per kg body weight (cpk body weight) vs.

age (years)
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FIGURE 15: Juvenile females: caloric intake per kg body weight (cpk body weight) vs.

age (years)

A regression was performed on the pooled Tursiops trucatus population data to
examine the relationship between age and calories consumed. Figure 16 illustrates the
relationship:

caloric consumption = (-1.19) age + 74.89

From this graph, the calories per kg body weight can be predicted for a bottlenose

dolphin based on age.
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FIGURE 16: Tursiops truncatus: Age adjusted calories per kg body weight:
caloric intake per kg body weight (cpk body weight) vs. age (years)

Equation: caloric consumption = (-1.19) age + 74.89

Body size, specifically weight and length were also significantly related to caloric
intake. Figure 17 illustrates the relationship between total body length and caloric
consumption per kg body weight. The relationship is described as:

length = (-.426) calories + 264.08
The association for the pooled data is significant (p <.0001, n = 940) and negative
(Figure 17) as is the relationship between body weight and caloric consumption (Figure
18). The weight- intake relationship is described mathmatically as:

weight = (-1.25) calories + 225.73
The higher consumption of the smaller animals (shorter and lighter) probably reflects a

higher metabolic rate in younger animals.
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FIGURE 17: Tursiops truncatus: length (cm) vs. caloric intake per kg body weight

WEIGHT (kg)

20 40 60 80 100 120
CALORIES PER KG BODY WEIGHT

FIGURE 18: Tursiops truncatus:. weight (kg) vs caloric intake per kg body weight
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Caloric intake was examined by activity levels. Zero degree of activity represents
the inactive population, limited to swimming in their pens, approximately 40 X 30 X 15

feet. Degrees 1 and 2 represent open ocean swimmers, who participated in work sessions
of 1-2 hours, 3-5 times per week. The rest of the time was spent in ocean pens. Degree 1
is moderate activity: shallow diving, < 120 feet and short distance swimming, < 5 miles
per day. Degree 2 represents the strenuous activity level: deep diving, > 120 feet or long
distance swimming, > 5 miles per day.

The diets were prescribed, and adjusted monthly as needed, based on body weight
changes, as described on page 41. Using a regression analysis, the relationship between
caloric intake and activity levels was examined. It took more food to maintain body
weight during more activity. The relationship is positive, and moderately significant
(p <0.08, r2 = .25). See Figure 19.

Caloric consumption was clearly minimal with the lowest level of activity (pen
swimming only) and doubled as activity increased to include open ocean swimming and
shallow diving. A further increase in activity, which included deep diving or long
distance swimming, caused a further increase in caloric consumption, but the increased
consumption was not quite as large in this group. Clearly, activity has an influence, but
beyond the moderate levels employed in this study, there was no great increase. Females
who did not engage in the most strenuous activity, show similar increases at the

intermediate level (Figure 20).
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There was no observed relationship between intake and activity in juveniles.
Although the diets were adjusted monthly as needed to minimize large weight changes,
the animals were on fixed intakes and not allowed to regulation their own consumption.
The young animals were probably prioritizing their energy intake for growth and
increased activity had no additional effect on caloric needs. It is possible that working
juveniles would have consumed more if allowed to eat ad /ib and the observed
relationships might have been significant.

The relationship between change in body weight by dietary protein and dietary fat
in juveniles was investigated. Both protein and fat caused an increase in weight, but a
stepwise multiple regression showed protein to be the more important variable.
However, the relationship in neither males nor females was significant, although a
positive trend was observed.

When the relationship between body weight by caloric consumption was
examined, the heavier juveniles, presumably the older youngsters, showed a significant
decrease in calories per kg body weight consumed (p <.001) as shown in Figure 21, in
accordance with the decrease in intake seen in adults. However, when length was
evaluated in terms of intake, although a negative trend was observed, there was no
statistical correlation between length and caloric intake in juveniles (Figure 22).
Although growth in bottlenose dolphins is linear over time, growth occurs in bursts,
making exact dietary requirements difficult to predict. Also, the varying degrees of
activity further compounded the problem of predicting dietary needs. The animals were
on a daily ration, and not allowed to eat ad /ib. They may have consumed more during
times of increased metabolic needs, such as growth spurts and increased activity.
Additional study to identify specific dietary factors responsible for growth in bottlenose

dolphins is needed.
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FIGURE 21: Juveniles: weight (kg) vs. caloric intake per kg body weight
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FIGURE 22: Juveniles: length (cm) vs. caloric intake per kg body weight
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FOOD TRIAL DATA

The food trials consisted of high fat and low fat diets, sequentially, in a Latin
square design. Two pairs of bottlenose dolphins participated. The first dolphin received
a high fat and the second received a low fat diet for six weeks, then the diets were
reversed. The low fat diet consisted of a ration of capelin (Mallotus villosus) and the
high fat diet consisted of Pacific herring (Clupea harengus). Proximate analysis on daily
samples of all fish fed was done to measure percent fat, percent protein, and percent dry
matter (n = 51). The caloric content of each sample of fish fed was calculated. See

Table 7.

TABLE 7: Food analysis of fish fed during the feed trials

fish tvpe Y%fat Y%protein calories per kg fish
High fat (herring) 10.79 (£2.67) 16.99 (.79) 1650.76(+224.17)
Low fat (capelin) 3.67 (£1.55) 1478 (+1.11) 917.48 (+148.10)

Note: Percentages are expresseed on a dry matter basis.

The diets were designed to be isocaloric, without regard to diet composition (fat
and protein content), and prescribed for each subject to product minimal weight changes.
Standard morphometric measurements of weight and length employed with marine
mammals were examined in respect to percent dietary fat and protein. Dietary protein
and dietary fat were regressed on body weight and length employing a stepwise
technique. Protein was the better predictor of weight, explaining 18% of the variation.
When dietary fat was added to the equation, the total explained variation was 22%. Both
protein and fat made contributions where probability exceeded 0.05%. The relationship
between weight and dietary protein was negative (see Figure 23) and the relationship

between between weight and dietary fat was positive (see Figure 24). The equation for
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predicting weight based on diet composition (percent protein and fat on a dry matter

basis) was:
weight = 534.29 + (-25.99) (dietary protein) + (6.93) (dietary fat)
260
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FIGURE 23: Food trials: subject weight (kg) vs. average percent dietary protein
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FIGURE 24: Food trials: subject weight (kg) vs. average percent dictary fat

Dietary protein also had a negative relationship to length (see Figure 25), and
dietary fat had a positive one (see Figure 26). Protein was only a slightly better predictor
of length than fat, explaining 16% of the variation. Adding dietary fat to the equation,
the total variation explained was 29%. Again, the probability was high, p>.001 %. The
equation for predicting length based on diet composition (dietary protein and fat on a dry

matter basis) was:

length = 356.52 + (-8.06) (dietary protein) + (2.49) (dietary fat)
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FIGURE 25: Food trials: subject length (cm) vs. average percent dietary protein
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FIGURE 26: Food trials: subject length (cm) vs. average percent dietary fat
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When caloric intake (calories per kg body weight) was regressed with dietary
protein and dietary fat on weight and length employing a stepwise technique, caloric
intake was the best predictor of weight and length, explaining 47% and 67% of the
variation for weight and length, respectively (see Figures 27 and 28). In both graphs, the
relationship was negative. Increased body size was accompanied by a decrease in caloric
consumption (decrease in number of calories needed to maintain weight), which agrees
with the adult population data. All trial animals were inactive, and limited to pen
activity. The lower intake is seen in adult animals and may be associated with lower
metabolism. The equations for predicting weight and length based on caloric intake are:

weight = 282.48 + (-2.39) (calories per kg body weight)
and length = 283.32 + (-0.79) (calories per kg body weight)
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FIGURE 27: Food trials: subject weight (kg) vs. caloric intake per kg body weight
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FIGURE 28: Food trials: subject length (cm) vs. caloric intake per kg body weight
In dolphins, body condition has commonly been measured with the weight-length
ratio (WLR) and the condition index (CI), which is the maximum girth divided by the the
length times 100. These were also evaluated with respect to dietary fat and protein. The
results were similar to those of weight or length alone, with protein being a better
predictor than fat, explaining 18% and 23% of the variation for WLR and CI, repectively.
Dietary fat explained only an additional 3% and 2 % of the variation for WLR and CI.
Like weight and length alone, dietary protein was negatively related to WLR and CI, and
dietary fat had a positive relationship to these variables, as shown in Figures 29-32. The
probability of all relationships exceeded 0.001. The equations that predict WLR and CI
in terms of dietary composition (percent dietary fat and protein on a dry matter basis) are:
WLR = 1.85 + (.021) (dietary fat) + (-.083) (dietary protein)
and Cl =74.42 + (.398) (dietary fat) + (-1.702) (dietary protein)
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FIGURE 32: Food trials: Condition index (CI) vs. percent dietary fat
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Caloric intake (calories per kg body weight), dietary fat and dietary protein were
regressed on WLR and CI in a stepwise technique. Caloric intake was the best predictor,
explaining 44 % and 47% of the variation for WLR and ClI, respectively. The
relationship was negative in both cases, with a probability <.001. See Figures 33 and 34.

The equations to predict WLR and CI based on caloric consumption were:

WLR = 1.04 + (-.007) calories per kg body weight
and ClI= 57.32 + (-.152) calories per kg body weight
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FIGURE 33: Food trials: Weight-Length Ratio (WLR) vs. caloric intake per kg

body weight
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Average blubber depth at standard sites has also been used as another measure of
body condition. Blubber depth is a protection against heat loss in an aquatic
environment, and also serves the function of an energy reserve in marine mammals. The
fat stores have been shown to influence fertility in marine mammals, as has been shown
in other species (Lockyer, 1986, Testa, 1978, Thomas, 1982). Ryg ef al (1990), Brodie
(1975), and Slip ef al (1992) have proposed that blubber measurement is an important
assessment of body condition in marine mammals. Average blubber depths were
obtained for each of the trial animals and compared to the weight - length ratio and
condition index. Both variables proved to be responsive to variations in blubber
thickness. The relationship between WLR and CI to average blubber depth was highly
significant, having a probability < 0.0001 (r2 =.76). The relationships are displayed in

Figures 35 and 36. The equations that predict these relationships are:

WLR = -.038 + (.038) average blubber depth (mm)
and CI=36.35+ (.743) average blubber depth (mm)
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FIGURE 35: Weight-Length Ratio (WLR) vs. average blubber depth (mm)
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FIGURE 36: Condition Index (CI) vs. average blubber depth (mm)
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Measurements of blubber depth were obtained every two weeks on the animals in
the food trials. Blubber depth at six standard sites were measured using ultrasound, and
the average depth obtained (see Figure 2). Multiple measurements were made on the
four animals, so the observations regressed are not independent. Blubber volume was
calculated using the mathmatical cone model described by Gales and Burton (1987).
Applying the technique developed in pinnipeds to bottlenose dolphins, a two cone model
was used (see Figure 3). Each dolphin was divided into two sections or cones. The post-
axillary girth was used as the base of each cone and each animal was regarded as having
a circular cross section. The volumes of the outer two cones was calculated and added
together. The mean blubber depth was subtracted from the radius of the girth
measurements to allow calculation of the volume of the inner cones, which were added
together. The difference between the sums of the inner and outer cone volumes is an
estimate of blubber volume. A table listing the blubber mass obtained in comparison to

average blubber depth are shown in Table 8.
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TABLE 8: Average blubber depth (mm) vs Blubber mass (kg)

Name Date Aver. Blubber Depth (mm) Blubber Mass (kg)

Oldben 930528 22.58 24.1
Oldben 930610 21.31 23.7
Oldben 930624 24.08 27.3
Oldben 930708 21.71 253
Oldben 930722 24.11 26.4
Oldben 930805 23.16 26.3
Oldben 930818 21.56 17.6
Oldben 930823 21.15 242
Mauka 930528 25.08 253
Mauka 930610 22.13 23.0
Mauka 930624 20.95 21.8
Mauka 930708 19.66 19.9
Mauka 930722 20.88 20.7
Mauka 930805 19.70 19.9
Mauka 930818 18.28 18.0
Mauka 930823 19.98 20.0
Boris 940615 15.41 12.4
Boris 940629 15.05 11.8
Boris 940714 15.71 12.5
Boris 940724 16.61 13.0
Boris 940810 15.61 12.7
Boris 940824 15.70 12.2
Boris 940907 15.28 12.0
Trident 940615 16.88 14.1
Trident 940629 16.66 13.9
Trident 940714 15.10 10.2
Trident 940727 16.71 13.8
Trident 940810 17.38 14.5
Trident 940824 16.43 13.9
Trident 940907 16.61 13.7
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There is a strong relationship between average blubber depth and blubber mass,

with a probability <0.0001 (r2=93). See Figure 37.
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FIGURE 37: Blubber mass (kg) vs. average blubber depth (mm)
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Body surface area was calculated using the formula developed by Meeh in 1879:
g=kw0.67
where S = surface area in meters2 (m2)
W = body weight in kg

and k = constant
The value of k differs between species, and has a range of 0.123 in humans to 0.085 in
guinea pigs (Lusk, 1928). The Meeh constant has been calculated for marine mammals,
including seals, sea lions, cetaceans and sea otters, and is reported to be 0.089 + 0.019
m2 - kg -0.67 ( Innes et al, 1990).

[t was assumed that as blubber mass increased, so, too, ‘would surface area. The
relationship between blubber thickness and surface area was strongly positive (p <.0001,

2= .86) (see Figure 38) and the relationship was defined by the equation:
blubber depth (mm) = 1.47 + (6.22) surface area (mz)

26

24y

22y

20+

184

169

AVERAGE BLUBBER (mm)

14
2.2 2.4 26 2.8 3.0 3.2 34 3.6

SURFACE AREA (M2)

FIGURE 38: Blubber thickness (mm) vs. surface area (m?')
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Body surface area is a major factor in thermoregulation in all species.
Homeotherms maintain a constant internal body temperature by balancing endogenous
heat production with environmental heat loss. The amount of heat loss is detemined by
the temperature differential, the amount of body surface area, and the amount of body
insulation. Many marine mammals have the anatomical insulation layer called blubber
that acts much like a wet suit on a diver. Both the blubber layer and a wet suit minimize
environmental heat loss from the body core by insulating from the cold without, as well
as conserving the heat within. Postural mechanisms, such as huddling or holding
extremities into the body core, aid in heat conservation in many species of mammals.
Marine mammals, especially cetaceans, are severely limited in their postural mechanisms
to aid in restricting heat loss. Using caloric intake as a rough measure of energy
expenditure, the question as to whether body size or insulation was more important to
minimize heat loss was investigated. A regression employing a stepwise technique was
employed between average blubber depth (mm) and surface area (m2) by caloric
consumption (calories per kg body weight). Average blubber depth was the more
important variable, explaining 50 % of the variation, although both blubber depth and
surface area were significant. A clear relationship exists: as blubber depth increases,
caloric consumption decreases (see Figures 39 and 40). The equation to define the more

significant relationship is:

calories per kg body weight = 104.03 + (-3.15) average blubber depth (mm)
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Serial blood samples taken at 0 hours (predose) and 5 hours and 5 days (post

isotope administration) revealed a decline in deuterium and oxygen-18 concentrations

over time as predicted by the theory of water and CO, turnover. The isotope data are

summarized in Table 9. The 2H isotope abundance decreased 1.03+.23 % vs SMOW by
day 5 and the 189 isotope abundance decreased by 1.47+ .05 % vs SMOW.
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Boris
Boris
Boris

Trident
Trident
Trident

Oldben
Oldben
Oldben

Mauka
Mauka
Mauka

TABLE 9: Isotopic data and fractional turnover rates

Delta time, 2H, delta o/o0
days day1 dayS
X 1072 X 10°2

4.79
4.79
4.79

4.79
4.79
4.79

3.79
3.79
4.79

3.79
3.79
4.79

13.49
11.51
13.72

12.16
13.00
12.95

10.11
11.71
12.40

9.95
12.31
11.92

3.97
3.86
4.89

432
3.26
3.52

6.09
5.15
4.18

4.27
5.37
4.25

e
[~

-0.2551
-0.2281
-0.2152

-0.2159
-0.2883
-0.2719

-0.1338
-0.2163
-0.2269

-0.2229
-0.2188
-0.2152

u3—!2);_@1@_(10_9
dayl day5s
x10! x101
116 237
115 257

9

-0.3176
-0.3002

Note: The isotope data, 2H for deuterium, and 180 for oxygen-18, are expressed in delta

o/00 units, which is the isotope concentration in parts per thousand over background.

The Kp ( is the fractional turnover rate, over time (days). Delta time is the time in days

between the isotope administration and the calculation of the K«, the rate constant.
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Total body water was calculated at the beginning and end of each food trial using
the dilution of deuterium and oxygen-18 in the body water pool. The 24 and 180
isotope enrichments were measured in the serum prior to and 5 hours following the

isotope administration. See Table 10.

TABLE 10 : Total body water measurements

NAME DATE TBW-2H,0 TBW-H,!80 %BW  DIETS: FAT

(kg) (kg) CONTENT
OLDBEN 930528 137.6 60
OLDBEN 930708 165.66 71 High
OLDBEN 930818 160.43 67 Low
MAUKA 930528 112.20 60
MAUKA 930708 125.57 67 Low
MAUKA 930818 122.20 71 High
TRIDENT 940616 106.97 70
TRIDENT 940728 102.21 113.07 69/77  High
TRIDENT 940908 10125  115.30 69/78  Low
BORIS 940616 88.54 69
BORIS 940728 105.00 82 Low
BORIS 940908 84.63 67 High

Note: TBW-2H20 and TBW- H, 180 are total body water volumes in kg for the

deuterium and oxygen-18 calculations, respectively. % BW is the amount of total body
water relative to the body weight.
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As previously discussed, the body can roughly be separated into two components:
fat and lean. Total body water does not equal total body lean mass, but the terms are
related. Deuterium measures body water, using the dilution principle, and based on the
assumption that lean body mass is 73.2 % water, lean body mass can be calculated. Fat-
mass is considered the second major body component, so subtracting lean body mass
from total body mass yields the total body fat mass. Using these assumptions, lean body
mass and body fat mass were calculated.

Standard morphometric indices of weight- length ratio and condition index were
assessed relative to body composition. Although the correlation was positive in all cases,
only the relationships between between morphometrics (WLR and CI) and total body
water were significant (p < 0.0002, r2 = 887 and .762 for WLR and Cl, respectively).
See Figures 41 - 44.
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FIGURE 41: Weight-Length Ratio (WLR) vs total body water (kg)
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FIGURE 42: Condition Index (CI) vs. total body water (kg)
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FIGURE 43: Weight-Length Ratio (WLR) vs. total body fat
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FIGURE 44: Condition Index (CI) vs. total body fat (kg)

The average (mean) total body water and total body fat in all trial dolphins was
examined in relation to the fat content of the diets. A Levene's test for equality of
variances was employed to compare the mean body fat and body water content of the
subjects following six weeks of each diet and the differences were significant (p<.05).
Diet types #1 and #2 are the low fat and high fat diets, respectively, and are shown in

Figures 45 and 46.
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FIGURE 45: Mean percent body water of subjects following six weeks of each diet type
(#1 = low fat, #2 = high fat)
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FIGURE 46: Mean percent body fat of subjects following six weeks of each diet
type (#1 = low fat, #2 = high fat)
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The relationship between total body water and fat and age was examined. As in
other species, there is an increase in total body fat and a decrease in total body water,
specifically lean body mass, with increasing age, although the results were not highly

significant in the four animals evaluated (p<.11, 2= .229). See Figures 47 and 48.
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A maintenance diet estimating each animal's energy needs was predicted for each

food trial. Energy expenditure was calculated using the intake balance method, by

adding the total calories consumed and the change in body energy stores. The latter was

determined by the change in body composition. Fat-free mass was assumed to be 27%

protein and 73% water and fat- mass to be 100% fat. The energy equivalents for protein

and fat were 4.4 and 9.5 kcal/g, respectively. The difference in energy expenditure seen

in some of the subjects was due to the gain or loss of fat- and fat-free mass. See Table

1

TABLE 11: Energy expenditure (kcal/day) during the six week feeding trials

using the intake balance method

Boris

Boris

Mauka
Mauka
Oldben
Oldben
Trident

Trident

Diet type Energy expenditure Keal / kg /day
keal/d
low fat 11869.40 92.94
high fat 4263.90 33.74
high fat 9157.86 48.74
low fat 8368.40 48.45
lowfat 13197.31 56.26
high fat 6066.20 25.27
high fat 8067.76 54.44
low fat 8813.24 59.18
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The metabolic rates in watts per kg body weight and milliliters O, per kg body

weight-minute were calculated using the energy expenditure obtained from the intake
balance method. They are comparable to rates published for other marine mammals
(Costa and Trillmich, 1988, Castellini, ef al, 1992, and Williams, ef al, 1993). See Table
12.

TABLE 12: Metabolic rates of food trial subjects

Name Diettype ~ MR(watts/kgbw) MR (ml Oy/kg min)
Boris low fat 4.47 13.36

Boris high fat 1.63 4.92

Trident high fat 2.65 7.98

Trident low fat 2.88 8.64

Mauka high fat 2.37 7.12

Mauka low fat 2.39 7.21

Oldben low fat 2.70 8.16

Oldben high fat 1.23 3.67
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An analysis of variance using the Friedman's non-parametric complete
randomized block statistic was employed to evaluate the effect of diet composition on
energy expenditure and metabolic rate. There was a highly significant (p< 0.05) increase
in energy expenditure and metabolic rate with the low fat diets, which is consistent with

the nutritional literature. See Table 13.

Table 13: Energy expenditure and metabolic rate by diet type

(mean + standard deviation)

high fat low fat
Energy expenditure 6888.93 + 2168.35 10562 + 2346.90
(keal / day)
Metabolic rate
(watts /kg) 1.97 + .65 3.11£.92
(ml O, / kg-min) 592+ 1.97 9.34+2.74
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The relationships between metabolic rate and caloric intake, dietary protein and
dietary fat were examined and none were found to be significant. The trends all showed
positive correlations. Calories per kg had the strongest correlation (p < 0.38), followed by
dietary protein (p < 0.70) and dietary fat (p < 0.80). The correlation between metabolic

rate and age was negative, but not significant (p <0.32). See Figure 49.
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FIGURE 49: Metabolic rate (watts/kg bw) vs. age (years)

98



The ADMR was calculated for one animal (Trident) at the end of both the high
fat and the low fat diets using the doubly labeled water technique. A comparison of the

two methods are shown in Table 14.

TABLE 14: Comparison of metabolic rate (MR) using the doubly labeled water

(DLW) and the intake balance methods (IB) on one subject

Date Diet Meth MR MR kcal / day
watts/k mlQ,/kg-min)

940727 Highfat IB 2.65 7.98 8067.76

940802 Highfat DLW 2.7 8.45 8067.76

940907 Lowfat IB 2.88 8.64 8813.24

940912 Lowfat DLW 2.81 8.85 8813.24
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CHAPTER V
DISCUSSION

There are numerous species of marine mammals found throughout the oceans and
waterways of the earth. Their aquatic environment and lifestyle make study of their
physiology more difficult than terrestrial mammals. Field studies involve analysis of
free-ranging ocean animals, mostly unobserved for long periods of time and unavailable
for evaluation. Scientific assessments are often predictions of food sources and territorial
ranges, which are estimates and not positively confirmed. Fortunately, technology is
increasing the possibilities for field analysis. There are drawbacks associated with
laboratory studies: captive marine mammal populations are limited to small numbers of
animals, and only a few species. Since only select species are available in captivity,
guidelines are often proposed which may or may not be valid across species lines.

Yet controlled studies of captive groups are essential to establish principles which can be
applied to wild populations.

The objectives of this research project were to investigate and define the
bioenergetics of the bottlenose dolphin. Dietary intake information, morphometric data
and assessment of activity levels were evaluated in terms of growth and aging.
Measurements of blubber volume were related to standard assessments of body
composition, such as weight - length ratio and condition index. Blubber volume was
compared to surface area in the assessment of environmental heat loss. Body
composition, in terms of total body water and body fat-mass, was determined using stable
isotopes of water, and composition changes were related to dietary intake and aging.
Metabolic rates were calculated and compared to diet composition and aging. Finally,
the use of the doubly labeled water technique to determine energy expenditure in free

living subjects was compared to the intake balance method in bottlenose dolphins. Each
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of these main points will be discussed in terms of their application to the current
literature.

It is useful to be able to evaluate the relationship between age and length in
marine mammals for several reasons. The first reason is to be able to determine age.
Unlike their domestic counterparts, marine mammals do not have deciduous dentition,
and are born with the teeth they will have throughout life. So, for example, unlike a
horse, it is impossible to do an oral exam and estimate age, as is possible for many
species.

Growth curves have been investigated in different species in order to identify and
characterize a population under study with respect to size of population, distribution, and
activity. Another reason to characterize morphometrics in a population is the difficuity
of weighing large animals in a field situation. In the case of large whales, obtaining
weights is impossible. But it may be possible to obtain external dimensions, and from
those estimate age, weight or weight changes over time.

The relationship between age and length has been examined in several marine
mammal species: Weddell seals (Bryden ef a/, 1984), elephant seals (Haley ef al, 1991)
and bottlenose dolphins (Ridgway and Fenner, 1982, Bryden and Harrison, 1986,
Harrison, 1972, Lockyer and Morris, 1985). Due to the variation in measurement
techniques, the American Society of Mammologists proposed standardized methods for
these measurements (Norris, 1961), which are still in use today. Girth and weight
measurements can estimate weight in many species of marine mammals, including
Weddell seals, elephant seals, and large fin and sei whales. Ridgway and Fenner used the
weight - length relationship to estimate body composition in wild dolphins. Based on
this relationship, they proposed mean lengths of 245 cm for mature male and 235 cm for
mature female Atlantic bottlenose dolphins. The population of both adult and juvenile
bottlenose dolphins in the present study verified the significance of this relationship. The

mature males in my population averaged 245 + 17 cm, and the mature females averaged
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238 + 11cm. The age vs. length relationship was not significant in animals older than 20
years. Similar to other species, growth ends in adult bottlenose dolphins.

Bryden and Harrison (1986) took independent measurement at different life
stages, neonates, weanlings and adults, in several species of cetaceans to construct a
table of lengths to allow estimates of age in terms of size. It is not possible to establish
growth rates with this type of cross sectional analysis.

Taking this idea one step futher, using the data from the juvenile population, an
equation to predict age based on length was developed which can be applied to any other
population of Atlantic bottlenose dolphins (see Figure 10). The equation that describes

this relationship is:

length (cm) = age (1.92) + 215.38

From this relationship, the length of a juvenile bottlenose dolphin can be
predicted for a given age and the growth rate of an individual can be compared to the
general population. By having a standard growth curve in 7ursiops, one can compare an
individual with the normal population and investigate any observed deviations.

One example of an application of this equation would be to identify an individual animal
that may be very different from the norm. Based on personal experience in bovine
veterinary practice, | have observed that nutrition is one of the critical factors in the

growth of young animals. Nutrition might explain a possible growth problem.

The variation of caloric content of fish types, as well as lots of the same type, is
documented (Cates, ef al, 1986, Worthy, 1990, Van Dyke and Ridgway, 1977).
The content of a single fish type can vary as much as 200% in a single fishing season.
These differences are due to fat content in the fish, reproductive status such as the

presence of eggs, or sperm, and different schools of fish, even if caught in nearby areas.
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Proximate analysis of fat, protein and dry matter content of 41 fish lots between 1991 -
1993 illustrates this variation (Figure 11).

Since there is little control over the caloric content of fish lots, prescribed diets
based on total kilograms fed, rather than energy density of the fish, will not adequately
meet the energy needs of the animal. Unfortunately, it is common practice among
captive marine mammal caretakers to have a standard food chart based on kg of fish fed.
It is often assumed that a fish type has a certain caloric content which has minimal
variation. Evaluation of caloric content of every fish lot must be done to identify the
fluctuations and the diets adjusted frequently to account for this variation. In addition,
basing caloric intake in terms of body weight (calories per kilogram body weight), to
adjust for size differences, will eliminate some of the variability that would have
resulted if diets are prescribed in term of kilograms of fish fed (Van Dyke and Ridgway,
1977, Markussen et al, 1990). There is limited information on nutrient requirements and
appropriate diets for marine mammals (Bernard and Ullrey, 1989), but what is available
suggests that marine mammals eat a wide variety of fish types in the wild. In captivity,
the food choices are limited to a handful of fish species which are available on the open
fish market.

In humans, there is a significant age related decrease in total caloric intake
(Vaughn ef al, 1991, McGandy ef «l, 1966, Elahi et al, 1983). Cross sectional studies of
the decrease in caloric intake were coupled with a steady decrease in daily metabolic rate
from the second to the seventh decade of life. This was explained by decreases in lean
body mass, the major consumer of energy. Older people are less active than young
people, but the decrease in energy intake does not completely compensate the decrease in
activity. In other words, people show a steady increase in body mass, specifically, fat-
mass, throughout life. Similar changes are observed in bottlenose dolphins. That is, it
takes fewer and fewer calories in order to maintain weight as the animals become older.

See Figures 12 and 13. The decreasing trend was also observed in juveniles, but the
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results were not significant. Yet juveniles do follow the same pattern as the adults.
Because juvenile dolphins continue to grow throughout the teen years, it is proposed that
a decline in intake is not observed due to the metabolic demand of growth. Studies on
caloric intake during growth have been done. For example, periodic guidelines on
recommended energy intakes for children are published by the Food and Agriculture
Organization of the World Health Organization, based on dietary intake reports in well-
nourished healthy children (Schoeller and Fjeld, 1991). These estimates show a gradual
decline in intake (kcal per kg) starting as early as two years of age. Based on the
regression equation of age vs. intake in bottlenose dolphins, an age adjusted calorie per
kilogram body weight graph was generated which can be used to predict requirements for

any bottlenose dolphin population, based on the following equation:

calories per kg body weight = (-1.19) age + 74.89

From this formula, caloric requirements can be predicted for a juvenile bottlenose
dolphin based on age. This relationship is intuitive, and is observed in other species,
including humans. Basing the diet on calories per kg body weight, coupled with regular
assessment of caloric content of individual fish lots, can eliminate much of the

uncertainty of nutrition planning in a captive population.

The prediction of caloric requirements is further compounded with the energy
costs of activity. The increase in caloric requirements seen with an increase in activity is
intuitive. Schmidt-Nielsen quantitated energy costs for different types of activities and
concluded that swimming was more efficient than flying or running (1972). To estimate
the energy cost of locomotion, the amount of fuel (calories) required to transport mass
(kg body weight) over distance (km) was measured. In movement through water, a drag

coefficient must be used to account for the effects of water resistance on a moving body.
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The effects of drag vary, depending on whether the flow is laminar or turbulent. With
laminar flow, the drag coefficient and the power requirement to move is reduced
approximated ten fold from the values for turbulent flow. When flying, the medium is
much less dense and viscous than water, but flying animals must support their own
weight and overcome the drag associated with friction, which is related to area, shape,
and speed of the flying animal. The energy costs of running are associated with internal
work: frictional and viscous resistances in joints and muscles, and in continual
accelleration and decelleration of body and limb mass. Regression lines explaining the
relationship between energy costs of locomotion in terms of kcal g'] km~! and body
weight (g) show a negative slope in all cases, with flying being more efficient than
running, and swimming requiring less energy cost than either flying or running (Schmidt-
Nielsen, 1972). Comparing transport costs (J kg'] m'l) with body mass (kg) in surface
swimmers, dolphins, pinnipeds and fish, Williams e/ ¢/ (1992) showed that dolphins are
second only to fish in energy expended during swimming. The minimum cost of
swimming by Eottlenose dolphins was only 2.1 times the cost for a hypothetically dolphin
sized fish. Considering the energy costs associated with endothermy, this difference is
small. Transport costs for pinnipeds are 2.5 - 5.7 times the values for comparably sized
fish. Humans are inefficient, requiring 21 times the energy than that predicted for a
human-sized fish. The swimming efficiency of dolphins is attributed to their ideal body
shape and low hydrodynamic drag (Fish and Hui, 1991, Williams e/ a/, 1993, Williams
el al, 1992). Schmidt-Nielsen suggests that dolphins create laminar flow with their
propulsive movements, which reduces the drag and power output required for movement
(1972).

This study has gone a step further. The energy expenditure of bottlenose dolphin
populations, comparing pen vs. open ocean swimming, and moderate vs strenuous
activity levels, has not previously been reported. Although not highly significant, there

was a clear relationship in adult bottlenose dolphins between energy intake and activity
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levels. This relationship was not seen in the juvenile population. Increased activity
resulted in no additional consumption. Length changes were measured every six months
in the bottlenose dolphin population from 1987 - 1993. Although growth over time is
linear, growth actually occurs in spurts. This causes a cyclical variation in metabolic
demands that is difficult to predict. If the juveniles were allowed unlimited
comsumption, additional food intake might be observed during growth spurts or during
times of increased physical demands. Additional research is needed to measure intake
over time at varying activity levels and during growth periods. With a long term study
focusing on these variables, an activity-adjusted intake equation could be developed to

predict caloric consumption during periods of increased metabolic demand.

Weight- length ratio (WLR) and Condition Index (CI) have used standard
morphometric measurements of weight, length, and girth to assess body condition in
marine mammals. Ridgway and Fenner maintain that the WLR can predict average
blubber depth, in both healthy and emaciated bottlenose dolphins (1982). In an attempt
ot relate morphometrics with body condition, the Condition Index was developed. The
Condition Index, which is defined as the maximum girth * 100 / length, has been related
to the degree of fatness. It has been proposed that equating condition with body fat may
be misleading, since maximum girth may reflect changes in muscle as well as fat (Gales
and Burton, 1987, Ryg ef al, 1990). The discrepancy is also obvious in the case of
pregnancy, where increases in body circumference are related to fetal development,
rather than fat or lean body mass of the mother. Individual morphological variation also
exists; There are differences in body shapes which will influence weight, length and
girth measurements. Some animals are long and lean, others are stockier. Both types,
having similar weights but different dimensions, may be in good body condition, but the
Condition Indices will be different. Pitcher found a positive correlation between

Condition Index and blubber thickness, but only 24% of the variation was explained
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(1986). Yet the blubber layer is where most energy is stored in marine mammals. Better
indices of body condition are needed.

The use of ultrasound to measure blubber thickness has recently been developed
and is an accurate, non-invasive method. Blubber depth can be converted to blubber
volume using a mathmatical cone model (Gales and Burton, 1987). Measurements made
at six standard sites on the dorsal, lateral, and ventral body surfaces are used to allow
calculation of average blubber depth (see Figure 2). From this value, coupled with
morphological measurements of weight and girth, Gales and Burton (1987) developed a
mathmatical cone model to calculate blubber volume. They divided a pinniped body
into a serier of interlocking cones, and estimated blubber volume by adding the volumes
of each cone.

The technique developed in pinnipeds was applied to bottlenese dolphins, using
a two cone model, to approximate body shape (Figure 3). There are some inherent
problems. The two cone model may not be as accurate as a multiple cone model. Also, a
dolphin body does not have mathmatical symmetry, but is rounded and irregular, which
can lead to errors. This technique is limited, and, if done again, a division of the body
into several cones to refine the mathmatical approximation may be more accurate. Given
these limitations, there are some strengths in this effort. The measurements on each
dolphin were done identically, and the volumes obtained are relative for each animal.
Also, the population was fairly homogeneous, unlike a field study. All four dolphins
were of the same gender and exposed to the same environmental temperatures and
ranges.

Under these conditions, the relationships between both weight-length ratio and
blubber volume and Condition Index and blubber volume were highly significant, with
the two body condition indices explaining 76 % and 77 % of the variation in average
blubber depth, respectively. The correlation is in agreement with the results obtained in

harbor seals (Pitcher, 1986).
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Blubber is fibrous conneciive tissue embedded with fat, and its composition
varies according to changes in water temperature, thermoregulatory requirements and
diet (Worthy, 1990, Worthy and Edwards, 1990, Pitcher, 1986, Ryg ¢t ul, 1990). Blubber
serves two major functions: insulation and lipid storage. The amount of fat deposited in
the blubber layer depends on dietary intake and composition. It is a labile source of
energy and the lipid stores are readily mobilized during times of high energy demands.
Also, the thickness of the blubber varies in relation to water temperatures (Ridgeway,
1972, Worthy, 1990). Not only is a thicker layer of blubber found in populations which
reside in colder oceans, the layer will increase in depth following abrupt movement on
animals from a warm ocean temperature of 23.8 degrees C (Hawaii) to a colder ocean
temperature of 10 degrees C (California). Body condition in marine mammals is
generally considered a measure of an individual's energy reserves, and is assumed to be
correlated to the individual's ability to survive and reproduce (Testa, 1987, Lockyer,
1986, Ryg ef al, 1990), in fact, body condition may be defined in different ways: in terms
of lean body mass, i.e., muscling, in terms of fat mass, i.e., body energy reserves, or in
terms of quantity of insulation, i.e., energy conservation mechanisms. It is important to
identify and define the parameters under investigation, in order to appropriately interpret
the results. In the context of blubber quantity, the volume measurements are an accurate
assessment of body condition, and measure morphological parameters similar to those
measured with the WLR or CI assessments. Other techniques to assess body water and/or
body fat can be used to measure body condition in terms of lean-body mass and fat-

mass.

Homeotherms maintain a constant internal body temperature by balancing
endogenous heat production with environmental heat loss. The amount of heat loss is
determined by the temperature differential, the body surface area, the amount of body

insulation, which, in the case of many marine mammals, is blubber thickness and
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circulatory adaptations. The water is a relatively unfriendly environment to warm
blooded mammals, as heat is conducted away from a warm body twenty five times faster
than in air (Ridgway, 1972). Without proper compensatory mechanisms or adaptations, a
warm blooded mammal could become hypothermic quite rapidly, and, in the case of cold
ocean water, this could occur in a matter of minutes. Bergmann's rule, which was
promulgated during the nineteenth century, described an observation that animals living
in colder temperatures were larger than those living in warmer climates, and it suggested
a relationship between surface area, mass and thermoregulation (Gordon, 1977). Warm
blocded animals maintain a constant body temperature, which means that heat
production equals heat loss. Bergman's rule has been interpreted to mean that the rate of
cooling, or heat loss, is proportional to the body surface area, not body mass. The
reasoning was that since heat loss equalled heat production, heat production must be
proportional to surface area. This is oversimplified; metabolic rate (heat production) is
under a complex control of cellular, endocrine and neural factors. The Surface Law,
which states that metabolic rate is proportional to surface area, rather than to volume,
and is the same for large and small animals, is not substantiated (Kleiber, 1961, Gordon,
1977, Brodie, 1975). However, mass specific energy metabolism (metabolic rate per unit
of body mass) decrezases as as body size increases. This is intuitively true, since if a large
mammal, such as a whale, produced as much heat per unit of mass as a small animal,
such as a mouse, the resulting hyperthermia would be incompatible with life (Gordon,
1977, Brodie, 1975). In addition, whales and dolphins are completely glabrous (no
cutaneous hair), and they have evolved complex thermoregulatory mechanisms, including
blubber and circulatory adapiations, to survive in an aquatic environment. Surface area
is one of the major factors affecting their thermoregulation. While many other forms can
achieve some heat conservation by huddling or other postural mechanisms which reduce
surface area, cetaceans are severly limited in this area. Nor can they escape the sink of

the water, as can pinnipeds, who can seek land for periods of time.
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Worthy and Edwards investigated the factors affecting heat loss in two species of
smaller cetaceans, Phocoena (harbour porpoises) and Stenella (spotted dolphins) (1990).
They measured surface area, blubber depth, and lipid content of the blubber, which they
used as a estimate of heat conductivity. Heat flow measurcments were obtained in the
laboratory by recirculating heated water through the samples of sculp, a combination of
skin and underlying biubber. Conductance was calculated by dividing heat flux by the
temperature differential. Lipid content of the blubber was measured by ether extraction.
The animals living in colder water, Phocoena, had more lipid in their biubber, the sculp
was less conductive of heat, and the blubber layer was twice as thick as the Stenellu, who
live in the tropical part of the Pacific ocean (Worthy and Edwards, 1990). Although it is
possible that there are genetic differences between species, the two types of dolphins are
matched morphometrically, and the differences observed were attributed to
environmental challenges faced by each species. They concluded that smaller cetaceans
use a combination of surface area, blubber quantity and blubber quality to
thermoregulate.

To determine if surface area or blubber depth was more important for
thermoregulation in bottlenose dolphins, the relationship of surface area and average
blubber thickness was compared to caloric consumption. The assumption is intake is
equal to expenditure in the long term. Although both were significant predictors, blubber
depth was the more significant variable, being responsible for an estimated 50 % of the
variation associated with caloric consumption. This concept is further supported by the
following observation. The ocean water in Hawaii is warm, averaging 21 - 25 degrees
centigrade year round. Although still below the dolphin's core temperature of 98 degrees,
the depth of the biubber remains fairly constant throughout the year. When bottlenose
dolphins are relocated from Hawaii to southern California, where the ocean temperature
is 10 degrees C, the blubber depth starts to increase immediately to compensate for the

change (T. Williams, personal communication). Two weeks following transport, a

110



measurable change in blubber depth was noted. A much stronger differential between
surface area and blubber depth is predicted in colder water. In accordance with
Bergman's rule, a smaller surface area to body mass ratio is predicted in dolphin
populations living in colder water. An illustration of this is the body shape differences
between the Atlantic bottlenose dolphin, Tursiops truncatus, and the Pacific bottlenose
dolphin subspecies, 7ursiops truncatus gilli. Populations of both were measured for
lengths and girths every six months from 1987 to 1993. The 7. gillis are found in the
tropical and semi-tropical areas of the Pacific ocean, and tend to be longer and leaner
than the Atlantic bottlenose dolphins, 7. truncatus, who are stockier in body shape. The
two types of dolphins are so similar that they are not considered to be separate species,
but subspecies.

In the context of management of obesity, the effects of diet composition on body
composition, fat-mass, and fat-free mass, are well documented. Numerous studies have
shown the relationship between a high fat diet and an increase in body fat mass in
humans (Jequier, 1993, Thomas, 1992, Tremblay, 1989) as well as in animals (Oscai,
1994, Salmon, 1985).

Although not assessing fat-mass directly, body condition of harbour porpoises,
Phocoena phocoena, in the Bay of Fundy, was equated with blubber mass, the rationale
being that the blubber in these animals was approximately 90% lipid and accurately
reflected energy stores (Read, 1989). Girth and blubber thickness measured over the
sternum demonstrated similar trends to blubber mass in terms of indicating overall body
condition, but they were not as good a predictor of condition. This was attributed to the
fact that deposition of blubber is not uniform over the body surface (Ryg e ¢/, 1990). A
concurreit study was conducted following dietary intake of the harbour porpoises by
evaluating stomach contents (Recchia and Read, 1989). The mammals were retrieved
from the nets of commercial fishing operations in the Bay of Fundy. This analysis was

conducted from 1985 - 1987, and they reported that there was annual variation in the
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proportion of herring in the diet, ranging from 58% to 98%. Herring was clearly the
dominant prey species. [n combining the data obtained from the concurrent studies,
Read concluded that body composition improved with the high fat diet of 98% Atlantic
herring (Clupea harangus).

Evaluation of stomach contents is a standard method employed with wild marine
mammals to determine dietary intake, since it is difficult to observe and record foraging.
This approach is very limited. In the wild, doiphins tend to feed on the most available
food at that time and place (Van Dyke and Ridgway, 1977), consuming a large variety of
fish. Analysis of a single meal only reveals recent consumption, and little information on
meal frequency or amounts consumed. Also, the food is in various stages of digestion,
and complete laboratory analysis of nutrient composition isn't possible. Since some prey
species are more resistant to digestion than others, quantitation of types of fish consumed
is an estimate and subject to serious potential bias (Recchia and Read, 1989). The
advantages of a controlled nutritional study are obvious. Prescribed diets are fed,
monitored, and completely analyzed for nutrients. Nutritional factors can be manipulated
and different effects can be measured. Still, field trials are very important to assess what
wild animals are consuming. They have a choice of prey, and preferences, as well as
availability of fish sources, are important to know. The integration of controlled trials
with field studies allow application of scientific data obtained under set conditions to
practical situations.

Dunn compared changes in body components (total body water and total body fat)
over a two week period in two Hawaiian monk seals using the doubly labeled water
technique (1990). He observed changes in the weights of each of the seals that was
explained by changes in body composition. A gain of 1.70 kg in one seal represented a
gain of 3.27 liters of body water, an increase of 4.92 kg lean body mass and a decrease of
3.22 kg fat-mass. The 0.91 kg gain in the second seal actually represented a loss of 1.07

kg lean mass and a gain of 0.5 kg fat mass. He related the changes, in part to the
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differences in the lipid content of the herring fed, which ranged from 4 - 19%. He also
attributed some of the changes to the amount of lean body mass per animal, which would
influence metabolic needs.

Deuterium oxide (2H2O) was used to measure total body water at the end of both
the low fat and high fat diets in all four trial animals. Total body water does not equal
total body lean mass, but the terms are related. Deuterium measures body water, and,
based on the assumption that lean body mass is 73.2 % water, protein mass can be
calculated (Pace and Rathburn, 1945; Ortiz e/ al, 1978). Although commonly used, this
relationship is oversimplified. The total body lean, or fat free mass, is actually composed
of the metabolically active body cell mass and the metabolically inert bone mass plus
extracellular water. The most active work-performing tissue is the body cell mass, which
can be calculated from the total body water measurement if the extra cellular water and
bone mass components are known. The body is considered to be divided into two
compartments: fat and lean, and the total body fat is calculated from the total body lean
measurement. The simplified calculations of lean body mass and fat mass I described are
the ones used with the deuterium and oxygen-18 techniques in the current literature.

The relationship between total body water and low fat diets was positive: an
increase in total body water was observed following the low fat capelin diet and an
increase in total body fat was observed following the high fat herring diet in the trial
animals. These findings are in agreement with similar studies reported in other species.
The deposition of body fat observed with high fat diets has been related to the fact that
dietary fat is not rapidly oxidized, as are carbohydrate and protein, but almost entirely
stored directly as adipose tissue (Jequier, 1993, Thomas ef ul, 1992, Tremblay ef a/,
1989). In examining the results for each food trial, the changes observed were not
uniform. The diets were designed to be isocaloric, meaning that caloric requirements
were predicted, and the animals were fed based on calories per kg body weight, without

regard to the protein and fat composition of the fish. Ideally, the animals were to stay at
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the same weight throughout the trials. This proved true in all but one case. The weight
changes observed throughout seven feeding trials (#4 low fat and #3 high fat) varied by
an average of only 2.65 + 1.85 kg. One animal, Mauka, experienced a behavior problem
during 2 weeks of his high fat trial, and refused to eat his total ration. A male from the
population was swimming loose in the bay for several days and stayed adjacent to the
complex of pens that housed Mauka and Oldben. The trial animals were very aggitated
and their attention was diverted to the free-swimming animal. Mauka refused most of his
ration for almost two weeks. He lost a total of 19.27 kg, of which 12.48 kg was fat. In
addition to the weight loss, the utilization of body fat sores shifted the substrates
contributing to his energy expenditure. This problem illustrates one of the many
difficulties encountered in experimental trials. In spite of good design and careful
planning, unforseen circumstances influence the outcome. The total body water
measurements are listed in Table 10. Another way to view this data is to compare the
changes in total body water and total body fat content during the feed trials and these are

displayed in Table 15.
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TABLE 15: FOOD TRIALS: TOTAL BODY WATER AND TOTAL BODY

FAT CHANGES
LOW FAT DIET TRIALS
hange in wt (k delta TBW inkg  delta TBF in kg

Boris +0.90 +16.46 -16.44
Trident +0.45 -0.96 +0.11
Oldben +3.18 -5.23 + 10.51
Mauka -1.37 +13.37 -13.62
HIGH FAT DIETS

Change in wt (kg) delta TBW in k delta TBF in kg
Boris -2.24 -20.37 +18.55
Trident -4.73 -4.76 +0.11
Oldben +5.91 + 28.06 -23.64
Mauka -19.27 -3.37 -12.48

Note: Delta TBW kg and delta TBF kg are changes in total body water
and total body fat in kilograms, respectively, followed by the

percent change in parentheses.
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In the low fat trial, the youngest animal, Boris, experienced the largest shift in
body composition, with a 13% change from body fat to body water. This suggests that
his metabolic demands were not being met with the low fat diet, and he needed to depend
on body fat stores for energy. In the high fat diet trial, Boris also experienced the greatest
shift in percentage of body composition, with the deposition of body fat at the expense of
body water. Young animals must provide energy for growth as well as maintenance, and
energy requirements are higher for juvcniles than for adults of similar size. Energy
requirements for maintenance in juvenile and adult pinnipeds have been measured.
Markussen ef al (1990) studied captive harbour seals fed a herring diet from 1985 - 1988.
they determined that juvenile seals required 2.3 times more energy than adults. Ronald e/
al (1984) reported similar findings in juvenile and adult grey seals. A herring diet was
fed to five grey seals and energy requirements for maintenance were calculated
comparing energy intake with weight changes. They suggested maintenance
requirements of 53 kcal kg -1 day -1 for juveniles and 25 kcal kg'l day -1 for adults. The
maintenance requrements in the four trial dolphins were 53.9 kcal kg -1 day -1 for the
juveniles and 37.6 kcal kg d day -1 for the adults. The youngest juvenile, Boris, was not
meeting his energy needs with the low fat diet, as his utilization of body stores illustrates.
The increased metabolic demands of growth that have to be met in young animals may
explain the large changes observed over a relatively short period of time.

The oldest animal, Oldben, gained a small amount of weight during both trials,
3.18 kg during the low fat diet and 5.91 kg during the high fat diet. But the body
composition changes seen were not as predicted. A decrease in total body fat was
predicted with the low fat diet, and an increase with the high fat diet. The opposite may
have occurred. During the low fat trial, Oldben increased his total body fat by 4% of his
body weight, and during the high fat trial, his body fat decreased by 11% of body weight.
The other adult male, Mauka, also lost body fat during the high fat diet, but this is easily

explained by the reduction in appetite previously discussed, which resulted in a 19.27 kg
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loss in body weight over the 6 week trial. of which 65 % was fat mass. During Oldben's
high fat trial, the male at large was residing adjacent to his complex as discussed
previously. Although an increase in swimming activity was not noted at the time, Old
Ben's excitement may have accounted for some of the decrease in his total body fat. The
deposition and utilization of body fat and body lean tissue is a complex system of
interrelated events. Dietary intake, activity levels, growth and thermoregulatory
requirements are some of the factors responsible for influencing the proportions of fat
and lean tissue in aquatic animals. Also, body composition is labile, attempting to meet
the changing demands placed on the system. On a molecular level, the kinds of
substrates ingested influence the metabolic pathways, with protein being readily oxidized
and fat readily deposited in storage. The conclusion is, although all animals require the
ability to compensate for varying metabolic demands, the influence of an aqueous
environment demands rapid acclimatization, for even small water temperature changes
require thermoregulatory controls to safeguard against hyper- or hypothermia. In
addition, marine mammals are not domesticated, and species survival depends on the
ability to cope with a varying food supply. Mechanisms to mobilize or deposit energy
stores are prerequisites to survival. So, rapid changes occur, and snapshots in time of
body composition are taken, which, in fact, reflect a dynamic state of balance. Changes

in activity and age play a role in this balance.

An age related change in body composition is seen in humans (Furlop ¢/ «/, 1985,
Lesser, 1963). When groups of men and women in their 20's were compared to groups in
their 60's, a significant decrease in total body water and an increase in total body fat was
measured, associated with muscle mass being replaced by fat mass. Similar changes
were observed in bottlenose dolphins. The age range of the trial animals was 6 to 33
years, two were juveniles, two were adults. The relationship between body composition

and age showed clear trends of a decrease in total body water and an increase in total
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body fat (Figures 47 and 48). The average blubber depth was also different in the two
groups, averaging 16.08 + 0.72 mm in juveniles and 21.64 = 1.77 mm in adults. Since
the body fat in bottlenose dolphins is stored in the blubber layer, the larger amount of
blubber supports the increase in total body fat seen in older dolphins. As in other
species, younger dolphins have more lean body mass, which is replaced by fat with aging.
In humans, the increase in body fat seen in adults is associated with less physical activity
(Rising, 1994). This may be the case with dolphins as well. There is a marked
difference in activity levels between juvenile and adult dolphins. Not only do the young
animals swim a larger percentage of the time, they tend to swim faster and jump and play
like juveniles of any species. Conversely, the adults spend long periods of time floating
on the surface, and relatively inactive (personal observation). Their swimming motions
are often slow and rhythmic, quite in contrast to the dashing about by the youngsters. In
addition, the aquatic environment is not conducive to inactivity. Thermoregulation
requires heat to be generated internally, and muscle activity is a major contributor to heat
production. Also, foraging involves swimming and fishing activities, requiring wild
dolphins to follow schools of fish. However, as shown in the population data (Figures 12
- 15), in terms of energy intake, there is a decrease in caloric consumption associated
with aging in bottlenose dolphins. There are many potential reasons for this decrease.
With this decrease in intake, less energy is needed for foraging because less fish are
needed. Less energy is needed for activity, because activity levels are decreased. The
decline in lean body mass complements this scheme. Metabolic requirements are related
to muscle mass, the most active energy tissue of the body. In a study of energy
expenditure in humans, lean body mass was the major determinant of total energy
expenditure measured in whole room calorimeters (Ravussin e/ al, 1986). Fat mass,
which includes blubber in many marine mammal species, functions as a storage depot
and is relatively quiet, metabolically (Luke and Schoeller, 1992). Fat tissue has less

blood supply than muscle and other lean tissue, due to the limited need for oxygen. The
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larger percent of lean body mass observed in juvenile dolphins would predict an increase
in metabolic rate in young animals associated with body composition alone. Differences

in activity levels would futher increase the rate.

Metabolic rates were calculated for each animal following the food trials using
the energy expediture calculation obtained from the intake balance method. Dietary
intake was obtained from the daily records and energy equivalents of each ration were
calculated using the laboratory analysis. The change in body energy stores obtained from
the total body water measurements were added to the intake energy equation. Total body
water is an estimate of lean body mass, and lean body mass is considered to be 73.2 %
water and 26.8 % protein, with an energy equivalent of 4.4 kcal/ kg (Ortiz ef ul, 1978).
Fat mass is the body mass minus the total body water, and each kg of fat is considered to
contain 9.4 kcal of energy. The change in body compostion over the course of the food
trial divided by the total time in days gives the daily contribution of energy from the body

stores. Metabolic rates in watts/kg were calculated using the following equation:

Energy expenditure X 1.162 watts X __ 1 = metabolic rate (W/kg)
24 hour keal hr*! body weight (kg)

The metabolic rate was also calculated in ml O, / kg min. The energy expenditure is

divided by the energy equivalents of the diet based on the respiratory quotient (see Table
3, page 27), which converts energy expenditure to liter O, per day:
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EE (keal) = yyylOy X 1000 mI X 1dayX 1 = MR1Q,

x.xx kcal day liter 1440min BW (kg) kg min
10,
Where: EE (kcal) = energy expenditure in kilocalories

x.xx keal 1 71 0O, -1 = keal per liter oxygen from Table 3

y.yy 1 O, day - = calculated liter oxygen per day
BW (kg) = body weight in kilograms
and MR 10, kg -1 min ! = metabolic rate in liters oxygen per kg

minute.

Average daily metabolic rates have been calculated for a number of marine
mammal species, but most of the work has been done with pinnipeds. Castellini and
Kooyman (1992) constructed an acrylic dome over a breathing hole in the Antarctic ice
to measure the metabolic rates of Weddell seals. Other researchers have used similar
domes for Weddell seals (Kooyman ef a/, 1973) and fur seals (Costa and Trillmich,
1988). Since pinnipeds have the ability to stay out on land for periods of time, it is
possible to measure oxygen consumption in a metabolic chamber. Dunn used this type of
method in Hawaiian monk seals to measure resting metabolic rates in this species (1990).

The perception that pinnipeds and cetaceans have metabolic rates higher than
terrestrial mammals has been widely accepted (Schmidt-Nielsen, 1991, Kanwisher and
Ridgway, 1983, Ridgway, 1972). Some researchers have contested this perception and
maintain that, if measured under similar conditions of non-growing, inactive, post-
absorptive, and thermoneutral, marine mammals do not differ from other mammals
(Lavigne et al, 1986, Costa, 1986).

Dunn did a comprehensive review of metabolic data in pinnipeds (1990) and
compared them to his measurements with monk seals. Some of his conclusions were:
wild, free-ranging animals had higher energy requirements than captive animals,
probably due to their need to find and catch food. Immature pinnipeds have a higher

average daily metabolic rate than adults due to the energy costs of growth and increased
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activity levels. He found a slow decline in metabolic rate with increasing body size, on
an interspecific basis. Lastly, the metabolic rate of juvenile seals was approximatedly
two times the metabolic rate of adults, which is comparable to terrestrial animals.
Hampton ef al (1971) measured respiratory gases by collecting expired air in a
meteorological balloon obtained from a trained Atlantic bottlenose dolphin. Williams er
al (1992) used open circuit oxygen consumption rates of adult Atlantic bottlenose
dolphins trained to breath into an acrylic metabolic hood. A comparison of metabolic
rates obtained for the food trial animals in relation to bottlenose dolphin data obtained by

Hampton ez a/ and Williams ef ¢/ is presented in Table 16.

TABLE 16: Metabolic rates for Atlantic bottlenose dolphins
ml O2 / kg min watts/kg

Food trials
Aduits 6.54 + 197 217+ 0.64
Juveniles 8.72 + 3.49 297+ 1.29
Hampton ef a/ (1971) 6.21 2.08

Williams et al (1992) 4.63 + 0.21

Hampton et ¢f's subject was an inactive animal and the metabolic rate obtained is
comparable to the food trial animals, also inactive.

Since Williams e/ af's subjects were working dolphins in a training program
involving open ocean swimming and work pushing against a load cell, her animals were
analogous to well trained human athletes. Thus, the lower metabolic rates measured in
those animals may reflect functional adaptations in body condition and metabolism
observed in response to increased physical activity (Saltin and Rothwell, 1980). A cross
sectional comparison of sedentary vs. physically conditioned young men showed a 160%

greater oxidative enzyme activity within the conditioned muscle and a higher oxygen
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extraction efficiency. The changes result in an increase in work performance without an
increase in energy utilization. Williams ef a/ measured oxygen consumption in adult
Atlantic bottlenose dolphins that were performing physical work and found the VO, -
levels were 30 - 40% lower than predicted for running animals of the same size. This
supports the conclusions of Schmidt-Nielsen, that swimmers are more efficient in energy
utilization than are runners or fliers (1972). Also, the efficiency of propulsive
movements observed in dolphins and whales, makes them superior swimmers to other
aquatic animals, such as ducks (Schmidt-Nielsen, 1990), which is also supported by
Williams' measurements of energy expenditure. The same animals at rest had a
metabolic rate 1.6 times the predicted standard metabolic rate for terrestrial animals.
The food trial dolphins had higher metabolic rates than the working animals. The
metabolic rate observed in the juvenile animals was the largest, and probably relates to
the larger percentage of lean body mass, which requires more energy for maintenance
than does fat mass. The finding in bottlenose dolphins agrees with metabolic rates
measured in immature, growing pinnipeds, and is typical for immature, growing
terrestrial mammals (Lavigne e/ al, 1986). A similar aging effect is reported in humans
(Vaughn ef al, 1991, Goran ef al, 1993, Keys ef «l, 1973), with a higher metabolic rate in
juveniles and a lower rate in adults. These changes are attributed to alterations in body
composition as well as decrease in physical activity observed in older people (Goran,
Beer, ef al, 1993, Vaughn ef al, 1991). Both adults and juvenile trial dolphins were
limited to pen activity, and although specific differences in physical exertion were not
documented between the two groups, in general, the younger animals were observed to
swim more vigerously and more of the time than the older adults, who spent longer
periods of time throughout the day resting at the surface. The swimming patterns of the
adults are more deliberate and slow, in contrast to the racing and playing behavior of the

juveniles.
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Overall, the metabolic rates observed for inactive bottlenose dolphins are twice
those predicted for terrestrial mammals of comparable size, which is in concurrence with
the observations of Schmidt-Nielsen (1990) and Kanwisher and Ridgway (1983).
However, the exceptional swimming efficiency, coupled with anatomical adaptations,
make the metabolic requirements of dolphins smaller than less successfully adapted

aquatic animals.

The effect of diet composition on energy expenditure and metabolic rate has been
evaluated in humans. A transient increase in energy expenditure is seen with increases in
dietary protein but the effects are short lived, lasting only a few hours (Jequier, 1993).
Other researchers concur: There is no extended relationship between diet composition
and metabolic rate (Thomas et a/, 1992, Hill e al, 1991, Abbott ef al, 1990). For
example, the energy expenditure of eight humans was measured using a whole-room
direct calorimeter (Hill e/ ¢/, 1991). The subjects were fed three different diets: high
carbohydrate (60% of the calories from carbohydrate), high fat (60% of the calories from
fat), and a mixed diet (45% of the calories from fat) in sequence. The diet regimes were
isocaloric, that is, each contained the same number of calories. Although the respiratory
quotients were substantially different (0.77 and 0.92 for the high fat and high
carbohydrate diets, respectively), the total energy expenditure and metabolic rates were
not affected by the composition of the diet. This finding is in agreement with Abbott es
ul (1990) and Thomas ef a/ (1992), who also found that energy expenditure is not
influenced by diets composition (high fat or high carbohydrate). The results obtained in
bottlenose dolphins do not concur with the human studies. Using the energy expenditure
measured by the intake balance method, and the metabolic rates obtained by both the
intake balance and doubly labeled water methods, there was a significant relationship
between metabolic rate and diet composition, and energy expenditure and diet

composition in the trial studies. There was a strong tendency for an increase in energy
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expenditure and metabolic rate observed on the low fat diet. Many nutritional studies in
humans report an incrase in obesity promoted by high fat diets (Thomas e o/, 1992; Hill
el al, 1991; Abbott et al, 1990). Less energy is required to convert ingested fat to stored
fat than with a high carbohydrate or high protein diet (Pi-Sunyer, 1990). The higher
metabolic rate and energy expenditure observed following the feeding of a low fat diet in
bottlenose dolphins illustrates both the higher costs of digestion associated with high
protein: low fat diets, and the overall decreased efficiency of low fat diets. Animals
should be fed a ration based on body weight (calories per kilogram body weight), age,
and activity levels. In addition, the fat content of the diet must be considered in the
prediction of energy requirements. A low fat diet may require additional calories to
maintain body mass.

The use of doubly labeled water has enlarged the possibilities of studying
metabolic rates in marine mammals, since this technique allows measurements in free
ranging animals. Although this technique has been used in small animals for decades, its
potential for use in large animals was not investigated until the 1980's. The problem was
that the first generation gas isotope ratio mass spectrometers required very high doses of
isotopes and the cost of the oxygen-18 was prohibitively high, exceeding $5000.00 per
dose. The improvement in IRMS technology significantly reduced the dose needed to
affordable levels, since much smaller doses of isotope can be measured for the
determination of body pools. An initial blood sample is obtained for the measurement of
natural isotope background concentration. A known amount of the isotopes are
administered, either orally or by injection, and the isotope is allowed to equilibrate with
the body water for a predetermined amount of time. A second blood sample is then
taken, and the initial isotope dilution allows the determination of total body water
volume. The animal is released to forage and produce CO, and water from metabolism
for a period of time while the isotope declines from the total body water pool. The rate

of decline is measured by a subsequent blood sample to measure isotope concentration.
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The question concerning the precision and accuracy using serial sampling (multi-point)
or two samples (two-point) is still under debate. Under field conditions, the problem is
technical in nature. The obvious limitation is the need to recapture the animal for
resampling. In terms of precision, sampling at too short an interval will show small
changes in the isotope errichment relative to the analytical error. Also, there are
potential errors in the multi-point method due to the large variation in the turnover rates
of water and CO, throughout the day (Seale ef a/, 1993). Sampling at too long an
interval is imprecise because the enrichment of the final sample above predose
background isotope concentration is small relative to the analytical error. The intial
isotope dose is important, to ensure the initial enrichment is 600 times the random
analytical error (Schoeller, 1988). Based on some work done with a wild population of
bottlenose dolphins in Sarasota Bay, "the timing of the final blood sample to calculate
the metabolic period has been determined to be four to five days in bottlenose dolphins"
(G. Worthy, personal communication). The doubly labeled water method has been
studied extensively and has a precision between 2 and 8%, depending on the loading
dose, the length of the metabolic period, and the number of samples (Schoeller, 1988,
Nagy, 1980, Nagy and Costa, 1980, Roberts, 1989). In theory, the precision of the doubly
labeled water method using the two point method is ~ 5% based on uncertainties of
isotopic measurements (Nagy, 1980). Taking into account random measurement error
and physiological differences in energy expenditure within each subject, variation
increases to ~ 7.3% (Delaney er a/, 1989). Both deuterium and oxygen-18 are subject to
fractionation as they leave the body. The isotopically labeled water is heavier, and may
not leave the body as readily. Also, 180 tends to concentrate unevenly in the CO,
relative to body water (Schoeller, 1980). A factor must be used to correct for this
fractionation, but its accuracy depends on the rate of fractionated water output, which

can vary between species. In the absence of corrections, errors up to 9% may occur
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(Nagy, 1980). Based on the limited marine mammal information, I used the correction
factor derrived by Schoelier (1988).

The doubly labeled water method is non-invasive and non-restrictive, and is ideal
to account for energy expenditure in animals in their natural habitat. It has been used
sucessfully in several species of pinnipeds: monk seals (Dunn, 1990), fur seals (Costa
and Trillmich, 1988, Costa ¢f =/, 1988), northern elephant seals (Costa ef al, 1986), and
California sea lions (Costa, 1985). This technique has not been published in cetaceans.

Energy expenditure using the intake balance method with the doubly labeled
water measurement of energy expenditure rate was compared in one animal to assess the
validity of the technique in bottlenose dolphins. The results obtained are listed in

Table 17.

TABLE 17: Comparison of energy expenditure by the doubly labeled water

method with the intake balance method of energy intake and change in body stores

Date Diet: keal Body stores Total keal rCO2: RQ EE: keal %diff
1 kealdayl dayl  mebdayl  dayl

940802 8177.78 -110.02 8067.76 2699 776 824424 2.1

940912 8813.53 -0.294 8813.24 2890 793 858783 2.6
where kcal day -1 = kilocalores consumed per day
1o

1CO, mol -day rate of CO? production per day

RQ = respiratory quotient
EE kcal day 1= energy expenditure per day in kilocalories
and % diff = percent difference in the two methods (doubly labeled

water and intake balance)
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The energy expenditure was within 176.48 kcal day -1 for the high fat diet trial
and 225.40 kcal day -1 for the low fat diet trial. This represents a relative difference of
2.1 % and 2.6 %, respectively. The calculation of energy expenditure using the doubly
labeled water method does not appear to differ from the intake balance method.

Numerous studies comparing respiratory, intake balance, and isotopic methods
have found minimal statistical differences between the methods (Seale ef al, 1993, Klein
et al, 1984, Schoeller and Webb, 1984, Ravussin ez a/, 1991, Hoyt e/ ¢/, 1991, Delaney et
al, 1989). Validation studies have been done by comparing isotopic determinations of
energy expenditure with that of continuous measurements in a respiratory chamber.
Under strict controlled conditions, a total error of + 5 % is reported for the doubly
labeled water technique, a figure less than the individual variation seen between subjects
(Seale et al, 1993) . The chamber permits the partitioning of energy expenditure into its
three components: basal metabolic rate, thermogenesis, and the energy cost of activity.
The total energy expenditure obtained by the doubly labeled water method gives energy
costs under free-living conditions, which is not possible when confined to a metabolic
chamber. The differences would be the smallest in sedentary individuals. The chamber
is best for short-term studies (1-2 days) with inactive individuals. The doubly labeled
water technique can assess energy expenditure over 1-2 weeks in ranging animals.
Ideally, a combination of techniques, utilizing a metabolic chamber followed by a free-
ranging study, would yield the most accurate and complete evaluation of energy costs.

Validation studies have also compared the doubly labeled water method to the
intake balance method in humans (Schoelier and Van Santen, 1982, Hoyt ef al, 1991,
Delaney et al, 1989). Under laboratory conditions, the two methods differed by an
average of 2 % with a coefficient of variability of 6 % (Schoeller and Van Santen, 1982).
Hoyt ef ul (1991) and Delaney ef al (1989) conducted similar validation studies in
humans subjected to strenuous exercise under field conditions. Both studies reported

doubly labeled water and intake balance measurements of energy expenditure were
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statistically indistinguishable. The 5% variation observed in Delaney's study was
attributed to the fact that the amount of foods consumed was not weighed, but estimated
by the subjects, but the total variability was still less than 7.3 %, which is the average
coefticient of variation due to intraindividual variation.

Based on the comparison of the two methods, this author proposes that doubly
labeled water is an accurate method to assess metabolic rate in free ranging bottlenose
dolphins. Controlled laboratory and field marine mammal studies will have to deal with
similar problems encountered in human trials under laboratory vs. field conditions. In
the laboratory, dietary intake can be carefully monitored and analyzed. In the field, only
estimates of diet type, nutrient content, and amounts are possible. Activity levels, as
well, are more closely evaluated in a laboratory setting. In general, the completeness and
accuracy of the data is higher in the laboratory. But the real goa'l of scientific study is
field applications. The drawbacks of a controlled trial is that the parameters established
are an attempt to mimic what occurs in nature, which may or may not be correct. Diets
of Tursiops are a good example of this limitation. In captivity, only a few fish types are
fed, and are supplemented with Qitamins and minerals. In the wild, 'l'ur.s'iop.s'\?re
opportunistic feeders, consuming what is available and plentiful at a particular time and
place (Ridgway, 1972). Not the same. A balance and integration between the two types
of research efforts are needed to allow collection of data for the determination of

scientific principles that can be universally applied.
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CHAPTER VI
CONCLUSIONS

The development of an understanding of marine mammal bioenergetics is a
relatively recent endeavor. Most of the studies have focused on wild populations in an
attempt to elucidate the flow of energy under natural conditions. It is important to
integrate the data obtained from captive populations with field studies. Evaluation of
diets, morphometrics, and activity levels under controlled conditions is essential to piece
together the complex interaction of aquatic mammals and their environment. The use of
sophisticated technology such as ultrasound and isotope ratio mass spectroscopy can
facilitate our knowlege of energy flow in marine mammals, and help integrate anatomy,
physiology, and adaptive mechanisms in these animals. From a fundamental base of
knowlege defining physiological mechanisms, the scope can be broadened to wild
populations, which may differ in specific energy sources, mechanisms of energy
transformation, and metabolic demands.

Dolphins are mammals specialized and comfortable in their ecological niche, and
have evolved compensatory adaptations to allow success in an aquatic environment. But
they fit into their world along the same principles as do terrestrial mammals. The energy
flow in juvenile dolphins mimics juvenile land animals, promoting growth and
development, leading to maturity and, ultimately, reproductive success. The changes
seen in adult dolphins mimics terrestrial animals as well: less physical activity, less need
to eat, a change in body composition from anabolic and growing, to a mature and more
sedentary lifestyle. The evidence that bottlenose dolphins concur with bioenergetic
principles well established in other species supports the concept of evolution and
relationships between all living organisms. Although there are many gaps in our
knowlege bank of bioenergetics in marine mammals, this study lays some foundations to

build on. It's a beginning.
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