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ABSTRACT

The natural abundances of carbon isotopes were used to 

investigate the energy requirements of arctic aquatic consumer 

organisms. A mathematical model was developed that describes the 

relationship between the rate of consumer isotope turnover and rates 

of growth and metabolism, and the utility of the model for 

calculating energy requirements from seasonal changes in consumer 

isotopic composition was demonstrated in laboratory experiments and 

with field data. The energy requirements of anadromous fishes, 

which were the major consumers studied, could not be determined 

using the isotopic data. Instead, the requirements were calculated 

using biochemical data and rates of growth and oxygen consumption, 

and were about 2.6-6.0 kcal day  ̂ in the summer and 0.4-1.2 kcal 

day  ̂ in the winter. Seasonal changes in lipid and protein contents 

indicate that anadromous fishes cannot find enough food during the 

winter to supply their energy requirements, and that about 50% of 

the energy needed comes from the metabolism of tissues accumulated 

during the summer. The relative importances of marine and 

freshwater food webs in supplying the energy requirements were 

determined by comparing the seasonal isotopic compositions of 

anadromous fishes to the isotopic compositions of fish that are 

permanent residents of each environment. It appears that anadromous 

fishes that overwinter in the Colville River (the largest river on 

the Alaska North Slope) depend almost entirely on the marine 

environment for their energy, whereas those that overwinter in 

Canada*s Mackenzie River rely on both marine and freshwater 

habitats.
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INTRODUCTION

Background

The attention of the oil industry turned to the North Slope of 

Alaska in 1968, when the largest oil field in North America was 

discovered at Prudhoe Bay. Onshore petroleum-related development 

rapidly intensified, and by 1974 the State of Alaska and the federal 

government began to plan for the leasing of offshore tracts in the 

Beaufort Sea adjacent to Prudhoe Bay. The events that transpired prior 

to these sales and that led to the establishment of a program of 

environmental assessment and management for the Alaska Outer Continental 

Shelf have been described by Grebmeier (1984). Before any frontier 

lands could be leased for oil exploration and development, the National 

Environmental Policy Act of 1970 required that an Environmental Impact 

Statement be filed by the Bureau of Land Management (BLM), which had 

been commissioned to administer the Cuter Continental Shelf (OCS) 

leasing program under the 1953 Outer Continental Shelf Lands Act. In 

order to obtain the information needed for sound offshore environmental 

impact assessment, the BLM entered into an interagency agreement with 

the National Oceanic and Atmospheric Administration in 1976. The result 

was the Outer Continental Shelf Environmental Assessment Program 

(OCSEAP), which presently directs environmental research necessary for 

the management of offshore leasing by BLM. The study described here is 

a part of the OCSEAP research effort.

Since very little data are available for much of the Beaufort Sea 

and arctic coast, many of the OCSEAP studies have sought to obtain 

baseline information on plants, invertebrates, fish, birds, and mammals,
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and the physical and chemical environments in which they live. This 

information is used by federal, state, and local agencies in an 

attempt to predict the effects of specific types of human activity 

on organisms and, perhaps, the ecosystem as a whole. The activity 

can then, possibly, be mitigated or eliminated if its effects are 

expected to be too destructive.

Reasonable predictions about the effects of disturbances on 

organisms require information about their behavior and needs 

throughout the year, and often throughout entire life histories.

Many arctic animals, such as whales and the majority of bird 

species, are seasonal inhabitants that migrate into the region in 

late spring for breeding and/or feeding, and leave by fall. These 

creatures may only need to be studied in the Arctic during the 

summer, but resident species, such as invertebrates, fish, seals, 

and polar bears, must be investigated during the long, cold arctic 

winter as well. The logistic requirements and field conditions for 

research are very difficult in the winter, but it is the time of 

year when aquatic animals may be particularly sensitive to 

disturbances, since the presence of up to two meters of ice 

restricts their movements and lessens the availability of habitat.

The survival of a species population depends on the ability of 

its individual members to obtain the energy necessary for 

metabolism, growth, and reproduction. In this discussion, 

metabolism refers to the chemical reactions involved in maintenance 

and activity.For the successful fulfillment of these energy 

requirements, each species has evolved a strategy that may include 

differences in food habits, migration patterns, reproductive cycles, 

and rates of growth and metabolism. These processes have been

-2-



studied in many arctic animals, and information is presently 

available on the population numbers, feeding habits, reproductive 

cycles, and growth of: crustaceans (Griffiths and Dillinger, 1981),

freshwater fishes (Hablett, 1979; Bendock, 1981), anadromous fishes 

(Craig and Haldorson, 1981; McCart, Craig, and Bain, 1972), oldsquaw 

ducks (Johnson and Richardson, 1981), seals (Burns and Eley, 1977; 

Lowry et al., 1977), beluga whales (Fraker et al., 1978), and 

bowhead whales (Marquette, 1977; Lowry et al., 1978).

Since the metabolic rates of animals living in their natural 

environments are difficult to obtain, they are typically estimated 

from measurements made on specimens kept in artificial enclosures. 

Small creatures are easily examined in this way, and measurements of 

oxygen consumption rates, which can be used to calculate metabolic 

rates, have been made on arctic crustaceans and insects (Scholander 

et al., 1953), and fishes (Scholander et al., 1953; Wohlschlag,

1957; Brett, 1964; Holeton, 1973, 1974). The metabolic rates of 

seals living in tanks have been determined from heat flux 

measurements (Parsons, 1977), but rates for other large and mobile 

inhabitants of aquatic environments, such as birds, polar bears, and 

whales, are unknown.

Seasonal changes in biochemical composition (typically protein 

and lipid contents) can provide information on the energy 

requirements of animals living in the wild, but the only such 

studies of arctic organisms have employed very imprecise field 

techniques. Pike et al. (1963) measured the blubber thickness of 

seals in the winter and summer, Johnson and Richardson (1981) 

measured the thickness of the subcutaneous fat layer of oldsquaw
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ducks over the summer, and Craig and Haldorson (1981) weighed the 

fat stored along the intestinal tracts of arctic ciscoes in the fall 

and spring. The relationships between these measurements and total 

body lipid content are too uncertain, however, to allow them to be 

used for anything other than indicators of the condition of the 

animal. Reliable estimates of biochemical composition must be based 

on accurate quantitative analyses, which generally require more 

equipment and time, and cannot be easily performed in the field.

When animals are too large to return to a laboratory to analyze, it 

may be possible to obtain field information similar to that used by 

Brodie (1975). He was able to calculate the metabolic rate of the 

fin whale from the seasonal decrease in the amount of lipid rendered 

commercially from whole whales.

Most of the biological studies discussed thus far included the 

conventional techniques of aerial surveys and tagging, collection of 

sample specimens either by netting or shooting, and macroscopic or 

microscopic analyses to determine the identity, size, age, stomach 

contents, reproductive state, and parasites of the specimen.

However, in one study of the marine and freshwater food webs of the 

North Slope and nearshore Beaufort Sea, Schell (1983) used a 

isotopic tracing technique that has been gaining favor in research 

on trophic dynamics (Haines, 1976a, b; McConnaughey and McRoy,
141979a, b; Rau, 1980), and also extended its use to include the C

13isotope. The utility of C techniques depends on isotopic

fractionations that occur during physical and chemical processes and

cause slight variations in the natural carbon isotopic abundance of
13 12approximately 1.1% C and 98.9% C. Isotopic fractionation occurs
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because a molecule containing C has a lower zero-point energy than
12if it contained the lighter C isotope (Bigeleisen, 1965). If the 

13C atom is present at a position in the molecule where bonds break 

during a particular reaction, the lower zero-point energy will 

decrease the reactivity of the molecule and its probability of being

converted into product. As a result of isotopic fractionation, the
136 C ("del 013") values found in nature range from about +2 to -89

13°/oo (Degens, 1969), where 6 C is the part per thousand difference 
13 12between the C/ C ratio of the sample and the Chicago PeeDee 

belemnite standard, calculated from the equation

6“3C (°/o o ) = ( (13C/12C sample / 13C/12C standard) - 1) x 103

13 12This means of reporting the C/ C ratio is used because mass
13 12spectrometers measure the C/ C ratio of a sample relative to that 

of a working standard. Determination of absolute abundances is much

more difficult.
13 12The C/ C ratio of a plant depends on the particular 

photosynthetic pathway used by the plant, and environmental factors. 

Plants in which the initial product of carbon fixation is the three- 

carbon compound, 3-phosphoglyceric acid (i.e., C-3 plants), 

typically have 63’3C values between -18 and -33 °/oo, whereas plants 

that initially produce the four-carbon compounds, malic or aspartic 

acid (i.e., C-4 plants), typically have 613C values between -9 and 

-18 °/oo (Degens, 1969). The variability observed within each of 

these two classes is probably due to differences in temperature, pH, 

and isotopic disequilibria in the microenvironment of the plant. In

-5-
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one study, Degens et al. (1968) found that photosynthetic
13fractionation ncreased (i.e., more negative 5 C values) as the

temperature, pH, and photosynthetic rate decreased.

In contrast to photosynthesis, nonphotosynthetic metabolism

fractionates the carbon isotopes by only 1 to 2 °/oo (DeNiro and
13 12Epstein, 1978). As a result, the C/ C ratios of organic matter

are approximately conservative in their transfer to consumer

organisms, and in circumstances where a consumer feeds on two
13 12isotopically distinct types of organic matter, the C/ C ratios of

the organism and its two carbon sources can be used in a mixing

equation to determine the fraction of body carbon derived from each

source. Schell (1983) partitioned the carbon contents of biota

collected from the Beaufort Sea and North Slope into a marine
 ̂ 13 _ ,12component and freshwater/terrestrial component using the C/ C

14 . . .ratios in this manner. He also used the C activities 
14 12(proportional to C/ C ratios) to differentiate a third energy

source, peat carbon, from organic carbon recently fixed by plants.

The peat that covers the upper one to two meters of much of the

North Slope continually erodes into ponds, lakes, rivers, and the

ocean, and is potentially a large supplier of energy to aquatic food

webs. This carbon source could be particularly important during the

under-ice season when photosynthesis essentially stops. Since

Holocene peats of the arctic coastal plain are up to 12,000 years
14old, radiodecay has lowered their C activities relative to that of

14modern vegetation. This C depression is passed through the food 

web and causes consumers containing peat derived carbon to have 

lower radiocarbon activities than organisms dependent solely on
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recently fixed carbon. Schell showed that only a small fraction of 

a large input of peat carbon is transferred to higher trophic levels 

in the marine environment, but that peat is an important source of 

energy for many freshwater organisms. He also observed that the 

isotopic compositions of arctic grayling (Thymallus arcticus), which 

are obligate freshwater fish, followed a seasonal cycle in which the 

14C activities peaked at the end of the summer and decreased 

throughout the winter. This change implies that the food eaten by 

grayling during the summer has a modern radiocarbon content, but 

that the winter prey contains much more peat carbon. This 

investigation was particularly important because it introduced a 

valuable new tool to arctic research, one that could be used to gain 

information on the energy sources of organisms over the annual 

cycle.

Purpose and Approach

My study was an attempt to extend the use of isotopic

techniques to the problem of determining the energy requirements of

consumer organisms living in their natural environments. The

possibility of using natural carbon isotopic abundances for this
.14purpose arose from the seasonal cycle of C activities that Schell 

(1983) observed in arctic grayling. Apparently, the isotopic 

composition of the food of this consumer changes from summer to 

winter, and in response, the isotopic composition of its own body 

also changes. The rate at which these changes occur in consumers 

depends on the dynamics of the many interacting biochemical pools
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that compose the organism, isotopic fractionations that occur during 

biochemical reactions, the isotopic composition of each pool, and 

the incoming food. A realistic model of this system would be 

extremely complex, and natural carbon isotopic abundances could not 

be used to study the details of the myriad processes. However, it 

may be possible to relate changes in the isotopic composition of the 

whole organism, or a major biochemical constituent, to the total 

rate of energy utilization. I used two very simple models to 

interpret the changes in isotopic composition and test this 

possibility.

One model treats the organism as a single pool in which the 

isotopic composition changes at a rate that depends on the rates of 

growth (somatic, visceral, and gonadal tissue) and metabolism. This 

will be appropriate if the carbon turnover rates of the major 

metabolic pools are similar. The other model partitions the body of 

the organism into two pools, one in which carbon turnover is rapid, 

and another in which it is slow. This model allows for the 

possibility that carbon turnover rates for structural material may 

be significantly slower than for the remainder of the body. The 

rate of carbon utilization is calculated using a time series of the 

isotopic composition of a consumer and the model that best fits the 

data.

The utility of these models was examined in a number of ways.

In the laboratory, they were tested by determining the accuracy with 

which they described the turnover of a single biochemical pool of an 

organism, the simplest case possible. Also, the turnover of whole 

body isotopic composition that occurs in nature was simulated by
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feeding captive fish a diet that was isotopically different from

their body carbon. The energy requirements of these fish were then

determined using the appropriate model, and compared with estimates

made from measurements of growth, oxygen consumption, and

biochemical composition. A series of similar experiments performed

by Fry and Arnold (1982) were used as an additional check. These

investigators followed the changes in the carbon isotopic

compositions of brown shrimp, Penaeus aztecus, when given food that

was isotopically different from the shrimp. However, the model they

used to analyze the data was different from the one developed here

and is not particularly useful for studying the relationships

between growth, metabolism, and isotope turnover. I compared my

single compartment model with their model and used it to further

investigate isotope turnover in brown shrimp using their data.

Finally, the rates of energy utilization of grayling living in the

wild were determined using natural carbon isotopic abundances, and

compared to those calculated from biochemical data and the existing

information on oxygen consumption and growth rates.

Other organisms that have the potential for showing seasonal

shifts in isotopic composition were also investigated. The
13 12differences in the C/ C ratios of marine and freshwater food will

13 12result in seasonal changes in the C/ C ratios of anadromous 

fishes that feed in the ocean during the summer and then migrate 

into fresh water and feed there during the winter. Similarly, birds 

that overwinter in oceans south of Alaska and migrate to the North 

Slope for the summer will exhibit seasonal cycles of isotopic 

composition if they feed in the tundra ponds and lakes. These and

-9-



many other migratory species fulfill the major criteria required for 

using natural carbon isotopic abundances to determine their energy 

requirements: the isotopic composition of their diet changes

seasonally.

The collection of isotopic and biochemical data in this study 

focused on freshwater and anadromous fishes, since extremely useful 

background data were already available for these animals and 

specimens could be obtained without too much difficulty.

Furthermore, since the overwintering areas for many arctic 

anadromous fishes are poorly known, the data might also reveal 

whether or not these fishes feed in fresh or salt water during the 

winter. These data, used in conjunction with the fisheries data 

already available, should improve our understanding of the energy 

requirements and survival strategies of arctic fishes• Once the 

techniques involved were verified in laboratory experiments using 

fish, and from analyses of field samples, I hoped that they could be 

applied to the larger creatures that are less easily studied by 

conventional methods.

Specific Objectives

1. Develop a general mathematical model based on biological

principles that can be used to calculate energy requirements of 

organisms using natural carbon isotopic abundances.

-10-
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3. Determine the seasonal energy requirements of selected arctic 

fish species using oxygen consumption rates, biochemical data, 

and growth rates, and when possible, natural carbon isotopic 

abundances.

4. Determine overwintering habitats (marine or freshwater) of 

anadromous fishes using natural carbon isotopic abundances.

5. Investigate the possibility of using natural carbon isotopic 

abundances to determine the energy requirements of arctic consumer 

organisms other than fishes.

-11-



MATERIALS AND METHODS

Sample Collection and Handling

The arctic biota analyzed in this study were collected from 

various locations on the Alaska North Slope and in the Beaufort Sea 

(Fig. 1). The species collected and location of the sampling sites 

are given in Appendix A. Fishes were caught using gill nets, birds 

and seals were shot, and whale samples were obtained from Inupiat 

whalers. Samples of biota were frozen in plastic bags at the base 

camps and returned to Fairbanks where they were kept frozen until 

analyses were performed. Slimy sculpins (Cottus cognatus) used in 

laboratory experiments were collected from the Chena River 

approximately 40 miles east of Fairbanks using a kick net and 

returned to the laboratory in insulated chests filled with Chena 

River water. They were transferred to a 60 gallon aquarium 

containing Chena River water at 10°C, and were not fed prior to the 

start of experiments a few days later.

Biochemical Analyses

Each frozen fish was thawed, blotted, weighed wet, and the fork 

length measured. The head, skin, tail, and bones were removed and 

weighed, and the weight of the remaining muscle (i.e., somatic 

tissue) plus viscera was calculated by difference. The muscle and 

viscera were combined and homogenized in a Waring Blendor and 

analyzed for water, lipid, and protein contents. The water content 

was determined from the weight loss of three 1-3 g samples dried for

-12-



Figure 1. Alaska North Slope and Beaufort Sea study area.



24 hours at 65°C. The loss of moisture after this period of time 

was insignificant, and the precision (i.e., relative standard 

deviation) of the three replicates was less than 1%. The 

chloroform-extractable lipids were determined on 50 g samples by the 

method of Bligh and Dyer (1959), and replicates were analyzed 

periodically. The precision of the method was about ±10%. Carbon 

and nitrogen contents were determined on 1-3 mg samples of dried, 

lipid-free homogenate using a Hewlett-Packard 250C Elemental 

Analyzer, and the protein content calculated by multiplying the 

nitrogen content by a factor of 6.25 (Dowgiallo, 1975). The 

precision of three replicate analyses was ±2%. Moisture content was 

determined on the head, skin, tail, and bones in total by drying at 

65°C for 48 hours, and this material was then combusted in a muffle 

furnace at 550°C for two hours to determine the ash content. The

biochemical data are given in Appendix B.

Carbon Isotopic Analyses

Samples for carbon isotopic analyses were dried in a vacuum

oven at 65°C for 24 hours and sent to one of two commercial
14 13laboratories. The radiocarbon activities (includes both C and C 

analyses) of samples containing at least 5 g of carbon were 

determined at Beta Analytic Inc., of Coral Gables, Florida, by 

standard decay counting techniques. These specimens included peat,

plants, and the muscle tissue of fishes, birds, seals, and whales.
13 12The C/ C ratios of muscle tissue from slimy sculpins used in the

13C turnover experiment, the dried homogenate from biochemical
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analyses, and muscle tissue from some of the fishes collected in the

arctic were determined by Coastal Science Laboratories of Austin,

Texas, on samples of carbon dioxide gas. To prepare a gas sample,

20 mg of dried sample and 1 g of cupric oxide were ground to a fine

powder and placed in a borosilicate glass tube. The tube was

evacuated to a pressure of less than 10 mtorr, sealed with a torch,

and combusted in a muffle furnace at 550°C for two hours. The high

cost of isotopic analyses made routine replicate determinations

prohibitive, but three samples of the same fish were analyzed with a
14 13precision of ±2% for both the C and C isotopes. The isotopic 

data are given in Appendix B.

-15-

14Turnover of C-Glucose in a Slimy Sculpin

The carbon isotope turnover model developed in Appendix D was 

tested by following the turnover of the soluble glucose pool of a

fish. The turnover of this pool was monitored by measuring the rate
14 14of oxidation of a dose of C-glucose to C-carbon dioxide. The

original turnover model was then modified to describe the turnover
14of the soluble glucose pool in terms of C-carbon dioxide

14production instead of removal of C-glucose (Appendix E). In doing

so, it was assumed that the system was in a steady state and that
14the fluxes remained constant; the quantity of C-glucose added to 

the fish was apparently small enough that it did not change these 

conditions.

A slimy sculpin was removed from the aquarium, injected under
14dorsal skin with approximately 0.015 yCi of C-glucose (specific



activity 16.7 yCi mg \  New England Nuclear), and placed in a bucket 

of water in a refrigerator at 10°C. Two hours later the fish was 

transferred to a 2 liter glass reagent bottle containing fresh 

water, and the bottle was sealed with a ground glass stopper and 

placed in the refrigerator. Each day 50 ml of water were removed 

with a pipette and replaced with water from the aquarium. The 

pipette contents were emptied into 350 ml of distilled water in a 

500 ml Erlenmeyer flask, 5 ml of sulfuric acid were added to lower 

the pH, and the rubber stopper was pressed into place. Carbon

dioxide-free air was bubbled through the sample at a rate of 300-400
-1 14ml min for 20 minutes and the C-carbon dioxide was trapped in 10

14ml of phenethylamine scintillation cocktail (Fig. 2). C-activity 

was determined by counting for five minutes in a Beckman LS C100 

Liquid Scintillation System. The counts were quench corrected using 

the external standards method, and the stripping efficiency

determined by the recovery efficiency (93%) of known quantities of
14 14C-sodium bicarbonate. The total amount of C-carbon dioxide

respired between the start of the experiment and the collection of a

sample was calculated from the concentration of isotope in the

sample, the volume of the bottle, and the amount of isotope removed

in previous samples. There was no measurable production of 
14C-carbon dioxide in water from the bucket or bottle after the

sculpin had been removed, indicating that the glucose oxidation was

due to the fish and not to bacterial decomposition of excreted
14matter. When the production rate of C-carbon dioxide had 

decreased to zero, the sculpin was sacrificed, wet weighed, dried, 

and weighed again. After grinding the fish to a powder, samples
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14Figure 2. C-carbcn dioxide stripping apparatus.



weighing 15-20 mg were combusted in a Harvey Biological Material 
14Oxidizer and the C-carbon dioxide was trapped in phenethylamine

scintillation cocktail. This was counted and quench corrected as

described above. The recovery efficiency of this instrument was
14determined to be 85% by combusting known quantities of C-glycine.

The total radioactivity incorporated into body tissue was calculated

from the specific activity of the tissue samples and the dry weight

of the whole fish. The radioactivity in the scuplin when it was
14first placed in the bottle was calculated from the total C-carbon 

dioxide respired during the experiment plus the radioactivity in the 

sculpin at the end of the experiment.

Turnover of ^ C  in Slimy Sculpins

The carbon isotope turnover model was tested under simulated
13 12natural conditions by following the changes in C/ C ratios of 

fish maintained in the laboratory. These changes were used to 

calculate rates of carbon and energy utilization for comparison with 

estimates made from rates of growth and metabolism.

Three slimy sculpins were removed from the aquarium and 

sacrificed, and ten others were wet weighed, placed in individual 16 

x 12 x 13 cm^ nylon mesh breeding cages in the aquarium, and offered 

a frozen brine shrimp ration equivalent to 5% of their body carbon 

each day. Fish were sacrificed after 30, 60, and 120 days, wet 

weighed, and prepared for ^ C  analysis. Some of the specimens were 

analyzed for water and carbon contents, and these data were used to 

calculate an average carbon/wet weight ratio for sculpins. The
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specific assimilation rates were calculated from the changes in 
13 12C/ C ratios using both the one and two compartment models 

(Results and Discussion, Mathematical Models of Carbon Isotope 

Turnover; Appendix D) and the specific growth rates (g) were 

calculated from the initial and final wet weights of the fish, the 

carbon/wet weight conversion factor, and the equation

g = (l/t)ln(Cf/Ci) (1)

where t is time, and and C are the initial and final carbon 

contents of the fish, respectively. The specific metabolic rates 

were calculated as the difference between the specific assimilation 

and growth rates. The quantities of carbon used daily in growth and 

metabolism were calculated by multiplying the specific rates by the 

average fish carbon content, and these quantities were converted to 

units of energy using the carbon and energy conversion factors in 

Table 1, and by assuming that all fish carbon was in protein. The 

daily energy requirements were then calculated using the equation

energy utilization rate = metabolic rate + growth rate (2)

where all rates are in units of energy, and growth can be either 

positive or zero. When the fish does not grow, or loses weight 

because it has been using stored energy, the rate of energy 

utilization is equal to the metabolic rate.

At various times during the experiment sculpins were removed 

from their cages for respiration rate determinations. A fish was
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TABLE 1. Oxygen consumption equations and biochemical data used to 
calculate metabolic rates of arctic fishes.

aOxygen Consumption Equations

Fish Temperature 
(C)

Oxygen consumption equation parameters 
s t

SCb -1.5 0.9086 -1.3649

CHC 2.0 0.7316 -1.0944

Biochemical Data
dSubstrate Respiration quotients 

(moles CO^/moles 0^)

d e Caloric equivalents Carbon
(kcal g 1) (%)

Lipid 0.7 9.45 75

Protein 0.9 4.8 50

The relationships between the rate of oxygen consumption and body 
weight are given by equations of the form Y = sX + t, where Y 
is the log of the oxygen consumption rate in mg oxygen hr \  X 
is the log of the body wet weight in grams, and s and t are the 
slope and y-intercept of the least-squares linear regression.

Equation taken from Holeton (1974). SC denotes five species of 
sculpins (i.e., family Cottidae).

Equation taken from Holeton (1973).
Values taken from Brett and Groves (1979). The caloric values 

were originally obtained from heats of combustion, and give the 
amount of energy physiologically available to the fish. The 
value for protein has been corrected for the energy lost due to 
ammonia excretion.

Values determined in this study.



placed in a 2 liter reagent bottle containing water with a known 

oxygen concentration (saturation concentration at 10°C) and the 

bottle was sealed with a ground glass stopper. After intervals of 

up to 24 hours, the bottle was gently rocked back and forth to mix 

the water with minimal disturbance to the fish and the stopper was 

carefully removed. The oxygen probe of a Wheaton 60 Second B. 0. D. 

System was inserted and the oxygen concentration recorded. The 

probe was removed, a few ml of water were added to replace the 

overflow, and the stopper was replaced. When this procedure was 

immediately repeated, no measurable oxygen contamination was ever 

observed (i.e., the oxygen concentration did not change). The same 

procedure was used to add food to the bottle at the normal feeding 

time of the fish. The background rate of oxygen consumption 

measured for 24 hours after the fish was removed from the bottle was 

insignificant. The oxygen consumption rate was calculated from the 

change in the oxygen concentration, the volume of the bottle, and 

the length of the experiment. The metabolic rate (in terms of both 

carbon and energy) was calculated from the rate of oxygen 

consumption using the respiration quotient and carbon and energy 

conversion factors in Table 1, and by assuming that all carbon in 

the fish was in protein. Even if half the carbon in the fish was in 

lipid, which is an extreme case, the calculated metabolic rate would 

only increase by about 15%.
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Calculations of the Energy Requirements of Arctic Fishes from Growth 

and Oxygen Consumption Rates and Biochemical Data

Summer and winter energy requirements of "standard” 300 g 

arctic fishes were estimated from the seasonal changes in body 

energy and the energy used in metabolism. This weight was chosen to 

normalize the values since most of the fish analyzed were 

approximately this size. The amount of energy used daily during 

both the summer and winter seasons were calculated using Eq. 2 above 

and by assuming that winter was 265 days (i.e., October 1-June 22) 

and that summer was 100 days. The data used for these calculations 

were obtained from the biochemical analyses performed in this study, 

the growth rates determined by Hablett (1979), McCart et al.,

(1972) , and Craig and Haldorson (1981), and the oxygen consumption 

rates measured by Holeton (1973, 1974). The means of calculating 

the metabolic rates and changes in energy contents (i.e., growth) 

used in Eq. 2 are described below.

The metabolic rates were estimated from oxygen consumption 

rates and respiration quotients, caloric equivalents, and carbon 

contents of lipid and protein. The oxygen consumption equations and 

biochemical data are given in Table 1. The daily oxygen consumption 

rates for 300 g fish were calculated using each of the oxygen 

consumption equations. These equations give routine'*’ winter rates, 

which are lower limits for active fish, so a range of values that

-22-

A routine respiration rate is defined as the rate of oxygen 
consumption measured when a fish is undergoing normal, 
spontaneous activity, but is not feeding (Fry, 1957).



would include both feeding and nonfeeding fish was obtained by 

multiplying by a factor of 2 (Brett and Groves, 1979). Furthermore, 

since the fish definitely feed during the summer, and an increase in 

temperature from winter to summer approximately doubles the rate 

(Brett and Groves, 1979), summer values were obtained by multiplying 

the winter routine rates by a factor of 4. The oxygen consumption 

rates were converted to carbon production rates using the molecular 

weights of oxygen and carbon and respiration quotients for the 

oxidation of both pure lipid and pure protein. The amount of 

protein or lipid that would be oxidized at these carbon production 

rates was then calculated using the carbon contents, and the caloric 

equivalents were used to convert these quantities to units of 

energy. The metabolic rates are given in Appendix C.

The energy contents were calculated from the weight, the lipid, 

protein, and ash contents, and caloric equivalents. In calculating 

the mean change in energy content of a species over summer and 

winter, it was first necessary to determine the changes in weight 

over these periods. The length (L) of a 300 g individual was 

calculated from the appropriate length-weight equation (Table 2), 

and the annual linear growth rate (AL/At) for an individual of mean 

length L was determined from numerical age-length data or 

graphically from age-length plots. It was then assumed that all 

growth occurred during the summer, which made the change in length 

during this time equal to the total annual growth (AL). This 

assumption may not be entirely valid, but it is true that growth in 

fishes is much more rapid in the summer than in the winter in 

temperate climates (Gerking, 1966; Jones, 1976), and this may be
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TABLE 2. Linear growth rates and length-weight equations used to 
calculate wet weight growth rates of arctic fishes.

Speciesa Length-weight parameters^ 
s t

Linear growth rate 
(mm yr

AGC 'C 3.279 -5.617 26-40
LC°'C 3.070 -5.151 8-21
CHd,C 2.550 -3.828 50
BWFe,C 3.011 -4.976 60
AGd 'S 3.132 -5.327 35

The superscripts above each species abbreviation denote the 
source of the length-weight parameters and the linear growth 
rate, respectively.

The length-weight relationships are given in the form of the 
equation Y = sX + t, where Y is the log of body wet weight in 
grams, X is the log of the fork length in millimeters, and s 
and t are the slope and y-intercept of the least-squares linear 
regression.

c Data taken from Craig and Haldorson (1981).
^ Data taken from McCart et al. (1972).
8 Data taken from Hablett (1979).

more pronounced in the Arctic where food availability is even more

seasonal. Furthermore, even if arctic fish continue to grow 

linearly at a reduced rate during the winter, the depletion of 

energy stores observed in this study imply that wet weight growth 

probably doesnft occur until the following summer. Since the mean 

length of fish over the summer was L, the length at the beginning of 

the summer was L - (AL/2) and the length at the end of the summer 

was L + (AL/2). The weights of fish of these lengths were then 

obtained from the length-weight equation and used to calculate



summer wet weight growth. The summer growth by each species is 

given in Appendix C.

As mentioned above, linear and wet weight growth of 

overwintering fish were assumed to be zero. This was apparently a 

valid assumption, since there was no detectable loss of weight due 

to metabolism, even though there was a loss of stored lipid and 

protein. The weights of fish caught in the spring did not differ 

from those of fish of the same length caught in the fall. Also, the 

weights of spring fish were very similar to those calculated from 

the length-weight equations in Table 2. If the fish had lost 

significant amounts of weight, they would probably be lighter than 

the calculated values since these equations were determined using 

mostly summer and fall catches. The maintenance of constant weight 

is probably due to the replacement of oxidized lipid and protein by 

an approximately equal weight of water (Parker and Vanstone, 1966). 

For these calculations, therefore, the weight of winter fish were 

taken to be a constant 300 g.

Once the seasonal weights were calculated, the energy contents 

of fish in the fall and spring were calculated by first assuming 

that the lipid, protein, and water contents (i.e., ash-free 

component) of the head, skin, tail, and bones were the same as those 

of the combined muscle and viscera. This seems to be a reasonable 

assumption (the water contents only differed by about 20%), but 

regardless, its accuracy is not critical since the head, skin, tail, 

and bones made up about 25% of the body weight. Therefore, an error 

of 20% would only result in a 5% error overall. The total amount of 

lipid and protein in the fish was then calculated from the ash-free
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wet weight of the whole body and the mean lipid and protein contents 

for the fall or spring, and these quantities were converted to units 

of energy using the caloric equivalents. Summer and winter energy 

contents of all species are given in Appendix C.

Calculations of the Energy Requirements of Arctic Grayling and 

Oldsquaw Ducks from Natural Carbon Isotopic Abundances

The summer and winter energy requirements of a "standard" 300 g 

arctic grayling were calculated as the product of the specific 

assimilation rates and the energy contents of the fish. The 

specific assimilation rates were calculated from the seasonal 

changes in 14C activities and the carbon isotope turnover model.

The energy contents were taken from Appendix C.

The summer energy requirement of a "standard" 900 g oldsquaw 

duck was calculated by the same procedure used above, where the 

specific assimilation rate was calculated from summer changes in 

613C values and the carbon isotope turnover model. The energy 

content was calculated from the weight, an oldsquaw duck organic 

matter/weight ratio of 0.34 determined in this study, and by 

assuming that the organic matter in these birds is 75% protein and 

25% lipid and that the caloric equivalents of these biochemicals are 

the same as in fish.
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RESULTS AND DISCUSSION

Mathematical Models of Carbon Isotope Turnover

The use of radioisotopes in the study of biological processes 

generally requires that a mathematical model be used to interpret 

the data. A wide variety of models have been developed for this 

purpose, but most of these depend on steady state assumptions, and 

isotopic fractionations are rarely considered (Robertson, 1957; 

Sheppard, 1962; Conover and Francis, 1973). In this study, I 

developed a general model in which isotopic fractionations and 

changes in the pool size are possible. The model was first 

developed for a single pool and then adapted to a two compartment 

system. A complete derivation of the single compartment model is 

given in Appendix D.

The model treats an organism as a single, homogeneous carbon 

pool that is instantaneously mixed as material is transferred into 

or out of the compartment. The basic equation describing this 

system is

dR /dt = ( (h. R (V. + dW /dt)) - R ((h.V. + dW /dt) )/W (1)p i f D P P 3 3 P P

13 12where R is the ratio of the minor and major isotopes (i.e., C/ C 
14 12or C/ C) , p is the fish carbon pool, f is food, V_. is the rate of

2 In this model, the changes in isotopic composition are due to 
both dilution of the isotope pool (i.e., growth) and turnover 
(i.e., exchange processes). However, for the sake of simplicity, 
these changes will be referred to only as turnover.
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carbon output (i.e., metabolic rate), dW /dt is the growth rate ofP
the fish carbon pool, W is the quantity of carbon in the fishP
carbon pool, and h. and h. are fractionation factors for assimilation 

and metabolic processes. The use of Eq. 1 to calculate the metabolic 

rate of an organism requires a time series of the isotopic 

composition of an organism, the isotopic composition of its food, 

and the growth rate of the organism. Alternatively, a modified form 

of the equation can be used to calculate the growth rate of the 

organism if the metabolic rate is known (Appendix D) . In some cases 

a knowledge of fractionation factors may be important, but they can 

often be assumed to be unity without incurring significant errors 

(DeNiro and Epstein, 1978). I made this assumption here, and also 

assumed that both the growth rates (dW^/dt) and metabolic rates (V_.) 

of the organisms studied are proportional to their body weights, 

such that

-28-

where g and r are constants called the specific growth and metabolic 

rates, respectively. These assumptions simplify Eq. 1 to (in 

integrated and linearized form)

(dW /dt)/W = g P P
(2)

and

V./W = r 
3 P

(3)

(4)



where o is the initial time and t is any time later. Since g and r 

are constants they can be combined to give

-29-

g + r = k = V./W (5)i p

where k is a constant called the specific assimilation rate and 

is the rate of carbon input (i.e., assimilation). Equation 4 then 

becomes

I n ((R - R ) / (R - R , ) ) = kt (6)P/O f p,t f

When this model is used, the value of k is determined in either of

two ways. In some cases k is determined from single calculations by
13 14substituting the appropriate isotope ratios, 6 C values, or C

activities, and the time into Eq. 6. If enough data are available,

the logarithmic term is plotted against time for all of the data,

and the value of k is equal to the slope of the line. When growth

rates are known, the specific metabolic rate is calculated from Eq.

5 and the values of g and k. It should be remembered that in these

calculations, absolute rates are expressed in units of mass of

carbon time 1 and specific rates in units of mass of carbon (mass of

carbon)"1 time"1 . In order to obtain these rates in units of energy

rather than carbon, it is necessary to know the proportions of lipid

and protein in the assimilated material and the carbon pool, and use

the carbon and energy contents of these biochemicals to convert the

units.



When an organism truly behaves as a single compartment, and the 

rates of growth and metabolism are relatively constant over the 

period in question, the specific assimilation rates calculated using 

Eq. 6 should not show any trend with time. However, if it operates

as a two compartment system, and the pools turn over at

significantly different rates, the calculated specific assimilation 

rates will decrease with time. This occurs because the pool with

rapid turnover (i.e., the short-term pool) causes an initially rapid

change in isotopic composition. In a short while, however, this 

pool approaches the isotopic composition of the food, and the 

observed changes in the total isotopic composition of the organism 

then depends on the long-term pool. To handle these situations, the 

single compartment model was adapted to a two compartment system 

using the mass balance

R = F R + F R  (7)p,t m m,t n n,t

where F is the fraction of the total carbon pool and m and n denote 

the short-term and long-term pools, respectively. Assuming that the 

individual pools behave according to Eq. 6 (in nonlinearized form), 

and since

F + F = 1 (8)m n

-30-
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R = R^+CR^ -R ) (exp (-k t)+F (exp(-k t)-exp(-k t) ) ) (9)p,t f P,o f n m m n

If enough data are available, the values of F , F , k and km n m n
can be determined from a nonlinear regression fit of the data to 

this equation. Using these values, the specific assimilation rate 

of the whole organism can then be determined from the weighted mean

of the rates for the two pools. The equation is

k = F k + F k (10)m m  n n

I used Eq. 9 by first assuming that the value of k^ was much

greater than k^. This approximation makes the term expC-k^t) much

smaller than exp(-k t) and reduces Eq. 9 ton

R = R + (R - R ) (F (exp(-k t))) (11)p,t f p,o f n ^ n

where Eq. 8 has also been used. The values of F and F weren m
estimated using literature values for structural and nonstructural

carbon, respectively, and the value of k was calculated from Eq. 11n
by the same procedure used for the single compartment model. The

value of k was then calculated using these values and Eq. 9 with m
early time series data (i.e., times well before the short-term pool 

had equilibrated with the food), and k was calculated using Eq. 10.

Equations 6 and 9 are simplified forms of the general model 

equation, but they are the most useful for the data acquired in this 

study. More complex forms may sometimes be necessary, however, and



the ability of the model to accommodate these situations is shown in 

the sections that follow.
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14Turnover of C-Glucose in a Slimy Sculpin

The dynamics and distribution of glucose in animals has been

described by a multicompartment model composed of a large storage

pool of fat, protein, and glycogen, two soluble glucose pools, and a

soluble nonglucose pool (Baker et al., 1959). However, they

observed that if compartments are sampled an hour or so after the 
14injection of C-glucose, the three soluble pools will have 

equilibrated and thereafter behave as a single pool. Under these 

circumstances, the single compartment isotope turnover model should

also describe the turnover of the soluble glucose pool. I used an
14 14experiment in which the oxidation of C-glucose to C-carbon

dioxide was monitored to test this model.
14When the model is written in terms of C-carbon dioxide

14production rather than C-glucose removal, the equation describing 

the process is

14C = (14C V /(V + V ) ) (1-exp(-V t/G )) (1)c,t g,o 1 1 2  3 g

14 14where C is the amount of C-carbon dioxide present at any c,t
14 14time, t, C is the amount of C-glucose initially added to the9/0

fish, V is the transfer rate of a chemical species into or out of 

the soluble glucose pool, 1 denotes carbon dioxide leaving the 

soluble glucose pool, 2 the glucose leaving the soluble glucose pool



and going into storage, 3 the glucose entering the soluble glucose

pool from storage, and the amount of glucose in the soluble

glucose pool (Fig. 3). A complete derivation of the equation is

given in Appendix E. The model assumes that there is a single,

homogeneous, soluble glucose pool in a steady state with constant

outputs to the carbon dioxide and storage pools. If this is true,

then the proportions of total glucose that go into the carbon

dioxide (i.e., + V 2 ^  and stora9e pools (i.e., V / (V + V 2 ^  '
14respectively, will remain constant until all of the C-glucose has

been removed from the soluble glucose pool. At this time, x, the
14 14 14 14ratios will be equal to C / C and C / C , where st ,x g,o s,x g,o

denotes storage. These criteria, and the degree to which the
14production of C-carbon dioxide follows Eq. 1 should serve as good 

tests of the utility of the model in studying single compartment 

turnover.
14A plot of C against time is shown in Fig. 4 with a c , t

14nonlinear regression of Eq. 1. The rate of C-carbon dioxide

production dropped to zero after about 100 hours, which indicates
14that by this time all of the added C-glucose had either been

14respired or was in storage. The amount of C-carbon dioxide
14respired by the fish during the 119 hour experiment ( C ) wasc , x

140.0101 yCi and the amount of radioactivity stored ( C ) wass , x
140.00500 pCi. The sum of these values is equal to C , and theg,o

14values of C V,/(V. + V_) and V,/G calculated from Eq.l and theg,o 1 1 2 3 g
parameters of the nonlinear regression equation were 0.0104 yCi and

0.0302 hr ^ (i.e., turnover time of 33 hrs). The values of the

ratios used to check the model are given in Table 3.
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Figure 3. Model of slimy sculpin glucose dynamics. (See text for 

definitions of terms.)
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14Figure 4. C-glucose oxidation by a slimy sculpin.



-36-

TABLE 3. Comparison of experimentally observed fluxes from the 
soluble glucose pool of slimy sculpins with those 
predicted by the carbon isotope turnover model.

14c /14c 14c /14cC,x g,o s fx g,o
Experimental Turnover Model Experimental Turnover Model

0.669 0.689 0.331 0.311

The fit of Eq. 1 to the experimental data (Fig. 4) and the 

agreement between predicted and experimental fluxes (Table 3) are 

both very good. The results indicate that this modification of the 

carbon isotope turnover model can be used quite successfully to 

interpret the changes that occur in the isotopic composition of a 

single biochemical pool. It is encouraging to see that when the 

more complex original model is modified using reasonable assumptions, 

it can be used to study processes other than those for which it was 

developed. It also indicates that the single compartment carbon 

isotope turnover model is probably a suitable one for interpreting 

changes in the isotopic composition of an organism whose body carbon 

behaves as a single pool. The degree to which organisms might 

follow this model was tested in another experiment.

13Turnover of C in Slimy Sculpins

The accuracy with which natural carbon isotopic abundances can 

be used to determine energy requirements depends on the magnitude of 

the change observed in the isotopic composition of the organism and



the precision of the measurements. This change depends not only on

the rates of growth and metabolism, but also on the magnitude of the

difference in the isotopic compositions of the organism and its
13food. If an organism switches to a diet which has a 6 C value that

is only slightly different from its own body, it will be difficult

to accurately determine the changes that occur over time. In this
13experiment with slimy sculpins (Cottus cognatus), the initial 6 C

values of the fish averaged -34.1 ± 1 . 8  °/oo and their brine shrimp

food was -19.0 °/oo. This large isotopic difference made it easier

to discern real changes from random variability. Figure 5 shows the

changes in the isotopic compositions of sculpins during the
13experiment. The steady increase in 6 C values over time shows 

quite clearly the turnover of the carbon isotopes of the fish due to 

the consumption of isotopically heavier brine shrimp. After 120 

days, the 6 ^ 0  values of the fish had increased by an average of 5.6 

°/oo, approximately one-third of the difference between their 

initial values and the food.

The specific rates of assimilation, metabolism, and growth 

calculated using one and two compartment models of carbon isotope 

turnover and changes in carbon contents are given in Table 4. Since 

the average growth rate for any sampling interval was either zero or 

negative, the fish apparently did not store any carbon during the 

experiment, and some used carbon stored prior to the start of the 

experiment to supply their energy demands. When a fish loses 

weight, its rate of isotope turnover is less than the rate at which 

carbon is utilized. The actual rate of carbon utilization is equal
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13 13Figure 5. 6 C values of slimy sculpins m  the C turnover

experiment.



to the metabolic rate, which is equal to the assimilation rate plus 

the rate of carbon depletion in the body (i.e., negative growth).

The specific metabolic rate for the entire length of the 

experiment, calculated using the one compartment model, was 0.5% 

day-1. However, the decrease in the values of r over time indicates 

that the sculpin body carbon is not a single pool, but is 

partitioned into at least two compartments with different turnover 

rates. This is not surprising, since fish muscle protein is 

composed of approximately 75% actin and myosin (Bailey, 1963) 

structural filaments that are known to be metabolized at low rates 

in humans (White et al., 1978). Using this percentage as a first 

approximation of the size of a long-term compartment in a two 

compartment model, the specific metabolic rate was about 4% day 

for the smaller, short-term pool and 0.2% day 1 for the long-term 

pool. In humans, nonstructural proteins are metabolized at rates of 

about 3% day ^ and structural proteins on the order of 0.4% day 

and less (White et al., 1978). These rates may be different in 

poikilotherms, such as fish, but they indicate that the results of 

the two compartment model are reasonable. The weighted mean rate 

for the total fish was 1.2% day 1 using this model, which was about 

twice as high as the rate calculated using the one compartment 

model.

The daily energy requirements of the sculpins calculated using 

these specific metabolic rates are given in Table 5 along with those 

calculated from the rates of oxygen consumption. The rates 

calculated using the two compartment model were similar to those 

calculated from oxygen consumption rates, and to those determined

-39-



-40-

TABLE 4. Slimy sculpin specific rates of assimilation, growth, and 
metabolism calculated from carbon isotope turnover and 
growth rates.

aOne Compartment Model
Time
(days) /

k
— 9-

g
d^v ^

r
(-- Gay /

30 0.8 ± 0.3 0.0 ± 0.2 0.8 ± 0.4
60 0.4 ± 0.2 -0.2 ± 0.2 0.6 ± 0.3
120 0.4 ± 0.2 0.0 ± 0.1 0.4 ± 0.2
30-120 0.4 ± 0.1 -0.1 ± 0.2 0.5 ± 0.2

bTwo Compartment Model 
Compartment

(—
k

---- %
g
day

r
------------- )

Short-term (m) 4.2 0 4.2
Long-term (n) 0.2 0 0.2
Weighted mean 1.2 0 1.2

Specific rates were averages for the date given. The last values 
(i.e., 30-120) were from a least-squares linear regression of 
all the data.

13The S C values at 0, 30, and 120 days were used in the
calculation procedure described earlier for the two compartment 
model.

TABLE 5. Energy requirements of slimy sculpins calculated from 
carbon isotope turnover and growth rates, and oxygen 
consumption rates.

Method Energy requirement
-1 -1(kcal (kg wet weight) day )

One compartment model 
Two compartment model 
Oxygen consumption

3.2
7.6
7.6-10.0



for other small fish under similar conditions (Brett and Groves,

1979). The rates calculated using the one compartment model were 

one-half to one-third of these.

The results of this experiment indicate that isotope turnover 

rates can be used with growth rates to estimate energy requirements 

within a factor of 2 or 3. This does not mean that this is the best 

that can be done with the technique, only that the experimental data 

acquired here did not allow a better evaluation to be made. The 

approximation of a long-term pool and a short-term pool that compose 

75% and 25% of the fish, respectively, resulted in rates that were 

similar to those calculated from oxygen consumption rates, but the 

data were too scattered to use this result as a confirmation of the 

two compartment model. Furthermore, there is always the possibility 

that the rates of oxygen consumption may have been biased on the 

high side because of the ease with which fish are excited, causing 

increased respiration rates (Holeton, 1974). If this occurred here, 

the actual energy requirements may have been closer to those 

calculated from the one compartment model. In order to use this 

technique with greater confidence, more experimental work would be 

required in which the turnover of many different biochemicals was 

monitored. These data could then be modeled to fit the rates of 

energy utilization calculated from rigorously controlled oxygen 

consumption determinations, and from growth.

-41-



Comparison of the Carbon Isotope Turnover Model with the Model of 

Fry and Arnold (1982)

The two laboratory experiments performed with slimy sculpins

indicate that the carbon isotope turnover models can be used to

obtain estimates of rates of carbon utilization consistent with

other techniques. In the 14C-glucose turnover experiment the model

was simplified by assuming a steady state with constant fluxes, and

in the ^ C  turnover experiment the model was simplified by assuming

that the metabolic rate is proportional to the body weight. Since

the weight change in sculpins during the C turnover experiment was
14small, and only a trace dose of C-glucose was used in the other 

experiment, the size of the pools remained essentially constant in 

both cases. Furthermore, isotopic fractionation was always 

considered to be unimportant. If these were the only circumstances 

encountered, there would have been no reason to develop the general 

equation in Appendix D. An experiment performed by Fry and Arnold 

(1982), however, provided an opportunity to test the model when both 

growth and fractionation were occurring.

These investigators followed the changes in the isotopic 

composition of the brown shrimp, Penaeus aztecus, in a series of 

laboratory experiments in which brown shrimp were fed a diet that 

was isotopically different from their own bodies. A mathematical 

model was then used to determine the relative importances of growth 

and metabolism in effecting the changes they observed. The equations 

are (with a slight change in notation)
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P»t p,s p,o (1)

and

T = (W./W ) t o
(c + 1) (2)

where p is the carbon pool of the shrimp, t is time, o is the initial 

time, s is infinite time, g is the specific growth rate, c is a 

"metabolic" constant, W is the carbon content of the shrimp, and T is 

the fraction of original carbon remaining. They determined the

P r t
had been metabolized was calculated using this value of c, and by 

setting T equal to 0.5 and solving for Wt/WQ * T^e half-life (i.e., 

time when T = 0.5) was then calculated from a growth curve.

In order to compare this model with the one developed in 

Appendix D, the equations in both models had to be modified. A 

complete mathematical description of the changes is given in 

Appendix F. The equations above were transformed to functions of 

time by assuming an exponential growth equation (Parsons, Takahashi, 

and Hargrave, 1977),

13values of c and <5 C by fitting Eq. 1 to time series of shrimp
13<$ c values. The weight at which one-half of the original carbon

= exp(gt) (3)

where g is the specific growth rate. Equation 15 in Appendix D was 

then simplified to a form that was directly comparable to the 

transformed Eq. 1 by assuming that the slight fractionation observed
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in the experiments occurred during assimilation, and that both 

metabolism and growth are proportional to body weight. The 

resulting equation is

613C = 613C + (613C - S13C ) exp (- (r+g) t) (4)Pft PfS p/O PfS

where

V./W = r (5)3 Pft

V is the metabolic rate, and r is the specific metabolic rate.
j

Comparison of Eqs. 1-4 shows that the terms in Eq. 4 are related to 

those in the model of Fry and Arnold by

r = -g(C + 1) (6)

and

t = (1/r)In(1/T) (7)

Equations 3, 6 and 7 were used with the doubling times (i.e., the

time when W /W = 2 )  and values of c given by Fry and Arnold to p,t p,o
calculate half-lives of carbon metabolism for comparison with their

values. The value of g was calculated by substituting W /W =p , t p , o
2, and the doubling time into Eq. 3, and r was calculated from

this value, the value of c, and Eq. 6. The half-life WaS

calculated by substituting T = 0.5 and the value of r into Eq. 7.



Although the half-lives calculated using Eq. 7 are for the total

carbon pool, and those of Fry and Arnold are only for the original

carbon pool of the shrimp, these values will be the same if shrimp

carbon behaves as a single pool and metabolism is proportional to

weight. The results of the calculations are given in Table 4.

The agreement between the half-lives calculated by the two

different models is very good. In the three experiments for which

the data are not questionable (see footnote, Table 6), the values

were essentially identical. This implies that the assumptions that

shrimp growth and metabolism are proportional to weight, and that

shrimp have only a single carbon pool, are good ones. The agreement

is not as good in the other two experiments, but as noted, Fry and

Arnold appear to have miscalculated the half-lives. Shrimp that had

doubling times of 23 and 15 days could not have had W /W valuesp,t p,o
of 2.24 and 1.72 after 19 and 16 days, respectively. In fact, the

values of W /W calculated from Eq. 3 using the values of g in p,t p,o
Table 4 were 1.76 and 2.28, respectively. It appears that the

W /W values in Experiments B and C were mistakenly reversed, p,t p,o
and this led to errors in the half-life calculations.

From these experiments, the investigators concluded that the 

rate of removal of carbon from the original carbon pool of brown 

shrimp is coupled to growth rather than being a function of time 

(i.e., the length of time it takes to reach a certain weight does 

not affect the amount of turnover, only the final weight matters). 

The implication is that the turnover due to metabolism was somehow 

affected by the growth rate, but the authors gave no reasons as to 

why this might be so. Regardless of the reason, this is valuable
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TABLE 6. Comparison of model calculations of carbon isotope 
turnover in the brown shrimp, Penaeus aztecus.

Experiment g
(day 1)

c tl/2
(days) (days)

A 0.063 -2.18 10 9
B 0.030 -1.86 19C 27
C 0.046 -2.27 16° 13
D 0.087 -1.45 18 18
E 0.198 -1.94 4 4

The model of Fry and Arnold was used to calculate these values.
The model developed in this study was used to calculate these 

values.
C These two values appear to be in error. The doubling times for

shrimp in Experiments B and C were given as 23 and 15 days, and
vet the values of W /W at the half-times (i.e., t = t )
* p,t p , o 1/2
of 19 and 16 days were given as 2.24 and 1.72.

information for their major purpose, which was to determine the 

relative importances of growth and metabolism on changes in the 

isotopic compositions of brown shrimp. The model seems to be 

somewhat limited, however, in that it would be difficult to use for 

a very thorough investigation of the relationship between growth, 

metabolism, and isotope turnover. This is because the model is 

basically an empirical one, and was probably not intended for this 

purpose. For instance, unlike the model developed in this study, 

there is no explicit relationship between isotope turnover due to 

metabolism, and the metabolic rate. It should be pointed out, 

however, that if the half-life of the original carbon pool is
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calculated using the model of Fry and Arnold, and it is then assumed 

that brown shrimp have a single carbon pool and that the metabolic 

rate is proportional to body weight, the specific metabolic rate 

could be calculated from the half-life using Eq. 6. This may be 

adequate for many cases, but it seems preferable to use a model that 

allows the investigator more of an opportunity to modify the model 

according to his/her needs. To test the utility of my isotope 

turnover model in gaining additional information about the brown 

shrimp experiments, the data of Fry and Arnold were used to further 

investigate the relationship between growth, metabolism, and isotope 

changes in brown shrimp.

The relationship between metabolic rate and body weight is 

given more exactly by

V is the initial metabolic rate, and n and a are constants 
3  r °
(Gordon et al., 1977). When n = 1 the metabolic rate is 

proportional to body weight. However, the literature values of n 

for crustaceans range from about 0.67 to 1.0 (Wolvekamp and 

Waterman, 1960), and the study of Weymouth et al. (1944) concluded 

that 0.83 is the most appropriate value for crustaceans as a whole. 

The effect of this relationship on isotope turnover was investigated

V. = V 
3

(8)

where

n (9)a



by combining Eqs. 3, 4, and 8 to to produce an equation that 

incorporates the correct form of the metabolism-weight relationship 

(Appendix F ) . This equation was then used with the data of Fry and 

Arnold and different values of n to calculate predicted time series 

of isotope turnover for comparison with the experimental time 

series. Metabolic rates were then calculated using Eq. 8 and 

compared with literature estimates as an additional check on the 

model.

The values of c and g determined by Fry and Arnold for their

best data set (i.e., Experiment A) were -2.18 and 0.063 day which

when used in Eq. 6 give a value of r of 0.074 day The effect of

the value of n on the accuracy with which Eqs. 15 and 16 in Appendix

6 fit the data of Fry and Arnold when growth is assumed to be
13 13exponential is shown in Table 7. The values of 6 C and 6 C ^ PfO p,s

taken from their data were -19.7 and -14.3 °/oo, respectively,

V. /W was estimated to be 0.074 day  ̂ from the value of V./W D,o p,o 3 P

calculated above, and the values of n were taken from Wolvekamp and

Waterman (1960) and Weymouth et al. (1944). The excellent agreement

between the experimental data and the values calculated from the

model using either n value implies that the approximation that

V /W = r = 0.074 day ^ was a very good one, and that in this j,o p,o
instance the particular value of n was not important. This can also 

be expected to be true for the other experiments. The reason why n 

was not important in these experiments was that n affects the value 

of r in accordance with Eqs. 5 and 8, and the rate of isotope 

turnover depends on the sum of g and r (Eq. 4). The values of g and 

r were approximately equal at the start of each experiment, but r
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decreased with time. In Experiment A when n = 0.67, for example

(the most extreme case), r was initially equal to 0.074 and

decreased to 0.063 after 25 days. This only would have lowered the

sum of g and r by about 8%, and would not have significantly

affected the isotope turnover relative to the rate when n = 1.

The values of r calculated from Eq.7 and the values of a

calculated from each value of r using Eq. 8 are given in Table 8.

The values of V and W used to calculate a values are generally 3/0 p,o
given in the literature in units of ml 0 consumed hr and grams

wet weight and, therefore, some conversion factors were required in

making the above calculations. The initial dry weights and carbon

contents of the shrimp were taken from Fry and Arnold, the shrimp

were assumed to be 85% water (Parsons, Takahashi and Hargrave,

1977), and the respiration quotient was assumed to be 0.85. The

mean value of a taken from Weymouth et al. (1944) and corrected to

the experimental temperature range of 23-25°C using their

recommended O of 1.6 was 0.16. This value is in fairly good 10
agreement with the values in Experiments A-D calculated from isotope 

turnover, especially considering the variability around this average 

and the uncertainty in conversion factors. The literature value was 

the average rate for 53 different species of crustaceans; the rates 

being determined when the organisms had not been recently fed. In 

the experiments of Fry and Arnold, the shrimp were fed daily, and so 

it is not certain how this might affect a comparison. However,

Brett and Groves (1979) found that the daily metabolic rates may 

double for fish feeding at moderate levels and triple for those 

feeding at maximum levels. A more reliable comparison would require
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TABLE 7. Effect of 
turnover 
aztecus.

n values on 
calculations

the accuracy of the carbon isotope 
for the brown shrimp, Penaeus

.13 a A *  „ b x13 cTime 5 C 6 C 5 c .Prt P/t P/t
(days) (°/oo) (°/oo) (°/oo)

0 -19.7 -19.7 -19.7
5 -17.0 -17.0 -17.1

10 -15.7 -15.7 -15.8
15 -15.0 -15.1 -15.1
20 -14.6 -14.7 -14.8
25 -14.5 -14.5 -14.6

100 -14.3 -14.3 -14.3

a Values calculated using the data and equations of Fry and Arnold
and by assuming exponential growth.

b Values calculated using Eqs. 15 and 16 in Appendix F and a value
of n of 0.83.

c Values calculated using Eqs. 15 and 16 in Appendix F and a value
of n of 0.67.

TABLE 8. Metabolic rates 
calculated from

of the brown shrimp, Penaeus 
carbon isotope turnover.

aztecus,

Experiment g
(day 1)

r
(day 1)

aa
(ml 02 g 1 hr 1)

1.0 0.83 0.67

A 0.063 0.074 0.28 0.13 0.06
B 0.030 0.026 0.15 0.06 0.03
C 0.046 0.054 0.20 0.10 0.04
D 0.087 0.039 0.23 0.09 0.04
E 0.20 0.17 0.98 0.59 0.38

The headings 1.0, 0.83, and 0.67 refer to the values of n used in 
the calculation.
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respiration rate data on Penaeus aztecus, but it appears that my 

isotope model may work reasonably well for calculating the metabolic 

rates of growing organisms using is atopic data.

The specific metabolic rate in Experiment E was much higher

than those in the other experiments, but this was probably not an

error in the isotopic technique. Instead, it reflected the most

likely reason why Fry and Arnold concluded that isotope turnover in

brown shrimp is a function of weight and independent of time. In

every experiment except D, the specific metabolic rate was

approximately equal to the specific growth rate. Experiment D did

not fit this relationship, but this is not surprising, since as Fry

and Arnold pointed out, these data are not very reliable because of
13the small change in 6 C values over the course of the experiment.

It seems that in these experiments isotope turnover depended on 

growth rather than time because the specific metabolic rate was 

approximately equal to the specific growth rate. Because of this, a 

shrimp that took 10 days to double its weight turned over as much 

original carbon as one that doubled in 20 days, since its metabolic 

rate was also twice as fast. Brett (1964) observed a similar 

relationship between specific metabolic and growth rates in young 

sockeye salmon. It is not clear why Fry and Arnold did not make 

this observation, since their calculations showed essentially the 

same relationship, only in terms of half-lives and doubling times.

It may be because they chose to interpret turnover in terms of 

weight rather than time.

This analysis of the experiments of Fry and Arnold (1982) shows 

the wide applicability of the isotope turnover technique in studying



growth and metabolism in organisms. In some instances the model 

used by these investigators and my model will be of similar utility. 

However, I believe that my model is generally more adaptable in 

these types of studies, and can provide better insight into the 

processes affecting isotope turnover.

Energy Requirements of Arctic Fishes

Arctic Grayling. Arctic grayling (Thymallus arcticus) are obligate

freshwater fish (Morrow, 1980). This behavior is reflected in their 
136 C values, which show no seasonal variations, but remain typical

of freshwater/terrestrial plant material throughout the year

(Schell, 1983). Because of this relative constancy of isotopic
13composition, the 6 C values provide little useful information about

14their diet. In contrast, and as was mentioned earlier, the C

activities of grayling apparently undergo a seasonal shift (Fig. 6)

that can be used to estimate peat carbon dependence (Schell, 1983),

and that could possibly be used as an indicator of feeding activity

and to estimate energy requirements.
14The increase in C activities during the ice-free season from 

June to September, and the decrease from September to June, implies 

that these fish feed throughout the year. This conclusion is 

supported by the studies of Hablett (1979) and Bendock (1981), who 

found a variety of prey organisms in the stomachs of arctic grayling 

caught in the Colville River during both the summer and winter.

Fish taken from a number of sites in the Colville drainage between 

June and September had eaten mostly caddisfly and chironomid larvae,
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Figure 6. Seasonal cycle of C activities of arctic grayling from

the Colville River drainage. The percentage of peat
14carbon in body tissue implied from the C activity was

calculated according to Schell (1983). (From Schell, 

unpublished data.)
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and surface and aerial insects, while those caught near Umiat under 

the ice in March and April had mayfly and stonefly larvae in their 

stomachs. Although food is available throughout the year, it is far 

more abundant during the summer, when grayling eat insects from the 

river drift and the water surface. During the winter the flow of 

water decreases sharply as the river freezes, and the fish must 

congregate and forage in the limited amount of habitat where the ice 

does not freeze to the bottom (Bendock, 1981). This situation can 

be expected to result in a decrease in the rates at which grayling 

assimilate carbon. As in temperate environments, there is probably 

a sharp drop in growth (Jones, 1976), and perhaps complete cessation 

(Gerking, 1966). Also, the metabolic demands of the fish should 

decrease because of the lower food rations and winter temperatures 

(Brett and Groves, 1979). If growth and metabolism are decreased to 

low enough rates, the fish may be able to survive on the food 

available; otherwise they must utilize energy stored in their 

bodies.

The arctic grayling analyzed in this study indicate that these 

fish are able to find enough food during the winter to supply their 

energy requirements. There was very little seasonal change in 

biochemical composition (Table 9) and apparently no loss of body 

weight from fall to spring (Appendix B ) . The number of grayling 

available for biochemical analyses was small, but the low lipid 

contents of all the fish analyzed indicates that grayling use very 

little lipid for energy storage, and that the small amount present 

is probably required for essential structures such as cell 

membranes. It is possible that grayling could metabolize protein
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TABLE 9. Biochemical compositions (mean values ± one standard 
deviation) of arctic grayling from the Colville River 
drainage and Sagavanirktok River.

Season an Water
(%)

Lipid
(%)

Protein
(%)

Fall 6 79.5 ± 1.3 1.9 ± 0.4 18.2 ± 1.0
Spring 4 77.8 ± 1.6 2.5 ± 0.7 18.8 ± 1.5

a The sample size is denoted by n.

for energy during the winter, but the protein data indicate that 

this is not the case. In fact, the stored biochemical energy 

increased slightly during the winter, but there were too few data to 

be conclusive. Food foraged from the sediments is apparently the 

sole source of energy for grayling during the winter.

If none of the winter energy requirements of arctic grayling 

are supplied by lipid and protein stored from summer feeding, then 

their rates of energy utilization over this period are equal to 

their metabolic rates. Assuming that the metabolic rates of 

grayling are similar to those determined for two other arctic fish 

species (Appendix C) , the winter energy requirement is 0.4-1.2 kcal 

day . In the summer, metabolism increases due to higher 

temperatures and greater activity, and additional energy is also 

required for growth. As a result, the energy requirement increases 

to 2.7-3.5 kcal day  ̂ during the summer, but these needs can be 

supplied by the increased abundance of food.

These requirements are compared here to those calculated from
14 14the seasonal rates of C turnover. The C activities of Colville



River grayling are given in Appendix B. For the turnover rate
14calculations, the C activity of the food eaten by the grayling

during the summer was estimated to have been 123% modern, which was

the mean activity of modern aquatic primary producers (Schell,

1983). This seems reasonable, since by the end of the summer the

grayling were very close to this value.
14The C activity of the winter food of grayling is more

difficult to estimate, but it appears to have been between 90 and
14100% modern. By the end of the winter the average C activity of 

grayling was about 104% modern, and so the food must have been less 

than this. However, it was probably not much lower than 90% modern, 

since the lowest value found for any fish in the Colville was 92% 

modern (Schell, 1983). A value of 95% modern was used as an 

estimate for the winter food. The specific assimilation rates of 

grayling calculated using these values and the single compartment 

model are given in Table 10. The value of k for winter grayling was 

0.2-0.5% day  ̂ and that for summer grayling was 1.0-2.4% day 

During neither season was there a decrease over time that might 

indicate that grayling have a multicompartment system. In fact, 

there was a tendency for the values to increase with time. The 

slight increase during the winter was probably due to random 

variability, but the increase during the summer was more likely due 

to the exponential form of the isotope turnover equation. When the 

isotopic composition of a fish gets close to that of the food* the 

calculation of the value of k becomes very sensitive to small 

changes in isotopic composition and is very susceptible to error. 

This can be seen in the specific assimilation rates calculated from
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TABLE 10. Specific assimilation rates of arctic grayling calculated 
from carbon isotope turnover.

Season Time
(days)

14C activity 
(% modern)

k
(% day )

Winter 0 119.5 ---

180 111.1 0.2
180 107.5 0.4
270 105.5 0.3
270 102.1 0.5

Summer 0 103.8 ---

40 110.0 1.0
40 113.5 1.8
90 118.1 1.5
90 119.4 1.8
90a 120.9 2.4

The actual day in September when this fish was caught was not 
known, but for the calculation it was assumed to be the same as 
the other September fish.

the September data. An increase in C activity of 1.3% modern

raised the value of k from 1.5 to 1.8% day An increase of 1.5%

modern raised the value to 2.4% day This was three times as
14great of an increase in rate for almost the same change in C 

activity. Eecause of this, the summer rates calculated with the 

September data are not as reliable as those calculated with the July 

data.

The energy requirements of arctic grayling calculated from 

these rates (using only the July data for the summer requirements) 

were 3.2-5.8 and 0.6-1.6 kcal day  ̂ for summer and winter,



respectively. These requirements were in good agreement with those 

calculated from rates of growth and oxygen consumption, which 

indicates that the isotope turnover technique can be used on animals 

living in the wild. The close comparison also indicates that the 

body carbon of grayling may behave more as a single pool than as an 

assemblage of compartments with different turnover rates. If this 

is true, it implies that the structural protein in these fish is 

quite easily mobilized. This would be a great advantage, since it 

would allow the fish to readily utilize protein for energy when food 

is scarce, and improve the probability of survival. This is the 

belief of Siebert et al. (1964), who concluded that the large 

quantities of autolytic enzymes found in fish muscle are used to 

mobilize protein for this purpose.

Arctic Cisco. The arctic cisco (Coregonus autumnalis) is an 

anadromous fish, and those that inhabit the Alaska Beaufort Sea 

carry out most of their life cycles in and between the Mackenzie and 

Colville rivers (Gallaway et al., 1983). Spawning occurs in the 

Mackenzie River, and from ages 1-7 the fish inhabit the region from 

the Mackenzie to the Colville. They live in the brackish coastal 

waters during the summer and then migrate into the deltas and lower 

reaches of these two large rivers and, possibly, others for the 

winter. When the fish reach an age of 7-9 they return to the 

Mackenzie to spawn.

The relative importances of marine and freshwater food webs in

supplying the seasonal energy needs of arctic ciscoes can be studied 
13 12using C/ C ratios. The isotopic compositions of the organic
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Figure 7 . 6  C values of obligate freshwater and marine fishes from 

the Colville River drainage and Beaufort Sea. The 

obligate freshwater species were arctic grayling and round 

whitefish. The obligate marine species were arctic cod 

and snailfish.



matter that supports each of these food webs are significantly

different (Schell, 1983), and as a result, fish that feed
13exclusively in either environment have distinctive 5 C values (Fig.

1 37). The 5 C values of arctic ciscoes should fall somewhere within

the range found in these environments, depending on the proportions

of their body carbon that come from marine and freshwater/terrestrial
13organic matter. Seasonal variations in their 6 C values would 

reflect shifts in the isotopic composition of their diet and, 

therefore, a change of habitat.

The 613C values of arctic ciscoes caught in the Colville River 

Delta in the fall (Fig. 8) were typical of fish that feed strictly 

on marine food. This was expected, since arctic ciscoes are known 

to feed in the coastal waters of the Alaska Beaufort Sea during the 

summer. Arctic ciscoes caught in the delta in the spring also had 

values characteristic of obligate marine fish, indicating that 

arctic ciscoes feed on marine organisms and/or metabolize stored 

lipid and protein when they overwinter in the Colville River. This 

result is in agreement with the information gathered from fish 

catches, which indicate that arctic ciscoes overwinter in areas of 

the Colville River where only marine food is present. Gallaway et 

al. (1983) concluded from the available fisheries data that arctic 

ciscoes are abundant in the Colville River only as far as the 

Itkillik River (about 15 km above the head of the delta and 5C km 

from the ocean) and probably do not move farther upriver than Umiat 

(about 175 km from the ocean). Saline water can intrude at least as 

far as the Itkillik in the winter (as evidenced by the salinities of 

15-28 °/oo measured there by Kogl and Schell (1975) in late April,
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and so the food available to these fish is probably marine

crustaceans that can survive in brackish waters. Craig and Haldorson

(1981) found this to be the case for arctic ciscoes caught in the

Colville River Delta during the fall and also in April and May, as

only marine amphipods were present in the stomachs of fish analyzed

from each of these periods. Unfortunately, the isotopic data cannot

be used reliably to determine the overwintering behavior of arctic

ciscoes. This is because the low winter energy requirements of

arctic ciscoes (these are discussed later) may allow them to

overwinter in fresh water without incurring noticeable shifts from

fall marine isotopic compositions. This is shown by the following

rough calculation. Arctic ciscoes appear to require a maximum of

about 0.7 kcal day 1 of energy from winter feeding and have an

average body energy content of 500 kcal during this time. Assuming

that carbon content is proportional to energy content, the winter

carbon turnover rate is 0.14% day \  Using this rate, the single

compartment isotope turnover model and 6 C values of -21 /oo for

the fish in the fall (i.e., 613C ) and -20 °/oo for the foodp,o
13 13(i.e., 6 C ), the 6 C value of an arctic cisco after a 265 day 

winter would be about -23 °/oo, a shift of -2 °/oo from the fall 

value. The shift actually observed would probably be even smaller

than this since lipid is isotopically lighter than protein (in one
13arctic cisco analyzed in this study, these components had 6 C

values of -24.1 and -20.6 °/oo, respectively) and the preferential

use of lipid should shift the isotopic composition to a less 
13negative 6 C value. Furthermore, if these fish have a large,

-62-



-63-

TABLE 11. Biochemical compositions (mean values ± one standard
deviation) of arctic ciscoes from the Colville River and 
eastern Beaufort Sea.

Season Location an Water
(%)

Lipid
(%)

Protein
(%)

Fall Colville River 12 67.7 ± 1.7 10.1 ± 1.6 20.3 ± 0.8
Spring Colville River 9 74.0 ± 2.7 5.6 ± 2.1 19.5 ± 0.8
Summer Eastern Beaufort 7 70.0 ± 3.5 6.5 ± 3.2 21.9 ± 3.0

The sample size is denoted by n.

long-term carbon pool, there would be an additional damping of the 

isotope turnover.

The biochemical compositions of arctic ciscoes are given in 

Table 11. Between October and June the average lipid content of 

arctic ciscoes from the Colville River decreased from 10.1% to 5.6%, 

the protein decreased from 20.3% to 19.5%, and the water increased 

from 67.7 to 74.0%. The remainder of the fish was ash (i.e., 

inorganic components). The increase in the percentage of water was 

not simply a dilution effect. If a fish was initially composed of 

10.1 g of lipid, 20.3 g of protein, 67.7 g of water, and 1.9 g of 

ash, and 4.9 g of lipid, and 0.8 g of protein were removed while the 

water and ash contents remained constant, the percentage of water in 

the body would only increase from 67.7 to 71.5%. The additional 

increase to 74% observed here is due to the uptake of water by the 

fish to fill the space vacated by the lipid and protein. This 

uptake has the effect of maintaining the fish at a relatively 

constant weight even though there is a net loss of lipid and protein 

(Parker and Vanstone, 1966). The effect of the uptake of water on a
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Figure 9. Relationship between lipid and water contents of arctic

ciscoes from the Colville River and eastern Beaufort Sea. 

(A) Colville River Delta, fall; (Q) Colville River 

Delta, spring; (O) eastern Beaufort Sea, summer. The 

equation of the line (y = -0.82x + 76.0) was calculated 

using a model IX linear regression (Sokal and Pohlf, 196-) 

and the fall data.



fish body can be seen in histological sections that show the changes

in cell morphology resulting from an increase in both extracellular
»

and intracellular fluid (Creac h and Gas, 1971).

The inverse relationship between the lipid and water contents 

of arctic ciscoes, which has also been observed in many other 

species of fatty fish (Love, 1970), is shown in Fig. 9. The 

regression line was drawn through the fall data since the fish were 

then in their best condition and had probably replenished any 

protein and lipid depleted during the previous winter. The spring 

fish data lie above the line because of the mobilization of stored 

protein and its subsequent replacement with water. The offset 

appears to be a constant one, and implies that lipid and protein are 

used by overwintering arctic ciscoes in relatively constant 

proportions. The fall data were quite scattered and may have 

distorted the true relationship, but if protein is in fact used 

concomitantly with lipid during the winter, it is contrary to the 

general observation that fatty fish only utilize protein after the 

lipid content has been strongly depleted (Love, 1970).

The importance of stored lipid and protein in supplying the 

winter energy requirements of arctic ciscoes was estimated from the 

quantities of these components used over the winter, and the 

metabolic rates of the fish. Because the isotopic compositions of 

arctic ciscoes caught in the Colville River were relatively constant 

during the year, the metabolic rates could not be determined using 

the isotope turnover technique. However, like other arctic fish 

species, an overwintering arctic cisco probably uses about 0.4-1.2 

kcal day”1 in metabolic processes. The average decrease in lipid
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and protein over the 265 day winter was equivalent to a loss of 

about 0.5 kcal day \  which was between 40 and 100% of the metabolic 

requirement. This implies that the lipid and protein stored by 

arctic ciscoes during the summer is a major source of winter energy, 

a result that is very different from what was observed in arctic 

grayling, which apparently have to feed continuously to supply their 

energy needs.

The summer energy requirements of arctic ciscoes calculated 

from rates of growth and oxygen consumption, and biochemical changes 

were 4.4-6.0 kcal day 1 . These were about six times higher than the 

winter requirements, and they further emphasize the importance of 

the short period of summer feeding on the survival of this species.

The arctic ciscoes from the eastern Beaufort Sea were

isotopically different from those caught in the Colville River (Fig.
138). These fish had 6 C values diagnostic of fish that feed in both 

marine and freshwater food webs. One possible explanation for this 

is that eastern Beaufort Sea arctic ciscoes overwinter in the 

Mackenzie River rather than the Colville, and that freshwater/ 

terrestrial carbon is present in their prey. This either means that 

the fish move far enough upriver to reach fresh water in the winter, 

or that freshwater/terrestrial detritus coming down the river 

supports much of the Mackenzie River Delta and nearshore marine food 

web.

The relationship between the lipid contents and 6 C values of 

eastern Beaufort Sea arctic ciscoes (Fig. 10) supports the 

conclusion that during the winter these fish feed on prev that are 

supported by freshwater/terrestrial organic matter. When arctic
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ciscoes leave the Mackenzie in the spring they are probably depleted

in lipid and protein, as was the case for the overwintering

population in the Colville. If they have fed on organisms that

contain a significant quantity of freshwater/terrestrial carbon,

their 6 ^ C  values will be more negative than they were in the fall.

Throughout the summer, they will feed on marine organisms and their

protein and lipid stores will increase, as will their total weight.

The isotopically heavier marine food will increase the 6 ^ C  values

of the fish, and as a result, the lipid contents and 613C values

should increase together. This relationship is the exact opposite

of what one would expect for fish that feed strictly on marine

organisms. The 613C value of lipid in an organism is typically 
13lower than the 6 C value of proteinaceous material because of

isotopic fractionations that occur during metabolism (DeNiro and
13Epstein, 1978). For example, the 5 C value of the lipid of one

arctic cisco caught in the Colville in the fall was -24.1 °/oo, its

protein was -20.6 °/oo, and the value for the whole fish was -22.1

°/oo. Therefore, it is unlikely that eastern Beaufort Sea arctic

ciscoes could be isotopically similar to marine fish in the spring

and then increase their values during the summer while feeding

on marine organisms.

One of the eastern Beaufort Sea arctic ciscoes was not included

in the lipid-6^C relationship in Fig. 10 because it appears to have
13been a highly anomalous fish. This fish had a 6 C value of -15.5 

°/oo (Fig. 8), a value that was more than 6 °/oo higher than that of 

any other arctic ciscoes from this area and more than 2 °/oo higher 

than the values of Colville River arctic ciscoes. The reason for
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this is not clear, but the best explanation seems to be that the

fish became isotopically heavy due to a preferential synthesis and

storage of protein. The protein content of this fish was 27.4%,

whereas most of the other arctic ciscoes were about 21% protein.

The synthesis and storage of the additional protein, which is

isotopically heavier than lipid (3.5 °/oo heavier in the Colville
13River fish mentioned above) might have caused the C enrichment of 

the whole fish. Nonetheless, the reason why this particular arctic 

cisco had such an anomalous protein content is still uncertain.

Another explanation for the lower S ^ C  values of eastern 

Beaufort Sea arctic ciscoes is that the isotopic composition of 

phytoplankton in the eastern Beaufort Sea is different from those in 

the west. If there is a difference, it could be passed through the 

marine food web in this area causing consumer organisms to have 

lower 6 ^ C  values. Dunton and Schell (1986b) observed that marine 

filter feeders became isotopically lighter going from west to east, 

and believe that this may be caused by the upwelling and fixation of 

isotopically light bicarbonate generated by the decomposition of 

organic matter. However, the trend was not observable in marine 

amphipods and mysids (the major prey of arctic ciscoes) collected 

near shore in the eastern Beaufort Sea. Their 613C values were 

similar to those of crustaceans from the west.

It appears then, that the best explanation for the geographical 

differences in the isotopic compositions of arctic ciscoes is that a 

large proportion of the population that feeds in the eastern 

Beaufort Sea in the summer overwinters in or near the Mackenzie 

River on prey that are supported by freshwater/terrestrial organic
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matter. This phenomenon was also apparent in the few fourhorn
13sculpin (Myoxocephalus quadricornis) specimens (6 C values of -27.3 

°/oo in the eastern Beaufort Sea and -18.8 to -20.8 °/oo near the 

Colville River), and certainly deserves further study, since it 

implies that there may be a difference in the importance of marine 

and freshwater food webs in supplying the energy requirements of 

fishes that overwinter in the influences of the Colville and 

Mackenzie rivers.

Least Cisco. Least ciscoes (Coregonus sardinella) of arctic Alaska

can be anadromous, like arctic ciscoes, or they can be 

nonanadromous. The anadromous populations spend the summer in the 

nearshore waters of the Beaufort Sea, where they are relatively 

abundant from Barrow to Prudhoe Bay and near the Mackenzie River, 

but are rarely found in between these areas. In the fall they 

migrate from marine waters to the coastal rivers to spawn and/or 

overwinter; the Mackenzie populations move into the delta of that 

river while the western Beaufort Sea populations migrate to the 

Colville River or rivers to the west (Craig and Haldorson, 1981).

In contrast to the anadromous least ciscoes, nonanadromous least 

ciscoes rarely enter salt water, but instead remain either in lakes 

or rivers throughout their entire lives (Hablett, 1980; Morrow,

1980).
13The 6 C values of least ciscoes caught in the Colville River 

Delta and in tundra lakes (Fig. 11) reflected the differences in 

life histories found among this species. Least ciscoes taken from 

the Colville River Delta in the fall and spring had 613C values
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Figure 11. 6 C values of least ciscoes from the Colville River and

tundra lakes on the Alaska North Slope.



characteristic of obligate marine fishes (Fig. 7), showing that they 

were from anadromous populations. Least ciscoes probably acquire 

marine isotopic compositions by feeding in the ocean during the 

summer, and then maintain them throughout the winter either by 

continuing to feed on marine organisms or by living off energy 

stored in body tissues. It appears that they do not overwinter on 

freshwater food, an observation that agrees with the results of the 

fish survey by Bendock (1981), in which he did not catch any least 

ciscoes in the fresh water above the mouth of the Itkillik River 

during the winter, and also with Craig and Haldorson (1980), who 

caught least ciscoes in the delta throughout the fall and in April 

and May with marine amphipods in their stomachs. However, as was 

the case with arctic ciscoes, conclusions about the overwintering 

behavior of least ciscoes drawn from isotopic data may not be 

reliable since their low winter energy requirements may allow them 

to overwinter in fresh water and feed on freshwater food without

incurring noticeable shifts from fall marine isotopic compositions.
13The 6 C values of least ciscoes caught in the summer in the 

Colville River Delta and in tundra lakes (Fig. 11) were similar to 

those of obligate freshwater species (Fig. 7). It is doubtful that 

these fish could have fed heavily enough from late spring to 

mid-summer (a period of approximately one month) to cause a complete 

shift from marine to freshwater/terrestrial 6^3C values. Instead, 

they must have overwintered in fresh water above the delta or in 

lakes and, therefore, represent resident freshwater populations.

The biochemical compositions of least ciscoes (Table 12) also 

indicate that there are differences between least ciscoes that
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TABLE 12. Biochemical compositions (mean values ± one standard 
deviation) of least ciscoes from the Colville River.

Season Location an Water
(%)

Lipid
(%)

Protein
(%)

Fall Colville River 9 73.6 ± 1.4 5.2 ± 1.5 20.3 ± 0.8
Spring Colville River 10 77.2 ± 1.3 3.2 ± 1.0 19.1 ± 0.4
Summer Colville River 3 70.7 ± 4.6 9.6 ± 3.3 18.7 ± 0.9

The sample size is denoted by n.

inhabit the Colville River Delta in the fall and spring, and those 

that live there during the summer. It was anticipated that the 

lipid and protein contents of least ciscoes would be at a maximum in 

the fall and a minimum in the spring, and that the water contents 

would follow an opposite pattern. This was observed in arctic 

ciscoes and is believed to be the result of differences in the 

seasonal availability of food. The average lipid and protein 

contents of least ciscoes increased from 3.2 and 19.1% in the spring 

to 5.2 and 20.3% in the fall, while water decreased from 77.2 to 

73.6%. Furthermore, like the arctic cisco, there was an inverse 

linear relationship between fall lipid and water contents, with an 

offset in the spring data that is probably due to winter protein 

utilization (Fig. 12). Surprisingly, however, the highest lipid and 

lowest water contents occurred in two of the three least ciscoes 

caught in the Colville River in the summer. They were 11.2 and 

11.9% lipid and 67.1 and 69.2% water, respectively. It is not clear 

why these nonanadromous fish should have had so much more stored 

lipid than the anadromous members of the species. They were not
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Figure 12. Relationship between lipid and water contents of least 

ciscoes from the Colville River. (A) Colville River 

Delta, fall; (O) Colville River Delta, spring; (<C>) 
Colville River Delta, summer. The equation of the line 

(y = -0.90x + 78.3) was calculated using a model II 

linear regression (Sokal and Rohlf, 1969) and the fall 

data.



gravid, and so they probably did not store lipid for egg production. 

However, even if they had been gravid, this would not be a 

reasonable explanation since the few least ciscoes that were 

carrying eggs did not have significantly mere lipid in their bodies 

(including the eggs) than was typical for least ciscoes that were 

not gravid. It also appears that they did not, for any other 

reason, preferentially store lipid at the expense of protein, since 

their protein contents were similar to those of other least ciscoes. 

It may be that there is more food available for this species in the 

Colville River than in the ocean, but no information exists to 

support or reject this conclusion.

The energy requirements of least ciscoes could not be 

determined from isotopic data, since the isotopic compositions of 

anadromous Colville River specimens did not change seasonally. 

However, the requirements calculated from rates of oxygen 

consumption and growth, and biochemical changes were 2.6-3.9 kcal 

day  ̂ for the summer and 0.4-1.2 kcal day for the winter. The 

energy contents of least ciscoes decreased by about 0.3 kcal day 

over the winter, an amount equal to approximately 25-50% of the 

energy needed during this period. This implies that a significant 

portion of the winter energy required by least ciscoes is supplied 

by stored lipid and protein, and that the remainder is acquired by 

winter feeding, apparently in the Colville River Delta. These 

results and the isotopic data indicate that anadromous least ciscoes 

rely heavily on summer feeding for both their summer and winter 

energy needs, and that most, if not all, of this energy comes from 

marine prey organisms.
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Arctic Char. The arctic char (Salvelinus alpinus) is found along 

the entire Alaska Beaufort Sea coast during the summer, and in the 

Colville River and lakes and rivers to the east of the Colville all 

year round (McCart et al., 1972; Hablett, 1979). Like arctic and 

least ciscoes, arctic char are born in fresh water, and after a 

variable number of years the anadromous members of the species 

migrate to the ocean for the summer. In the fall they return to 

streams to spawn and/or overwinter, but instead of remaining in the 

brackish waters of the deltas or lower reaches of rivers they 

generally move upriver to spring-fed areas. The nonanadromous 

arctic char never migrate to the ocean, but are permanent residents 

of lakes or rivers (McCart et al., 1972).

The isotopic compositions of arctic char collected from both 

freshwater and marine habitats (Fig. 13) were characteristic of fish 

that feed predominantly on marine organisms and, therefore, identify 

these specimens as being anadromous. The 613C values ranged from 

-13.5 to -24.6 °/oo, with only the specimen with the value cf -24.6 

°/oo appearing to have consumed any freshwater/terrestrial organic 

matter. The other fish had 613 values less negative than -22 °/oo, 

which were more typical of obligate marine fishes. Even the arctic 

char collected in fresh water upstream in the Ivishak River in the 

spring had marine isotopic compositions, an observation that 

substantiates the belief that arctic char eat very little, or not at 

all, during the winter (McCart et al., 1972). In general, the 

isotopic data indicate that all the arctic char caught were 

anadromous, and that anadromous arctic char, like most anadromous

-76-



NU
MB
ER
 

OF 
FI
SH

COLVILLE RIVER FALL

10 ~  

9 -

8 -

7 -

S -

5 -

-1 *

3 -

2 -

-14 -15 -IS

- 7 7 -

COLVILLE RIVER SPRING
A

IVISHRK RIVER EASTERN BEAUFORT SPRING SUMMER

//////.//
7//

<*
*17 -18 -13 -20 -21 -22 -23 -24 -25

t ,3c (%.)

Figure 13* 6 ^ C  values of arctic char from the Colville and Ivishak

Rivers and eastern Beaufort Sea.



arctic and least ciscoes, depend heavily on the marine food web for 

their annual energy requirements.

One difficulty in interpreting the isotopic data was the

relatively high 613C values of -13.5 and -16.3 °/oo observed in two

of the arctic char. This same problem was encountered earlier in an

arctic cisco that had a 613C value of -15.5 °/oo, but then it was

adequately explained as resulting from isotopic fractionation by the

fish. This is not so easy to do in this case, since the biochemical

compositions of these two arctic char were not significantly

different from the others. It may be that these fish fed primarily

in an area where the major source of carbon was kelp or benthic
13algae, plants that can have 6 C values in this range (Dunton and 

Schell, 1986a); otherwise it is difficult to explain the cause of 

these isotopic compositions.

One way in which arctic char differ from the species of fish 

discussed previously is that they grow to much larger sizes. The 

arctic char collected in this study ranged in weight from about 250 

to 1,100 g, whereas most specimens of arctic grayling and arctic and 

least ciscoes were between 250 and 350 g. This difference led to 

difficulties in using the data on arctic char to estimate their 

summer and winter energy requirements and the extent to which they 

rely on stored lipid and protein over the winter. The problem can 

be seen in Table 13 and Fig. 14, which show the biochemical 

compositions of arctic char and the lipid-water relationship, 

respectively. The biochemical compositions followed the typical 

pattern in which the lipid and protein contents increased during the 

summer and decreased during the winter, while the water contents did
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TABLE 13. Biochemical compositions (mean values ± one standard
deviation) of arctic char from the Colville and Ivishak 
rivers and eastern Beaufort Sea.

Season Location an
bWet

Weight
(g)

Water
(%)

Lipid
(%)

Protein
(%)

Spring Colville River 4 500-700 78.4±0.7 2.6±0.6 18.410.7
Ivishak River 2 360-400 73.3±0.8 5.5±0.4 20.210.2

Summer Eastern Beaufort 3 270-410 71.8±0.8 5.8±0.8 21.510.8
Eastern Beaufort 5 840-1,080 63.2±2.3 12.7±1.4 21.710.9

The sample size is denoted by n.
When weights were not available they were estimated from the fork

length using the length-weight equation in Table 2.

the opposite. The lipid-water relationship was also as expected, in 

that the components were inversely related and there was an offset 

in the spring data that implies the concomitant use of lipid and 

protein over the winter. The difficulty appears in the data on fish 

from the eastern Beaufort Sea, which indicate that large arctic char 

have a much higher percentage of lipid than small arctic char caught 

at the same time. This apparent dependence of biochemical 

composition on weight made it unreasonable to combine the data on 

arctic char, which had such a wide range of weights, to calculate 

the energy requirements of a "standard" 300 g fish. Furthermore, 

since only a few specimens in the 250 to 350 g range were caught, it 

was not possible to use these data alone for the calculations. This 

combination of circumstances prevented any useful estimation of
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Figure 14. Relationship between lipid and water contents of arctic 

char from the Colville and Ivishak rivers and eastern 

Beaufort Sea. (A) eastern Beaufort Sea, summer; (O) 
Colville River Delta and Ivishak River, spring; (<>) 

eastern Beaufort Sea, summer; fish greater than 500 g. 

The equation of the line (y = -1.3x + 79.6) was 

calculated using a model II linear regression (Sokal and 

Rohlf, 1969) and the summer data.
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arctic char energy requirements from the data available in this 

study.

Broad Whitefish. The broad whitefish (Coregonus nasus) of arctic

Alaska are anadromous, but unlike anadromous species discussed

previously they rarely travel from the river where they were

hatched. They spend the summer either in fresh water in the lower

reaches of the river or in the brackish waters near the river mouth.

In the summer and fall they migrate upriver to spawn and, possibly,

to overwinter (Morrow, 1980; Craig and Haldorson, 1981).
13The 6 C values of most of the broad whitefish collected from

the Colville River and coastal Beaufort Sea were characteristic of
13marine consumers/ although some of the fish had 6 C values affected 

by freshwater/terrestrial organic matter (Fig. 15). This indicates 

a mixed dependence on both marine and freshwater food webs, but with 

the majority of energy requirements coming from marine prey. It is 

apparent from these data that broad whitefish spend a significant 

amount of time feeding on marine prey near the river mouth/ but 

whether or not they also overwinter in this area is uncertain.

During their spring fishing Kogl and Schell (1975) and Craig and 

Haldorson (1981) did not catch any bread whitefish in the Colville 

River Delta/ whereas Bendock (1981) did catch broad whitefish 

upriver in fresh water. This implies that broad whitefish do not 

overwinter in the brackish delta waters. However, the fact that the 

613C values were almost all indicative of a complete marine diet 

means that if broad whitefish overwinter in fresh water they must 

eat very little. This is compatible with the stomach content data
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Figure 15. 6^3C values of broad whitefish from the Colville River

and coastal Beaufort Sea.



-83-

TABLE 14. Biochemical compositions (mean values ± one standard
deviation) of broad whitefish from the Colville River and 
coastal Beaufort Sea.

Season Location an
Wet

weight
(g)

Water
(%)

Lipid
(%)

Protein
(%)

Fall Colville River 3 110-320 79.410.8 2.111.1 18.310.8
Spring Colville River 4 300-410 79.411.3 1.410.5 17.011.4
Summer Colville River 6 240-440 77.411.3 2.711.2 19.110.2

and Eskimo Islands 4 580-870 75.012.4 4.812.0 19.310.7

The sample size is denoted by n.

of Bendock (1981), since all the spring broad whitefish he analyzed 

had empty stomachs. However, it is not compatible with the 

biochemical data and winter energy requirements calculated for broad 

whitefish. The biochemical compositions of broad whitefish given in 

Table 14 show that for fish less than 500 g there was only a small 

decrease in lipid and protein contents over the winter. This was 

equivalent to a loss of energy content of about 0.2 kcal day , 

which was only 20-50% of the winter energy requirement of 0.4-1.2 

kcal day”1 . The remainder of the energy requirement would have to 

be acquired by winter feeding.

The lipid contents of broad whitefish were generally much lower 

than those of the other anadromous fishes studied. Except for the 

specimens larger than 500 g, which had higher percentages of lipid, 

they most closely resembled arctic grayling in biochemical 

composition. Unlike grayling, however, there was a linear 

relationship between lipid and water contents (Fig. 16) that was
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Figure 16. Relationship between lipid and water contents of broad 

whitefish from the Colville River and coastal Beaufort 

Sea. (A) Colville River Delta, Sentinel Hill on the 

Colville River, and Eskimo Islands, summer and fall;

(O) Colville River Delta, spring; (<C>) Colville River 

Delta and Eskimo Islands, summer; fish greater than 5C0 

g. The equation of the line (y = -1.2x + 80.9) was 

calculated using a model II linear regression (Sokal and 

Rohlf, 1969) and the summer and fall data.



typical of the anadromous species. The seasonal changes in the 

biochemical compositions of bread whitefish imply that these fish 

have maximum lipid and protein contents in the summer/ which 

decrease over the winter. This is reasonable/ since many broad 

whitefish begin their spawning migration in the summer/ and 

migrating fish often do not eat. However, it is more likely that 

the larger average size of the summer specimens (360 g in summer,

235 g in fall) caused the apparent decrease.

Because of this uncertainty in the biochemical compositions of 

summer and fall broad whitefish, the calculations of the seasonal 

changes in energy contents were made by considering all fish 

collected at these times (except fish larger than 500 g, which were 

excluded from the calculations) to be fall fish. The summer energy 

requirements of broad whitefish calculated from these data were 

4 .0-4.8 kcal day”1, which as expected were much greater than the 

winter requirements, which have already been discussed.

Energy Requirements of Birds and Mammals

Isotopic data were also acquired for the oldsquaw duck 

(Clangula hyemalis) and bowhead whale (Balaena mysticetus). Both of 

these animals migrate to the Arctic for the summer, and the 

possibility exists that they may undergo significant changes in 

isotopic composition during their stay. If this is the case, it 

would present an opportunity to use natural carbon isotopic 

abundances to estimate their summer energy requirements.
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Figure 17. 6 C values of oldsquaw ducks from tundra lakes on the

Alaska North Slope. The dashed curve represents the 

inferred isotope turnover during the summer season.



Large populations of oldsquaw ducks overwinter in marine waters

south of Alaska and then migrate to the Alaska arctic coastal plan

and Beaufort Sea in late spring. When they arrive their isotopic

compositions should be characteristic of marine consumers, but if

they feed in tundra ponds, lakes, or rivers over the summer their

isotopic compositions should approach those of freshwater/

terrestrial consumers. The few oldsquaw duck specimens that were

known to have spent the summer on the tundra and not in the Beaufort
13Sea showed this trend (Fig. 17); the 6 C value of the only bird 

collected in early summer was -21.0 °/oo, a value typical of a 

marine consumer, whereas the oldsquaw ducks collected later in the 

summer had 6^ C  values between -27.0 and 28.5 °/oo, which were 

typical of freshwater/terrestrial consumers.

In using these data to estimate the summer energy requirement

it was assumed that when oldsquaw ducks arrive on the tundra their

6^ C  values are -21.0 °/oo, the value of the specimen collected in

early summer. The 6 ^ C  value of the food was assumed to be -28.2

°/oo, the average for the two specimens collected in late summer,

since by this time the birds should be in isotopic equilibrium with
13their diet. The 6 C values of oldsquaw ducks after spending 40 

days on the tundra were assumed to be -27.2 °/oo, the average of the 

two birds collected in mid-summer. The summer energy requirement 

calculated from isotopic data and the single compartment model was 

130 kcal day \  an amount similar to the 170 kcal day  ̂ calculated 

using the equation of Kendeigh (1977) for oldsquaw duck metabolic 

rates. Although there were too few isotopic data to make this a 

reliable estimate of oldsquaw duck summer energy requirements, it is
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apparent that the technique may work for birds and that it deserves 

further study.

Bowhead whales migrate from the north Pacific Ocean and Bering 

Sea to the Beaufort Sea in late spring and then leave in early fall. 

Because the S ^ C  values of marine zooplankton appear to change with 

latitude (Dunton and Schell, 1986b), it is possible that the 

isotopic compositions of the summer and winter food of bowhead 

whales are significantly different, and may cause a seasonal shift 

in the isotopic compositions of the whales. Unfortunately, bowhead 

whales taken from the Chukchi and Eeaufort seas in spring and fall 

showed no significant seasonal changes in the 6^ C values of either 

muscle or fat tissue (Table 15). Although there were few data, they 

strongly indicate that isotope turnover cannot be used to estimate 

energy requirements of bowhead whales.

13TABLE 15. <5 C values of bowhead whales from the Chukchi and
Beaufort seas.

Season Location Sex
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Muscle Fat

18.9 - 21.0
18.0 -24.9
  -25.5

Spring Barrow Male
Wainwright Female
Wainwright Female

6 13C
(°/oo)

Fall Kaktovik Male -18.7 -25.2
Kaktovik Male -19.0 -21.4



CONCLUSIONS

The results of this investigation show that much useful 

information about the energy requirements of consumer organisms can 

be gained using natural abundances of carbon isotopes. In 

circumstances where the isotopic composition of a consumer changes 

over time due to a change in the isotopic composition of its diet, 

it is possible to use the rate of isotope turnover to obtain a good 

estimate of the rate at which the consumer uses energy. In this 

study, the daily energy requirements of slimy sculpins (Cottus 

cognatus), arctic grayling (Thymallus arcticus) , and oldsquaw ducks 

(Clangula hyemalis) were determined using isotope turnover and mere 

conventional methods, and the results agreed to within a factor of 

two in each case. However, most of the calculations were made with 

a limited amount of isotopic data that had been obtained from whole 

tissue samples. The accuracy of the technique can be improved by 

having a more complete time series of isotopic data for each 

consumer, and by sampling the major biochemical pools (i.e., lipid, 

protein, etc.) rather than just whole tissue. The rate of energy 

use can then be calculated using a multicompartment model that will 

account for differences in the turnover rates of different pools.

At the beginning of this study, it appeared that one of the 

best opportunities for employing this technique would be in the 

study of animals that seasonally migrate between marine and 

freshwater habitats. In the arctic, this occurs with many bird 

species, such as oldsquaw ducks, and also with anadromous fishes. 

However, I found that whereas the isotopic compositions of oldsquaw
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ducks changed with time, those of most anadromous fishes did not. 

This prevented the use of isotope turnover in determining the rates 

of energy use by anadromous fishes, but at the same time it showed 

that anadromous fishes are almost entirely dependent on the marine 

environment for their energy requirements. This result, used in 

conjunction with biochemical data and rates of growth and oxygen 

consumption, indicates that arctic anadromous fishes not only use 

the energy they acquire during a summer in the ocean to supply their 

immediate energy needs, but also use it to supply about 50% of their 

winter energy requirements.

The major consumers investigated here were anadromous fishes. 

However, the same techniques should be applicable to many other 

arctic animals. Their greatest value, in fact, may be found in the 

study of larger and/or more mobile animals which cannot be kept in a 

laboratory.
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APPENDIX A

SAMPLE COLLECTION INFORMATION

TABLE 1. Species of biota collected from study area.

Abbreviation Species

AC Arctic Cisco Coregonus autumnalis
AG Arctic Grayling Thymallus arcticus
BWF Broad Whitefish Coregonus nasus
CH Arctic Char Salvelinus alpinus
LC Least Cisco Coregonus sardinella
RWF Round Whitefish Proscpium cylindraceum
FHS Fourhorn Sculpin Myoxocephalus quadricornis
SF Snailfish Liparis herschelinus
ACD Arctic Cod Boreogadus saida
OSD Oldsquaw Duck Clangula hyemalis
BHW Bowhead Whale Balaena mysticetus

-101-



-102-

TABLE 2. Locations of sample collection sites,

Abbreviation Geographic location Coordinates

Latitude Longitude

BSB Beaufort Sea near Barrow 71 20 1N 156 45 1W

CRD Colville River Delta 70 25 1N 150 30 1W

CRSH Colville River Sentinel Hill 69 55 1N 151 30 1w

EBS Eastern Beaufort Sea 69 55 1N 142 15' w

EKI Eskimo Islands 70 35 1N 151 50 1'W

GNL Goose Neck Lake 70 35 * N 152 2 0 ’'W

HML Helmericks Lake 70 25' N 150 30’•w

IVR Ivishak River 69 orH 147 30 !'W

KMR Kachemach River 70 15' N 150 40 'W

BSK Beaufort Sea near Kaktovik 70 15 * N 143 40 *w

LPR Lupine River 68 50 1N 148 20 fw

OBS Offshore Beaufort Sea 71 50 * N 148 25 •w

SPL Simpson Lagoon 70 30 * N 149 40 fW

SSBP Stefansson Sound Boulder Patch 70 20 1 N 147 30 *w

SVR Sagavanirktok River 70 10* N 148 35 'w

ULKC Unnamed lake near Kalubik Creek 70 20 1 N 150 20 'W

CSW Chukchi Sea near Wainwright 70 40 fW 160 20 fw



APPENDIX B

LENGTHS, WEIGHTS, AND BIOCHEMICAL AND CARBON ISOTOPIC COMPOSITIONS

OF ARCTIC FISHES

TABLE 1. Lengths, weights, and biochemical compositions of arctic fishes.

Code
No. Location Date Length

(mm)

Wet
weight
(9)

Water
(%)

Lipid
(%)

Protein
(%)

AC1 CRD 17 Oct 81 306 320 70.4 7.4 20.5

AC 2 CRD 17 Oct 81 296 308 69.1 10.7 19.2

AC 3 CRD 17 Oct 81 297 283 69.4 9.8 19.5

AC13 CRD 17 Oct 81 305 331 68.3 9.3 20.9

AC 14 CRD 17 Oct 81 300 311 65.8 12.9 19.4

AC15 CRD 17 Oct 81 292 273 68.8 9.1 20.3

AC 16 CRD 4 Nov 81 293 274 66. 0 9.3 21.7

AC17 CRD 4 Nov 81 304 298 66.3 9.8 21.6

AC 18 CRD 4 Nov 81 306 385 67.7 1 1.0 19.6

AC4 CRD 13 Nov 81 305 287 68.9 8.3 20.5

AC 5 CRD 13 Nov 81 293 297 66 . 0 11.7 20.1

AC 6 CRD 13 Nov 81 302 283 65.6 12.1 20.4

AC 7 CRD 25 Jun 83 305 324 75.7 4.5 19.7

AC 8 CRD 25 Jun 83 294 269 78.1 2.3 18.9

AC 9 CRD 25 Jun 83 303 307 74.5 4.9 19.8

AC10 CRD 25 Jun 83 318 356 76.0 3.9 19.2

AC 11 CRD 25 Jun 83 311 368 69.7 7.5 21.1

AC12 CRD 25 Jun 83 313 404 71.6 7.9 18.8

AC19 CRD 25 Jun 83 305 342 71.3 8.9 18.8

AC20 CRD 25 Jun 83 317 365 75.4 4.6 19.0

AC 21 CRD 25 Jun 83 320 392 73.8 6.3 19.9

AC22 EBS 1 Aug 82 --- --- 76.8 2.3 19.9

AC23 EBS 1 Aug 82 --- --- 67.4 3.8 27.4

AC24 EBS 1 Aug 82 --- --- 71.0 5.1 23.1

AC 2 5 EBS 18 Aug 81 --- --- 67.5 9.4 20.4
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TABLE 1. (Continued)

Code
No. Location Date Length

(mm)

Wet
weight
(g)

Water
(%)

Lipid
(%)

Froteir
(%)

AC26 EBS 18 Aug 81 ------ — 67.3 1 1.2 18.2

AC27 EBS 3 Aug 82 ------ — 67.9 8.1 22.8

AC28 EBS 3 Aug 82 --- — 71.8 5.9 21.2

LC17 CRD 10 Oct 81 295 271 72.9 6.6 21.0

LC18 CRD 10 Oct 81 327 331 74.4 5.0 20.0

LC19 CRD 10 Oct 81 303 331 72.3 6.2 20.0

LC1 CRD 4 Nov 81 323 316 75.9 2.4 21.0

LC2 CRD 4 Nov 81 295 285 71.7 6.8 20.2

LC3 CRD 4 Nov 81 293 271 74.1 3.9 20.9

LC4 CRD 4 Nov 81 302 302 72.7 5.7 19.4

LC5 CRD 4 Nov 81 305 297 75.2 3.8 20.2

LC6 CRD 4 Nov 81 289 297 73.0 6.0 19.7

LC7 CRD 20 Jun 82 289 273 76.8 2.6 19.7

LC8 CRD 20 Jun 82 294 302 78.1 2.9 18.6

LC9 CRD 20 Jun 82 309 337 78.7 2.6 18.3

LC10 CRD 20 Jun 82 313 350 75.1 4.8 19.2

LCll CRD 20 Jun 82 287 237 75.5 4.5 19.4

LC12 CRD 20 Jun 82 308 295 78.6 2.2 18.9

LC13 CRD 20 Jun 82 275 254 78.4 2.4 19.0

LC14 CRD 20 Jun 82 289 261 78.1 2.3 19.1

LC15 CRD 20 Jun 82 276 239 76.0 4.5 19.2

LC16 CRD 20 Jun 82 267 223 77.1 3.4 19.1

LC20 CRD 25 Jul 82 313 --- 67.1 11. 2 19.7

LC29 CRD 9 Aug 83 289 292 69.2 11.9 18.3

LC30 CRD 9 Aug 83 298 248 75.9 5.8 18.0

BWF1 CRSH 17 Sep 82 299 319 79.2 3.1 17.4

BWF 2 CRSH 17 Sep 82 290 --- 78.7 2.1 18.9

BWF 3 CRSH 17 Sep 82 235 112 80.2 1.0 18.7
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TABLE 1. (Continued)

Code Wet
No. Location Date Length weight Water Lipid Prote

(mm) (g) (%) (%)

BWF4 CRD 25 Jun 83 303 349 79.8 1.0 17.2

BWF5 CRD 25 Jun 83 295 304 81.0 1.0 15.2

BWF6 CRD 25 Jun 83 305 298 78.0 2.0 18.5

BWF7 CRD 25 Jun 83 324 408 78.9 1.5 16.9

BWF8 CRD 26 Jul 82 313 --- 78.8 1.7 18.9

BWF9 CRD 26 Jul 82 290 301 77.7 2.0 18.9

BWF10 CRD 26 Jul 82 353 583 74.4 4.4 20.2

BWFll CRD 26 Jul 82 382 683 78.5 2.1 18.8

BWF12 EKI 24 Jul 82 402 865 73.8 6.1 19.4

BWF13 EKI 24 Jul 82 403 791 73.2 6.4 18.7

BWF14 EKI 24 Jul 82 322 438 75.1 4.8 19.0

BWF15 CRD 9 Aug 83 278 239 77.7 1.8 19.1

BWF16 CRD 9 Aug 83 302 379 76.7 3.5 19.2

BWF17 CRD 9 Aug 83 325 467 78.1 2.4 19.2

CHI IVR 21 Apr 82 330 --- 73.9 5.2 20.0

CH2 IVR 21 Apr 82 326 362 72.7 5.7 20.3

CH4 CRD 25 Jun 83 395 563 79.0 2.0 18.8

CH5 CRD 25 Jun 83 368 505 78.5 2.4 18.7

CH6 CRD 25 Jun 83 401 630 77.4 3.4 18.7

CH7 CRD 25 Jun 83 408 693 78.7 2.7 17.4

CH3 EBS 1 Aug 82 336 --- 70.9 6.2 22.0

CH8 EBS 1 Aug 82 445 --- 65.7 12.2 20.3

CH9 EBS 3 Aug 82 490 --- 65.2 10.7 22.3

CHI EBS 3 Aug 82 463 --- 61.7 13.6 21.4

CH11 EBS 3 Aug 82 450 --- 60.4 14.4 21.9

CH12 EBS 3 Aug 82 491 --- 63.1 12.7 22.6

CH13 EBS 3 Aug 82 297 --- 72.3 6.3 20.6

CH14 EBS 3 Aug 82 286 --- 72.2 4.8 21.8
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TABLE 1. (Continued)

Code
No. Location Date Length

(mm)

Wet
we ight
(g)

Water
(%)

Lipid
(%)

Protei
(%)

AG1 KMR 22 Mar 80 293 279 79.5 3.1 16.7

AG 2 SGR 25 Feb 83 283 248 78.8 1.5 19.4

AG 3 SGR 25 Feb 83 311 321 76.7 2.9 19.1

AG4 SGR 25 Feb 83 259 178 76.3 2.5 20.0

AG 5 CRSH 17 Sep 82 269 185 80.2 1.5 17.7

AG 6 CRSH 17 Sep 82 277 242 77.6 2.1 19.8

AG 7 CRSH 17 Sep 82 253 170 78.2 2.1 18.8

AG 8 CRSH 17 Sep 82 301 264 80.0 1.9 18.1

AG 9 CRSH 17 Sep 82 262 213 80.1 2.3 17.2

AGIO CRSH 17 Sep 82 267 194 80.9 1.3 17.3
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TABLE 2. Carbon isotopic compositions of arctic fishes.

Code No. Location Date <s 13c
(°/oo)

AC33 CRD Fall 77 - 21.8

AC13 CRD 17 Oct 81 -22.1

ACl3La CRD 17 Oct 81 -24.1

ACl3Pb CRD 17 Oct 81 -20.6

AC29 CRD 17 Oct 81 -17.5

AC 30 SPL —  Aug 80 -20.7

AC31 CRD 4 Nov 81 -19.1

AC 3 2 CRD 13 Nov 81 -20.5

AC 4 CRD 13 Nov 81 - 22.0

AC 6 CRD 13 Nov 81 -20.8

AC34 CRD 20 Jun 82 - 21.8

AC35 CRD 20 Jun 82 -21.3

AC36 CRD 20 Jun 82 -19.8

AC37 CRD 20 Jun 82 -21.1

AC38 CRD 20 Jun 82 -20.4

AC 3 9 CRD 20 Jun 82 -20.0

AC40 CRD 20 Jun 82 •oCM1

AC41 EKI 24 Jul 82 -19.7

AC42 EKI 24 Jul 82 -19.8

AC43 EKI 24 Jul 82 -20.4

AC44 EKI 24 Jul 82 -20.4

AC45 EKI 26 Jul 82 -20.4

AC46 EKI 26 Jul 82 -19.7

AC47 EKI 26 Jul 82 -21.0

AC48 EKI 26 Jul 82 -20.0

AC49 EKI 26 Jul 82 -20.4

AC50 EKI 26 Jul 82 -20.1

AC22 EBS 1 Aug 82 -24.5

AC23 EBS 1 Aug 81 -15.5

AC24 EBS 1 Aug 81 -25.4

AC25 EBS 18 Aug 82 1 to • 00
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TABLE 2. (Continued)

Code No. Location Date 613C
(°/oo)

AC26 EBS 18 Aug 82 -21.9

AC27 EBS 3 Aug 82 -23.6

AC28 EBS 3 Aug 82 -26.5

LC57 CRD Fall 77 -21.2

LC34 CRSH 17 Sep 82 -21.5

LC35 CRSH 17 Sep 82 -23.2

LC36 CRSH 17 Sep 82 - 22.6

LC17 CRD 10 Oct 81 -21.3

LC18 CRD 10 Oct 81 - 21.6

LC27 CRD 10 Oct 81 -20.6

LC31 CRD 17 Oct 81 -20.6

LC32 CRD 26 Oct 81 -21.3

LC33 CRD 4 Nov 81 - 22.1

LC5 CRD 4 Nov 81 -21.7

LC6 CRD 4 Nov 81 -21.6

LC53 CRD 5 Nov 80 -22.9

LC48 CRD 16 Jun 80 -29.1

LC7 CRD 20 Jun 80 -20.3

LC10 CRD 20 Jun 80 - 20.6

LC11 CRD 20 Jun 80 -21.1

LC12 CRD 20 Jun 80 -20.7

LC37 CRD 20 Jun 80 -20.7

LC38 CRD 20 Jun 80 - 20.2

LC39 CRD 20 Jun 80 •oCM1

LC40 CRD 20 Jun 80 -19.7

LC41 CRD 20 Jun 80 -23.1

LC42 CRD 20 Jun 80 -19.9

LC43 CRD 20 Jun 80 -20.5

LC44 CRD 20 Jun 80 -20.4

LC45 CRD 20 Jun 80 1 to O • t-*

LC46 CRD 20 Jun 80 1 to M • to
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TABLE 2. (Continued)

Code No, Location Date 613C
(°/oo)

LC47
LC21
LC22
LC23
LC24
LC25
LC26
LC20
LC29
LC30
LC49
LC50
LC51
LC52
LC54
LC55
LC56

CRD
CRD
CRD
CRD
CRD
CRD
CRD
CRD
CRD
CRD
EKI
EKI
EKI
EKI
GNL
GNL
HML

20 Jun 80 
25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83
25 Jun 83 
9 Aug 83

26 Jul 82 
26 Jul 82 
26 Jul 82 
26 Jul 82 
25 Jul 82 
25 Jul 82 
29 Aug 81

-23.2
-20.7
-21.4
-20.3
-20.4
-20.5
-20.9
-28.9
-29.8
-27.3
- 21.2
- 20.6

- 20.6

-20.5
-31.0
-29.7
-28.8

BWF23 CRSH 17 Sep 82

BWF24 CRSH 17 Sep 82

BWF 29 CRSH 17 Sep 82
BWF30 CRD 5 Nov 80
BWF 26 EKI 24 Jul 82
BWF 2 7 EKI 24 Jul 82

BWF 2 8 EKI 24 Jul 82
BWF 2 5 EKI 26 Jul 82
BWF 20 CRD 26 Jul 82
BWF 21 CRD 26 Jul 82
BWF 2 2 CRD 26 Jul 82
BWF 18 CRD 16 Jun 80
BWF 19 CRD 20 Jun 82

-24.1
- 21.1
-22.7
-22.3
- 21.2
-22.4
-25.2
-20.5
-21.3
-21.7
-21.5
-24.9
-19.7
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TABLE 2. (Continued)

Code No.

BWF4
BWF5
BWF6
BWF7

Location

CRD
CRD
CRD
CRD

Date

25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83

613C
(°/oo)

- 21.1
- 20.6

-23.4
-20.9

CH17
CH18
CH15
CHI
CH4
CH5
CH6
CH7
CH8
CH16
CH13
SF1
SF2
ACD1
ACD2
ACD3
ACD4

CRD
CRD
IVR
IVR
CRD
CRD
CRD
CRD
EBS
EBS
EBS

SSBP
SSBP
SPL
SPL
OBS

SSBP

—  Oct 80
—  Nov 80 
19 Apr 82 
21 Apr 82 
25 Jun 83 
25 Jun 83 
25 Jun 83 
25 Jun 83
1 Aug 82 
1 Aug 82 
3 Aug 82

—  Apr 81
—  Apr 81
—  Aug 78
—  Aug 78
—  May 80
—  Apr 81

-24.6
-20.4
-19.1
-20.3
-19.2
-19.5
-19.1
-18.8
-16.3
-13.5
-20.5
-21.3
- 20.1
-21.5
- 21.6

-20.9
- 21.2

FHS1
FHS2
FHS3
FHS4
FHS5
RWF1
RWF2
RWF3

SPL
SPL
EBS

SSBP
SSBP
CRD
CRSH
KMR

—  Aug 78
—  Apr 79 
1 Aug 82

—  Apr 81
—  Jul 80
—  Sep 79 
17 Sep 82 
22 Mar 80

-20.5
- 20.8

-27.3
-18.8
-19.4
-26.9
-26.8
-29.3
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TABLE 2. (Continued)

Code No. Location Date 513C
(°/oo)

RWF4 KMR 22 Mar 80 -27.5

RWF5 KMR 22 Mar 80 -24.7

RWF6 CRD 26 Jul 82 -25.0

a Lipid
Protein

TABLE 2. Continued

Code No. Location Date 613C
(°/oo)

14 . .C activity
(% moderna)

AG11 CRD —  Sep 79 -24.4 120.9

AG 12 CRSH 17 Sep 82 -24.3 119.4

AG13 CRSH 17 Sep 82 -27.2 118.1
AG 3 SGR 25 Feb 83 -28.5 ---

AG 4 SGR 25 Feb 83 -28.5 ---

AG14 CRSH 22 Mar 80 -29.8 111.1

AG15 CRSH 22 Mar 80 -28.2 107.5

AG20 LPR 18 Apr 82 -23.9 113.4

AG16 KMR 16 Jun 80 -26.7 105.5

AG17 KMR 16 Jun 80 -26.9 102.1

AG18 CRD 26 Jul 82 -26.3 110.0

AG19 CRD 26 Jul 82 -26.5 113.5

a The 14C activity of an A.D. 1950 sample is expressed as 100%
modern, normalized to a 613C of -25 °/oo to correct for isotopic 
fractionation (Stuiver and Pollach, 1977).
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TABLE 3. Isotopic and biochemical data 
turnover experiment.

13from slimy sculpin C

Time
(days)

613C
(°/oo)

aCarbon content 
(mg)

Inital Final

0 -32.4 --- ---

0 -33.8 --- ---

0 -36.0 --- ---

30 -31.5 199 195
30 -30.0 295 280
30 -31.1 103 109
60 -31.3 185 160
60 -29.5 244 246
60 -32.5 214 185

120 -26.8 274 267
120 -28.9 113 101

120 -27.7 256 235
120 -30.4 207 207

a Determined using conversion of 66 mg carbon (g wet weight)



METABOLIC HATES AND 

TABLE 1. Metabolic rates of

APPENDIX C 
ENERGY CONTENTS OF

arctic fishes.

ARCTIC FISHES

Fish Oxygen consumption rate 
(mg oxygen day "S

Substrate Metabolic rate 
(kcal day *S

Winter Summer Winter Summer

SC 185-370 740 Lipid
Protein

0 .6-1.2
0 .6-1.2

2.4
2.4

CH 125-250 500 Lipid
Protein

I\
CO 

00 
I 

• 
•

0 
o

1 
t

o 
o

1.6

1.6
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TABLE 2. 

Species

AC

LC

BWF

CH

AG

Summer growth of arctic fishes•

Wet weight
(g)

Initial Final Mean Inital Final Mean

281 307 294 258 345 302
274 314 294 238 372 305

Length
(mm)

301 309 305
294 315 305

269 329 299

272 322 297

293 328 311

287 311 299
267 330 299

219 401 310

240 369 305

250 357 304
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TABLE 3. Summer changes in energy contents of arctic fishes.

Species Season
Wet

weight
(g)

Ash
(%)

Lipid
(%)

Protein
(%)

Energy
(kcal)

AC Spring 258 1.9 5.6 19.5 371
Fall 345 1.9 10.1 20.3 653
Spring 238 1.9 5.6 19.5 343
Fall 372 1.9 10.1 20.3 704

LC Spring 287 2.5 3.2 19.1 342
Fall 311 2.5 5.2 20.3 444
Spring 267 2.5 3.2 19.1 318
Fall 330 2.5 5.2 20.3 472

BWF Spring 219 3.3 1.4 17.0 201

Fall 401 3.3 2.5 18.8 442

AG Spring 250 3.7 2.1 18.4 261
Fall 357 3.7 2.1 18.4 372

a There were insufficient data to perform the calculation on arctic 

char.
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TABLE 4. Winter changes in energy contents of arctic fishes.

Species Season
Wet

weight
(g)

Ash
(%)

Lipid
(%)

Protein
(%)

Energy
(kcal)

AC Fall 300 1.9 10.1 20.3 568
Spring 300 1.9 5.6 19.5 431

LC Fall 300 2.5 5.2 20.3 429
Spring 300 2.5 3.2 19.1 356

BWF Fall 300 3.3 2.5 18.8 331
Spring 300 3.3 1.4 17.0 275

AG Fall 300 3.7 2.1 18.4 312
Spring 300 3.7 2.1 18.4 312

a There were insufficient data to perform the calculation on arctic 
char.



APPENDIX D

This model treats the carbon pool of an organism as a single,

homogeneous compartment that is mixed instantaneously as material

enters and leaves. Carbon is input through the assimilation of food

and output through metabolism. Nonfecal excretion is not included

as a mode of output, but could easily be incorporated if necessary.

The model was developed to describe changes in the carbon isotopic

composition of an organism for the most general case, in which the

isotopes can be fractionated during material transfer across the

walls of the compartment. The rate of change of the isotope ratio
3of the pool is given by the differential equation

dRp/dt = d(A/B)p/dt = (Bp (dA/dt)p-Ap (dB/dt)p )/Bp 2 (1)

where A and B are the amounts of minor ( ^ C  or C) and major ( C)

carbon isotopes, respective, R is their ratio, p denotes the pool,

and t is time. This equation is equivalent to

dR /dt = ((dA/dt) - (A/B) (dB/dt) )/B = ((dA/dt) -R (dB/dt) )/B (2)p P P  P P  P P  F F

The mass balance relationships for the isotopes are

SINGLE COMPARTMENT MODEL OF CARBON ISOTOPE TURNOVER

In all equations, multiplication and division are performed before 
addition and subtraction except where the order of 
operations is denoted by parentheses.
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(dA/dt) - av. - aV. (3)P 1 3

and

(dB/dt) = bV. - bV. (4)P 1 3

where V is the transfer rate of the isotope across the compartment 

boundary, a and b denote the A and B isotopes, respectively, and i 

and j represent input and output, respectively. These are substituted 

into Eq. 2 to give

dRp/dt - ( ( V - V )  - Rp (bVi~bVj)) /Bp (5)

12 •Since C composes about 99% of the carbon of an organism, B is

essentially equal to the total carbon W, and V is essentially equal

to the total carbon transfer rate V. Equation 4 then becomes

dW /dt = V. - V. (6 )P i 3

where dW /dt is the growth rate, and Eq. 5 becomes 
P

dR /dt = ((aV.-aV.) - R (V.-V ))/W (7)p 1 3  p 1 3 p

The rates at which isotope A enters and leaves the pool are

aV. = R V. 1 u 1
(8)
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and

aV. = R V. (9D c D

where R is the isotope ratio of the assimilated material and R is u u
the isotope ratio of the metabolized carbon dioxide. Substituting 

these into Eq. 7 gives

dR /dt = ( (R V.-R V.) - R (V.-V.))/W (10)p u i c j  p l D P

If no isotopic fractionation occurs during assimilation or 

metabolism,

R = R (11)u f

and

where R^ is the isotope ratio of the food. Equation 10 then becomes

dR /dt = ((R V.-R V.) - R (V.-V.))/W (13)p' f i P D P i D p

which can be rearranged into

dR /dt = (R -R )V./W (14>p f p x p



-120-

When written in terms of growth and metabolism this equation is

dR /dt = (R -R ) (V.+dW /dt)/W (15)p f P : P P

Isotopic fractionations can be incorporated into the model by using 

the fractionation factors

h. = R /B (16)1 u f

and

h. = R /R (17)
3 c p

where h is the factor for assimilation and h. is the factor for i 3

metabolism. Incorporating these into Eq. 10 and rearranging gi\es

dR /dt = ((h.RjV. - R ((V.(h.-l) + V ) ) ) /W (IB)p i f i  P 3 3 1 P

To determine the metabolic rate of an organism from this equation,

it is necessary to have fractionation factors and a time series of

the isotopic composition of the organism after it has switched its

diet. The growth rate is used to determine W as a function of

time, and V is eliminated by solving Eqs. 4 and 18 simultaneously, i
Equation 18 then becomes

dR /dt = ((h.R _(V.+dW /dt)) - R (h.V.+dW /dt))/W p i f u p  p 3 3 P P
(19)
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If it is desired to use Eq. 19 to determine the growth rate, then it is

necessary to know V as a function of time.

The equations given above are written in terms of isotope ratios,
14but any quantity that is proportional to the ratio, such as C

activity, can be substituted. Ratios that are reported as the relative

difference from a standards, such as in "del” notation, cannot be used

directly. However, from the definition of a C value (see text), it is
13 3easily seen that the isotope ratio is proportional to C + 10 and that 

this quantity can be used in place of the actual ratio. When no 

fractionation occurs, the 6 C values can be substituted directly into 

the equations since under these circumstances Eq. 15 gives

Three very useful approximations can greatly simplify the general 

form of the model given by Eq. 19, and in most cases they will have only 

a minimal effect on accuracy. If it is assumed that fractionation is 

small (DeNiro and Epstein, 1978), and that the growth and metabolic 

rates are proportional to body weight, then

( 20 )

which reduces to

d(613C ) /dt = (<S13c -<S13C ) (V,+dW /dt)/Wp f P j P P
(21)

(dW /dt)/W = g P P
(22)

and



where g and r are constants called the specific growth and metabolic 

rates, respectively. Under these circumstances, Eq. 19 becomes (in 

integrated and linearized form),

In ((R -RJ/R f-Rfl) = (r+g)t (24)p , o f p,t f

where R is the ratio of the pool at any time, and R is the initial p,t P'°
ratio. Since r and g are both constants, they can be combined to give

r+g = V./W = k (25)l p

where i is a constant called the specific assimilation rate. Equation 

24 then becomes

In ((R - R J / ( R  ,-RJ) = kt (26)p , o f p,t r

The value of k can be determined from single calculations by
13 14substituting the appropriate isotope ratios, 6 C values, or C

activities, and the time into Eq. 26. Alternatively, the value of k can

be determined from the slope of the line obtained by plotting the

logarithmic term against time for a number of values. The value of r

can then be calculated from Eq. 26 and the values of g and k.



APPENDIX E

MODEL FOR THE TURNOVER OF C-GLUCOSE14

This model is an extension of the carbon isotope turnover model

developed in Appendix B for a single, homogeneously mixed compartment.

The compartment under consideration is the soluble glucose pool to which

14C-glucose has been added, and Eq. 10 in Appendix B can be used to

describe the rate of change of the ^ C /  C ratio of this compartment.
4 .The equation is given as

dR = ((RV.-RV.) - R (V -V ))/W (!)p u i c ]  p x ]  p

but for the model shown in Fig. 3 the following substitutions are made:

R = R. u 3

V i = V 3

v. = Vl + v2

( 2)

(3)

(4)

(5)

(6)

In all equations, multiplication and division are performed 
before addition and subtraction except where the order of the 
operation is denoted by parentheses.
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and

(7)

This gives

(8)

where R is the 14C/12C ratio (or 14C activity since they are

proportional to one another), V is the transfer rate of chemical species

into or out of the soluble glucose pool, g denotes the soluble glucose

pool, 1 denotes the carbon dioxide leaving the soluble glucose pool, 2

the glucose leaving the soluble glucose pool and going into storage, 3

the glucose entering the soluble glucose pool from storage, and the

amount of glucose in the soluble glucose pool. The system is assumed to

be in a steady state with constant fluxes, and the storage pool of fat,

protein, and glycogen is assumed to be large enough that the glucose or
14glucose intermediates leaving it contain essentially no C. This is a

simplification of the real system, which is believed to be composed of

two soluble glucose pools, a soluble nonglucose pool, and an essentially

unlabeled storage pool (Baker et al., 1959). A multicompartment system

such as this cannot be modeled using the equations developed here.
14 _However, if measurements are made an hour or so after the C-giucose 

has been injected, the three soluble pools will have equilibriated and 

behave as a single pool. Equation 1 can then be used to describe the 

further equilibriation of glucose with the storage pool and its 

oxidation to carbon dioxide. Under these conditions, the change in the
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isotope composition of the soluble glucose pool is completely analogous 

to that which occurs in the carbon pool of a fish. In each case there 

is a single, homogeneously mixed pool that has a constant input of 

material with an isotope composition different from the pool. Over 

time, the isotope composition of the pool asymptotically approaches the 

isotope composition of the incoming material. The assumptions for the 

model lead to the following equalities:

R R R (9)
1 2

R R 0 (10)
s 3

and

(11)

These are substituted into Eq. 8 to give

(12)

where

V /G = k = (turnover time) 3 g
-1 (13)

and k is a constant. This is then integrated to give

= exp(-kt) (14)
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where o is the initial time and t is any time afterwards. From the 

definition of the isotope ratio,

Rg
/R = (14C /12C ,)/(14C /12C ) (15), t g , o g,t g,t g,o g,o

but since the soluble glucose concentration does not change with 

time,

12c = 12 (16) 
g»t g,o

and, therefore,

* ./» - 14c„ „ (17) g , t g,o g,t g,o

When this is substituted into Eq. 14 the result is

14C /14C = exp(-kt) (1®)g,t' g,o

14„ .The mass balance for C is

14c = 14C - (14C +14c ) (19)g ,t g*o s , t c,t

where 14C and 14C are the amounts of 14C in storage and carbon s c
dioxide. This can be substituted into Eq. 18, and the equation

rearranged to yield

14C +14C = 14C (1-exp(kt))s,t c,t g,o
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Since the isotope ratio of all material leaving the soluble glucose

pool is R , 14C and 14C . are directly proportional to V andF g c ,t s,t x
V , and time. Therefore, at any given time,
2

14c /14C = v./v. = r (a constant) (21)s , t c , t 2 1

This can be substituted into Eq. 20 to give

14C = b(1-exp(-kt)) <22)c, t

where

(14C / (1+r)) = b (a constant) (23)g,o

This equation describes the theoretical relationship between the 

total amount of C—carbon dioxide produced and time, and can,

therefore, be tested using time course data acquired for the

oxidation of C-glucose by a slimy sculpin.



APPENDIX F

COMPARISON OF CARBON ISOTOPE TURNOVER MODEL WITH 

THE MODEL OF FRY AND ARNOLD (1982)

The model used by Fry and Arnold (1982) was designed to 

determine the effects of growth and turnover (i.e., metabolism) on 

shrimp 6^ C  values. With a slight change in notation, their
5equations are

613C = 613C +(613C -513C ) (W /W )C (1)p,t P,s p,o P,s p,t p,o

and

T = (W /W ) p,t p,o
(C+D (2)

where p is the carbon pool of the shrimp, o is the start of the 

experiment, t is any time after the start of the experiment, s is 

infinite time, c is a metabolic constant, W^ is the shrimp carbon 

content, and T is the fraction of original carbon remaining in the 

shrimp (i.e., the fraction not turned over). These equations were 

expressed as functions of weight because this allows the effect of 

growth on the isotopic composition of the organism to be expressed 

exactly. If the equations were written as functions of time, then 

it would be necessary to use a growth equation to describe the

In all equations, multiplication and division are performed 
before addition and subtraction except where the order of 
operations is denoted by parentheses.
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changes in weight, and this could decrease the accuracy of the

calculations. These equations were used by fitting the time series of

shrimp isotopic composition to Eq. 1 to determine the value of c. The

weight required for one-half of the original carbon to turn over was

calculated using this value by substituting 0.5 for T and solving for

W /W . The half-life for the original carbon (i.e., the time when T 
p,t p,o

= 0 .5 ) was then calculated from a growth curve.

In order to compare their model with the single compartment model 

developed in this study, the equations were changed to functions of time 

by assuming an exponential growth rate (Parsons, Takahashi, and 

Hargrave, 1977) given by

W = W exp(gt) (3)
P , t  p,o

where g is a constant called the specific growth rate. The 

equations become

<513C = <513C +(613C -613C )exp(cgt) (4)p,t p,s p,o p,s

and

T = exp((c+1)gt) (5)

The form of Eq. 4 is identical to the integrated form of Eq. 15 from 

Appendix B when both the growth and metabolic rates are proportional 

to body weight. The equation is
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R = R_ + (R -R )exp(-(r+g)t)
p , t  f P » o  f

(6)

where

(7)

and r is a constant called the specific metabolic rate. In Eq. 6 ,

Rf is the isotope ratio of the food. However, if fractionation 

occurs during the assimilation process, Rf should be replaced by the 

isotope ratio of assimilated material, R^. Equation 6 then becomes

r = R + (R -R )exp(-(r+g)t) p,t u p , o u

If it is assumed that the slight fractionation (1 °/oo or less) 

observed in the experiments of Fry and Arnold all occurred during 

ci.ssiitiila.txon t thsn

Substituting this into Eq. 8 and replacing isotope ratios by 6 C 

values gives

P»t
(10)

Comparing this to Eq. 4, it is easily shown that

r = -g(c+l) (11)
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which simplifies Eq.5 to

T = exp(-rt) (12)

The relationship between metabolic rate and body weight in 

crustaceans is given more exactly by

V. = V. (W /W )n = a (W ) 3 3,0 p,t p,o p,t
(13)

where

V. /(W )n = a (14)3,0 p,o

V is the initial metabolic rate, and n and a are constants j/O
(Weymouth, Crimson, Hall, Belding, and Field, 1944) . Combining Eqs. 

3 , 7 , 1 0 , and 13, and integrating with respect to time gives

613C = 613C +(613C -613C )exp(-Q) (15)P/t P/S PfO p,s

where

0 = gt+(V. /W g(n-1 ))((exp(n-1 )gt)-1 ) (16)y D/O p,o

It can be shown using L'Hopital's rule that when the value of n is 

1, this equation reduces to Eq. 10 as it should.

The equations developed here were used with the data of Fry and 

Arnold to calculate turnover rates for comparison with the results of 

their model, and with rates estimated from oxygen consumption.


