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Abstract

Radioisotopes, in concert with other techniques, can address
important ecological research questions. In this chapter we
review the literature regarding the historic uses of radi-
onuclides in herpetology, with an emphasis on freshwater
turtles. Two of the classic technigues—the estimation of field
metaholic rates using doubly labeled water and the deter-
mination of feeding rates of free-ranging animals using
22Na—have had limited success on freshwater turtles; we
describe why and suggest possible alternatives. The chapter
also contains sections on (1) a comparison of fallout radi-
onuclide concentrations found in turtles to those found in
other organisms; (2) the relative radiosensitivity of turtles;
{3) the use of radicactive tags in studies concerned with pop-
ulation dynamics; (4) energetics, feeding-rate estimations,
and metabolic research, including the uptake and elimina-
tion rate of specific isotopes; (5) kinship determinations using
radionuclides; (6) the use of radioisotopes to determine the
functional aspects of ecosystems; and (7) miscellaneous top-
ics, including the use of radioactive tags for rate-of-passage
measurements in the gastrointestinal tract. An appendix
presents a short description of radionuclide kinetics. Overall,
this chapter provides an introduction to the field of radioecol-
ogy and, specifically, acquaints the reader with the utility of
radioisotopes in herpetolegical research.

Introduction

Over the past 40 years the use of radionuclide techniques
in the biological and physical sciences has increased dra-
matically (Schultz and Whicker, 1982). A discipline
calted radioecology has developed that (1} uses radio-
isotopes as tracers to study biological or ecological pro-
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cesses, (2) determines the accumulation and movement
rates of radioisotopes in the environment, and (3) studies
the effects of radiation on organisms, populations, com-
munities, and ecosystems. In the study of ecosystems
these techniques have led to advances in the understand-
ing and measurement of primary productivity, food-web
dynamics, nutrient cycling, and various abiotic processes
(e.g., water flux, sediment movement). Population ecolo-
gy has been enhanced by the development of radioactive
tracer techniques that allow important parameters such
as home range size and age-specific dispersal to be esti-
mated. At the level of the individual, radiological tech-
niques have allowed rnumerous physiological and behav-
ioral questions to be addressed.

In this chapter we review the literature regarding his-
toric uses of radionuclides in the study of freshwater tur-
tles, particularly the yellow-bellied slider, Trachemys scripta
scripta. We also describe the primary radiological tech-
niques and summarize how they may be used in the study
of turtle populations. It is interesting that certain radio-
logical techniques, which have been used successfully in
the study of terrestrial organisms, have not worked for
aquatic turtles; we describe why and suggest viable alter-
natives. In general, there is a paucity in reptilian, particu-
larly turtle, radiological research relative to the volume of
work conducted on mammals and fish. Consequently, we
examine radiological studies of other ectotherms and
homeotherms to depict the potential use of a given tech-
nique on turtles. We also compare turtles with other or-
ganisms with respect to sensitivity to radiation and the
uptake and climination of radionuclides. The lack of data
limited comparisons and forced us to concentrate on two
widely studied radionuclides in mammalian species:
cesium-137 and strontium-90. Strontium, a chemical ana-
logue of calcium, accumulates mainly in bone, whereas
cesium, because of its similarity to potassium, resides pri-
marily in muscle. Both nuclides are relatively mobile
within the envircnment and have been the subject of sub-
stantial research because of their worldwide distribution
as a result of fallout from aboveground nuclear testing and
inadvertent releases from nuclear production facilities.

Radioecological research usually deals with one of four
classes of radioactive materials. The first is the naturally
accurring primordial nuclides and their daughter prod-
ucts, such as the decay chains of uranium-238 and tho-
rium-232, each of which contains radioactive isotopes of
many different elements, The parent nuclides have half-
lives on the order of 10° years and are found at low levels in
soils. The disequilibrium of the parent nuclides with their
daughter products often allows their use in determining
the age of biological materials and studying geochemical
cycles (Ivanovich and Harmon, 1982). If nuclide migra-
tion within a “system” (as defined by the researcher and
representing a single organ, an organism, a community,
or an ecosystem) has not occurred for a time that is long,
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relative to the haif-life of the parent nuclide, then the
activities (the transformation rate of radioactive ele-
ments) of all the daughter nuclides should be equal to the
activity of the parent (i.e., secular equilibrium}. However,
chemical and physical processes in most environments
cause differential migrations of elements, resulting in
breaks in the radioactive decay chains. Under these cir-
cumstances, a member of the series is separated from its
parent and subsequently decays at a rate determined by
its own half-life. The activity of the parent nuclides is no
longer equal to the activities of the daughters (i.e., dis-
equilibrium), and relationships correlated to chronology
may then be developed.

The second broad area of radioecological research is
centered around irradiation of organisms or communities
with high-energy gamma sources. This technique has
been used to determine the dose required to cause various
kinds of damage to individuals and to determine effects on
populations and communities. Results have been sum-
marized for plant communities by Whicker and Fraley
(1974} and for animal populations by Turner (1975).

The third area involves administering radioactive
tracers to organisms to determine percent assimilation
and the subsequent elimination rate of the tracer or to
determine transfer rates between system compartments
(Whicker and Schultz, 1982). The behavior and move-
ment of stable elements can also be determined through
the use of radioactive tracers. Such techniques document
not only the movement of materials but, more important,
the rate of movement; thus one can examine the functional
aspects of a system. Transfer rates between system com-
partments can then be used in environmental-transport or
bicaccumulation models to understand and predict fun-
damental processes. The use of this technique with regard
to turtles will be described in detail later in this chapter. It
is important to realize that with the sensitivity of today’s
instruments, the quantity of a tracer necessary for mea-
surement is often incredibly small (typically less than
10-15 g with a level of radioactivity comparable to-that
found in the household smoke alarm).

The fourth class of radionuclides used in radioecologi-
cal studies is those present in elevated levels as a result of
anthropogenic releases from nuclear production facilities,
reactors, weapons testing, mining and milling, waste dis-
posal, and so on. One can often make positive use of these
circumstances in ecological research. For example, in the
preface of Forevermore: Nuclear Waste in America, Barlett and
Steele (1985) described a scenario in which “the turtles
that creep along the banks of the Savannah River near
Aiken, South Carolina, are radioactive.” Although this is
a scnsational statement, it is true that some turtles in the
area {but probably very few, if any, in the Savannah
River) contain elevated levels of radionuclides as a result
of the operations of the Savannah River Plant (SRP), a
nuclear fuels preduction facility located near Aiken. Pop-
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ulations of these contaminated turtles have been the sub-
ject of substantial research, advancing our knowledge of
turtle ecology with respect to long-distance terrestrial
movement (Morreale et al., 1984), seasonal changes in
field metabolic rates (Scott et al., 1386), and radionuclide
kinetics (Peters, 1986}, Many of the data presented in this
chapter were generated from studying these populations.

Use of Radioisotopes in Turtle Research

We categorize our discussion of the radioecological stud-
ies of turtles into eight sections that include a compilation
of radionuclide concentrations in turtles and other organ-
isms, a discussion of the radiosensitivity of these organ-
isms, and various topics for which radiological techniques
provide a useful research tool. These include terrestrial
movement in turtles, metabolic studies, feeding rates in
free-ranging animals, kinship studies, ecosystem analysis,
and miscellaneous topics.

Before a discussion of the various radionuclide tech-
niques can be meaningful, some background knowledge of
kinetics is essential (details are presented in Appendix
21.1). In the present context, “kinetics” refers to the trans-
fer of radionuclides into, within, and out of a system.
Radionuclide kinetics depend upon numerous extrinsic
and intrinsic factors. Extrinsic factors include the type of
radionuclide, geochemical characteristics of the environ-
ment, and temperature. Important intrinsic parameters
are body size, age, sex, metabolic rate, and physical condi-
tion (Reichle et al., 1970). Processes whereby an organism
can accumulate radionuclides are, therefore, affected by
properties of the radionuclide, the organism, and the eco-
system (Whicker, 1983).

RADIONUCLIDE CONCENTRATIONS

Radiological assessment and general understanding re-
quire determining the concentrations of isotopes within
organisms. This information can give us insights into
{1} the relative accumulation of isotopes by comparing
radionuclide concentrations among organisms, (2) the be-
havior of radionuclides within a system, (3) potential
food-chain transport, and (4) dose estimates to the organ-
isms from the internally deposited nuclides. Comparisons
among organisms are seldom straightforward, because it
is often not known if the reported values represent equi-
librium conditions. This is particularly true for 208r, which
may take a long time to reach equilibrium in calcareous
tissues. It has been shown that radionuclide concentra-
tions can be affected by season (Scott et al., 1986), age
(McClellan etal., 1962; Della Rosa et al., 1965), tempera-
ture (Nakahara et al., 1977; Storr ct al., 1982), body sur-
face area and/or mass (Richmond, 1958; Stara et al.,
1971), chemical nutrient content in the environment (Ag-
nedal, 1967; Whicker et al., 1972), and metabolic rate

Life History and Ecology of the Slider Turtle

269

(Reichle et al., 1970). Concentrations of fission products
in the biota from fallout also vary with year and geograph-
ical location {Whicker and Schultz, 1982).

Holcomb et al. (1971) were the first to report ievels of
radioactivity in the exoskeletons of turtles. They exam-
ined %98r concentrations from nuclear fallout in the shells
of eight species (N = 102) from six southeastern states.
Individuals varied in 90Sr concentrations from 0 to 10.4
Bq/g bone ash. (A Becquerel, or Bg, is the International
System of Units measurement of radioactivity egual to
one disintegration per second.!) Holcomb noted a tenden-
cy for specimens from Florida (N = 7} to differ from speci-
mens of other regions in 9981 concentrations. Jackson et al.
(1974) also analyzed %Sr levels in turtles from the South-
east (N = 73} and found geographic differences in con-
centrations. Consistently low concentrations were found
in Florida species taken from a fast-llowing spring habitat
of limestone origin. The authors attributed this to the pos-
sible removal of 908r fallout by ion exchange and the quick
transport of direct fallout away from the area by the rapid
flow of water. With the exception of the limestone spring
habitat, aquatic turtle species exhibited reasonably uni-
form concentrations.

Species differences in radionuclide concentrations can
be related to differences in diet. Hanson (1967) has shown
that caribou generally contain higher levels of %98y than
other ungulates because of the caribou’s consumption of
lichens. Lichens absorb radionuclides from air and pre-
cipitation with remarkable efficiency and thus contain
radionuclide concentrations higher than most other vege-
tation. There is some evidence that the gopher tortoise
(Gopherus polyphemus) accumulates higher concentrations
of 0Sr than other species of turtles. This is shown in Fig-
ure 21.1, a graph of the pooled data sets of Holcomb et al.
(1971) and Jackson et al. (1974) along with %Sr con-
centration data for other organisms. The mean %08r con-
centration in the ashed shell of Gopherus is higher than in
other turtles. Jackson et al. (1974) attributed this differ-
ence to the herbivorous diet of Gopherus, in that %08z levels
are generally higher in vegetation than in upper trophic
levels, thus possibly explaining why the 9Sr concentra-
tions are lower in the carnivorous and omnivorous turtles.

Fallout concentration levels of 998r in turtles are similar
to those found in other organisms (Fig. 21.1). The exo-
skeleton of a “shelled mammal,” the nine-banded arma-
dillo {Dasypus novemcinctus), contained 0.4 to 4.6 Bq/g bone
ash of %8r (Jackson et al., 1972). Strontium levels in
an cctotherm (trout) from mountain lakes in Colorado

"The traditional, comparable unit of radicactivity is the picocurie
(pCi), and | Bg = 27 pCi. For comparison, Bennett (1971) estimated
the average daily dietary intake of #Sr for humans in New York as
0.43 Bq. Strontium-90 concentrations in New York City tap water
rcached a peak of 0,08 Bq/] in 1963 (Eisenbud, 1973). The Department
of Energy allows deer hunters to take home animals harvested on federa!
property if Cs body burdens are less than 3.7 Bq/g (Brisbin, pers com.).
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Ficurz 21.1. Fallout ®Sr concentrations (Bq/g bone ash) in
turtles (from the pooled data sets of Holcomb et al,, 1971, and
Jackson et al., 1974), other organisms (armadillo, Jackson et al.,
1972; trout, Whicker et al., 1972; mule deer, Whicker et al.,
1967), and turtles from contaminated environments {Towns,
1987). Sample sizes are given in parentheses.

ranged from 0.2 to 8.8 Bq/g bone ash (Whicker et al.,
1972), and the range found in Colorado deer was 0.1 to 1.3
Bq/g (Whicker et al,, 1967).

Under conditions where the level of radioactivity is in-
creased, turtles, like other organisms, assimilate higher
concentrations of radioisotopes. Towns (1987) measured
the Sr and Cs levels in Trachemys inhabiting a contami-
nated cooling reservoir (Pond B) on the Savannah River
Plant. Strontium-90 concentrations ranged from 2.7 to
9.2 Bq/g bone ash with a mean of 5.6, three times the
mean concentration found in turtles contaminated by fall-
out %Sr (Jackson et al., 1974). Mean !37Cs concentrations
were 0.9 Bg/g whole-body wet weight in the animals from
Pond B (Towns, 1987).

Isolated contaminated scepage basins on the SRP have
radioactivity levels considerably above the level of Pond
B. Seven Trachemys from one such basin had mean %05r
concentrations of 230 Bq/g bone ash, with arange of 20 to
930 (Fig. 21.1; Towns, 1987). Mean !37Cs concentrations
were 5.7 Bq/g whole-body wet weight. To our knowledge,
the highest measured %Sr concentration in a turtle was in
a 482 g female T. scripta captured in a contaminated
seepage basin. Its radioactivity levels were above the
quantitative limits of a Geiger-Miiller counter (80,000
counts per minute). Subsequent analysis of the animal by
the Du Pont company’s Savannah River Laboratory re-
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vealed 90Sr levels of approximately 1,850 Bq/g bone ash.
Analysis of 13’Cs in muscle tissue yielded 63 Bq/g wet
weight (Garrett, 1986). For comparison, the maximum
137Cs concentration from waterfowl collected on a radio-
active leaching pond at the Idaho National Engineering
Laboratory was 150 Bq/g flesh wet weight (Halford etal.,
1981). Obviously, turtles are not unique in their ability to
concentrate high levels of radiation. The point is that as
the level of radionuclide exposure increases, so do the
radionuclide concentrations in the biota. Not knowing the
various levels of radiation exposure in the above discus-
sion makes comparisons difficult. It appears from Figure
21.1 that under normal conditions turtles do not accumu-
late unusual concentrations (Bq/g) of radionuclides when
compared with other organisms. However, the high pro-
portion of bone tissue in turtles (=42% of their total mass;
Towns, 1987) will result in turtles’ having a greater %5r
total body burden (Bq) than unshelled animals of similar
mass have. A more direct comparison is afforded by the
examination of radionuclide concentrations in the biota
from a single location and through the use of concentra-
tion ratios. Both concepts are explored further in the sec-
tion Ecosystem Analysis, below.

RADIOSENSITIVITY

In an attempt to determine the sensitivity of organisms to
radiation, many researchers have established the “medi-
an lethal dose” by irradiating organisms and determining
the dose at which 50% of them die within a specified time
frame (e.g., 30 days in most mammalian studies, desig-
nated as LDsq(30)- Lethal dose experiments with reptiles
and amphibians are generally carried out for a longer
period to achieve 50% mortality (LDsqg0) of LDsop120)
because of a longer latency period (the time before which
radiation effects are manifested). When animals survive
for prolonged periods following irradiation, a median le-
thal dose based on 30 days gives falsely high LD, values
(Sparrow et al., 1970; Willis and Lappenbush, 1975).

Differences in latency periods can be due to tempera-
ture. Cooler temperatures lengthen the mean survival
time in exposed amphibians (Patt and Swift, 1948; Allen
et al., 1951; O’Brien and Gojmerac, 1956} and hibernat-
ing ground squirrels (Barr and Musacchia, 1972). Other
factors such as reduced radiation exposure, long mitotic
cycle times, and slower rates of cell renewal are likely to
lengthen the latency period (Patt and Quastler, 1963).
Differences in laboratory versus field conditions and in the
feeding regime of test animals also make LDso com-
parisons difficult. General trends do exist, however, and
Whicker and Schultz (1982) have provided a relative
ranking of radiosensitivities in various taxa (Fig. 21.2).
Within taxa, the lower end of the range includes the most
sensitive species and life stages, and the upper end gener-
ally represents adults of the most resistant species.

Life History and Ecology of the Slider Turtle
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Fioure 21.2. Radicsensitivities of various taxa. From Whicker and Shulez (1982).

Generally, reptiles are less sensitive to radiation than
mammals are; however, caution should be applied when
comparing individual species, because of the problems
mentioned above. Comparative radiosensitivity, accord-
ing to Sparrow et al. (1970), should be based on the low-
est exposure required to reach a given end point without
regard to the length of the postirradiation period. LD,
values should be determined only after enough time has
elapsed that most or all of the radiation-induced deaths
have occurred. We have compiled the LD, values for
turtles and representative values for other taxa (Table
21.1). Unfortunately, it is not possible to tell if the recom-
mendations of Sparrow et al. (1970) were followed by the
original researchers. It is particularly questionable on
those groups of animals that were followed for only 30
days (lizards, ducks, and rodents). If radiation-induced
deaths were still occurring after 30 days, then the reported
LD, is too high. With these limitations in mind, the
data from Table 21.1 suggest that if the herpetofauna
were ranked according to radiosensitivity, turtles would
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probably occupy an upper position (i.e., they are more
resistant).

An zlternative approach in comparing the radiosen-
sitivity of organisms is related to characteristics of the cell
nucleus. The relationship of radiosensitivity of plants to
nuclear volume, chromosomal volume, and DNA content
is well documented {Sparrow, 1962; Sparrow and Spar-
row, 1963). Increased sensitivity is related to a large nu-
cleus volume, a large interphase chromosome volume,
and a large amount of DNA per chromosome (Kaplan
and Moses, 1964; Sparrow et al., 1967, Sparrow et al.,
1968). The radiosensitivities of various amphibian spe-
cies, which are known to have the greatest range of nu-
clear size of any vertebrate class, have been compared by
Conger and Clinton (1973). Their results were similar to
those found for plants: There is a positive correlation be-
tween nuclear volume and radiosensitivity.

Using this concept to examine the radiosensitivity of
turtles was not productive. The DNA content per cell in
turtlés is similar to that found in a wide variety of other
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Tabie 21.1. LDy, valoes for various taxa

Postirradiation
Organism LDy (3v) period (d) Reference
Turtles
Bax turtle 10-15 - 3
103 120 (adult) 10
Chelydra <8 120 {juvenie) 10
Chuysemys <10 120 (juvenile) 10
Terrapene 835 120 4
Lizards
Sceloporus 15 - 8
Uia 10-12 30 5
-2 30 [
Soakes
Elaphe, Coluber 34 90 4,10
Frogs
Hyla 112 50 12
Rana 7 730 2
12 730 9
78 150 12
Fish
Gokifish 8 - 1
Satamanders
Desmognathus 53 70 9
Nectirus 08 200 9
<2 180 12
Notophthaimus 47 150 12
Ducks
Bluc-winged teal 72 30 7
Green-winged ical 48 30 7
Shoveter 89 30 7
Rodents
Cisellis 126 30 11
Ochotona 3856 30 1n
Peromyscus 92-115 30 n
Rattus 95-133 0 1
Humans 36 k) 13
References: 1, Elinger, 1940; 2, Stearner, 1950; 3, Ahland et al, 1951; 4,
Cosgrove, 1965; 5, Daoa sod Tinkle, 1965; 6, Turner ¢t al, 1967; 7, Tester el

al, 1968; 8, Willis and McCourry, 1968; 9, Sparow £t ., 1970; 10,
1971; 11, Sacher and Staffelt, 1971; 12, Conger and Cliton, 1973; 13
Whicker and Schultz, 1962

|

organisms (Shapiro, 1968). Given this overlap, it is not
possible to predict the relative radiosensitivity of turtles
based on their nuclear volume. However, based on this
very limited data base (Fig. 21.2; Table 21.1; Shapiro,
1968), turtles do not appear to differ substantially from
other reptiles, amphibians, or fish in sensitivity to radia-
tion. If a larger data base were available, we suspect that
turtles would be found to be less sensitive to external
radiation than most of the other herpetofauna, if for no
other reason than that the carapace provides an approxi-
mate 20% shielding (Gosgrove, 1971).

TERRESTRIAL MOVEMENT

Numerous studies concerned with population dynamics
have used radioactive tagging techniques to determine
home range size and dispersal distances (reviewed in
Schultz and Whicker, 1982). Pendleton (1956) described
the advantages of marking animals with radionuclides as
(1) the animal is generally unaware of the presence of the
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isotope; (2) isotopes are generally easy to apply to large
numbers of animals; (3) the radioactive tag becomes part
of the animal, with little danger of the identifying device’s
being lost; and (4) accurate observation can often be made
without interference by the observer. Ferner (1979) also
discussed radioactive tagging in his review of marking
techniques for reptiles and amphibians. Radiotags are
especially useful with burrowing animals, and because of
the uniqueness of this technique, we have included a brief
review of the findings. Karlstrom (1957) used radioactive
cobalt (69Co) wire as a tag to recover toads (Bufo canorus}
in the field. Breckenridge and Tester (1961) documented
the subsurface vertical migration of Bufo hemiophrys during
hibernation by using radioactive tantalum ('82Ta) tags.
Both radionuclides are high-energy gamma emitters that
can be easily detected in the field with a Geiger-Miiller
counter or scintillometer. Breckenridge and Tester (1961)
could detect an animal on the surface at a distance of 6 m,
and an animal under 0.5 m of water was detected 1.5 m
away.

Several studies have used !32Ta tags to examine ter-
restrial movement of salamanders {Madison and Shoop,
1970; Shoop and Doty, 1972; Shoop, 1974; Semlitsch,
1981a; Semlitsch, 1983). Semlitsch (1981b) stated that
the effect of the radioactive tag itself on the mole sala-

mander (Ambystoma lalpoideum) was not 2 problem for

short-term studies (i.e., less than a month). He did, how-
ever, document discoloration of the skin area adjacent to
1.5 MBq !82Ta tags 40 days after implantation. At 50-80
days, the skin around the tag ulcerated. By the end of 160
days, 83% of the salamanders had lost their tags. Both
Ashton (1975}, who also worked with salamanders, and
Hirth et al. (1969), who tracked the dispersal of three
snake species from a hibernaculum in Utah, reported tag
loss due to ulceration, Neither Barbour et al. (1969) nor
Madison and Shoop (1970) reported problems in their use
of ¥9Co tags (1.7 MBq) on Desmognathus fuscus and '62Ta
tags (0.7-1.8 MBgq) on Plethodon jordani. Several studies
on lizard species have successfully used similar tagging
techniques (O’Brien et al., 1965; Fitch and von Achen,
1977). '

Terrestrial activity of aquatic turties was monitored by
Bennett et al. (1970) using tantalum pins. The pins were
easily attached in holes drilled in the carapace of three
species (Kinosternon subrubrum, Trachemys scripia, and Deiro-
chelys reticularia). Twenty-seven K. subrubrum were radio-
actively tagged, of which 20 were recaptured. Individu-
als generally moved short distances {m/day) and then
burrowed below the litter {211 cm deep) but occasion-
ally moved 10 m/day. Movement ceased in December.
The technique revealed that K. subrubrum adults normally
overwinter on land away from their aquatic habitat.
Fewer T. scripta and D. reticularia were tagged, butin gen-
eral these two species were found not to move as far from
the site as K. subrubrum. Ward et al. (1976) used Bennett’s

Life History and Ecology of the Stider Turtle
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technique to determine scasonal habits of the spotted tur-
tle (Clemmys gutlata). At the start of the study, turtles were
detected at distances as great as 10 m. The technique
permitted Ward to locate estivating turtles burrowed un-
der moist, loosely matted vegetation.

Morreale et al. (1984) measured radioisotope levels in
previously contaminated 7. seripla to examine the differ-
ences in long-range movements between males and
females. Contaminated radioactive sediments and food
items are present in some catchment basins on the SRP.
Turtles inhabiting these basins incorporate varying levels
of radioisotopes into their tissues. Before 1982, individuals
could migrate from unfenced, contaminated sites to near-
by natural aquatic sites. Thus, turtles with abnormally
large radioactivity levels found in uncontaminated sites
could be assumed to represent a relocation. This observa-
tion, coupled with 16 years of mark-recapture data, al-
lowed Morreale et al. (1984) to assess sexual differences in
movement. More males moved among bodies of water
than females, and males moved greater distances. Four-
teen of 15 radioactive turtles emigrating from catchment
basins were males. In addition, females captured within
the basins exhibited higher levels of radioactivity than
males, possibly an indication of their tendency to be more
sedentary. These results were interpreted as evidence for
differences in the sexual strategy of males and females.

Generally, mere information on field movements of or-
ganjsms can be gained with radiotransmitter technology
than with radioactive tagging. Current transmitter tech-
niques often allow the researcher to obtain data on param-
eters such as body temperature and heart rate, as well as
location of the organism. In current studies of turtle move-
ments within and among populations, it is doubtful that
radioisotope tracking techniques would be superior to
conventional radiotransmitter methods. The exception to
this may be in the study of hatchling dispersal from the
nest cavity or in the study of small species such as K. sub-
rubrum. Radiotransmitters are, in general, too large to be
used on such animals, whereas some form of radioactive
tag might be useful.

METABOLIC STUDIES

Perhaps the greatest potential use of radioisotopes in tur-
tle research is in energetics and metabolic studies. Such
techniques may prove profitable in two areas of interest:
(1) the determination of field metabolic rates and {2) the
metabolic study of specific elements from which rate con-
stants among system compartments can be determined.
The prospects for both areas are outlined below.

FIELDMETABOLICRATES. Watercontaining stableand/or
radioactive tracers has been used to measure water, ener-
gy, and material fluxes in many species of animals (Lifson
and McClintock, 1966; Nagy, 1975). Water flux through
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an animal can be estimated with deuterium (2H) or tri-
tium (3H). Tritium is easier to measure and is used in
most studies, The 3H is injected into the animal and al-
lowed to equilibrate with the body water of the animal
(which takes one to four hours, depending on the organ-
ism’s size). Blood samples are then periodically taken
from the free-ranging animal. The 3H will decline through
time because of water loss due to evaporation and excreta
as well as the simultaneous dilution of the 3H by metabolic
water production and the intake offood and liquids (Nagy,
1982). The rate of decrease in the specific activity of 3H is
an estimate of the water flux. The 3H is analyzed with a
liquid scintillation counter after microdistilling the blood
samples (Wood et al., 1975). Nagy and Costa (1980) be-
lieved that the tritiated water method can give estimates
of water flux within *=10% of actual rates.

By introducing water labeled with heavy oxygen (120},
in addition to 3H or 2H, one can estimate CO, production
(i.e., metabolic rate). The doubly labeled water (*H,'20)
is injected into the animal and allowed to equilibrate with
the oxygen of CO, in the blood because of the action of
carbonic anhydrase (Lifson et al., 1949). The specific ac-
tivity of 120 in the body water declines faster than that of
the 3H because 130 is being lost in CO, as well as in H,0
(Lifson and McClintock, 1966). Therefore, the difference
in the rate loss of 180 and that of 3H is an estimate of the
CO, production. Oxygen-18 content of the distilled blood
samples is determined by proton activation, transforming
1230) into a gamma-emitting isotope of fluorine {(Wood et
al., 1975). Mass spectrometry can also be used to analyze
the 30 (Boyer et al., 1961), but the method is more diffi-
cult than the proton activation technique (Congdon et al.,
1978).

The doubly labeled water method has been compared
with other techniques and, according to Nagy (1987), has
an accuracy comparable to the tritiated water method
(£8%). Once the method is validated for the taxon of
interest (Congdon et al., 1978), it affords an extremely
powerful means of determining the energy metabolism of
animals in their natural environment (Mullen, 1973).
This technique has been used in several field studies of
lizards (Nagy and Shoemaker, 1975; Bennett and Nagy,
1977; Congdon, 1977; Congdon et al., 1979; Congdon and
Tinkle, 1982a; Green et al., 1986) and birds and mammals
{reviewed by Nagy, 1987).

The technique has proved to be oflittle use in metabolic
studies of aquatic turtles, however, because of their ex-
tremely rapid water flux. Preliminary studies of water flux
in Chrysemys picta and Trachemys scripta revealed that turtles
may turn over half their body water each day (Congdon,
pers. com.). The concentration of doubly labeled water,
therefore, is quickly reduced to levels below the detection
limits of standard instrumentation. Until the technique or
the instrumentation is further refined, the effective use of
labeled water may be limited to nonaquatic species.
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As an alternative to the doubly labeled water tech-
nique, elimination rates of radioisotopes may be used as a
relative index of metabolic activity. Odum (1961) sug-
gested this as a method to compare laboratory and field
metabolic rates in arthropod populations. It has since
been used with varying success in studies of field meta-
bolic rates in small mammals (Orr, 1967; Baker and Dun-
away, 1969; Puiliam et al., 1969; Chew, 1971}. In general
there appears to be a relationship, on a gross level, be-
tween energy use and elimination rates of some tracer
substances. Pulliam et al. (1969) found significant cor-
relations (r2 > 92) between the biological half-time of
65Zn in mice maintained at three different temperatures
and the metabolic rates as estimated by respirometers and
metabolic cages (Table 21.2). Biological half-times were
significantly different {(p < .0l) between temperature
groups but not between individuals within any one group.

A strong positive relationship between standard meta-
bolic rate and temperature is well documented for ecto-
therms {Bennett and Dawson, 1976). The same relation-
ship is true for the elimination rate of certain radicisctopes
and temperature. A temperature drop from 15° to 5° C
slowed the elimination of 137Cs by a factor of 2 to 3 in
freshwater fish (Kevern et al., 1964, in Hasanen et al,,
1967; Hasanen et al., 1967). Hakonson et al. (1975) ob-
served the biological half-time of Cs to increase in trout
from about 100 days in summer to 850 days in winter.
Gallegos and Whicker (1971) also correlated radiocesium
elimination in trout with temperature. Similar relation-
ships have been documented in marine organisms
{O’Hara, 1968; Nakahara et al., 1977) and the freshwater
clam (Storr et al., 1982).

As was shown in Table 21.2, Pulliam et al. (1969) ob-
tained excellent relationships between temperature and
85Zn elimination in the laboratory. However, when they
looked at 5Zn elimination in mice kept within outdoor
enclosures, the predicted biological half-time based on the
animal’s mean field temperature was 12.0 days, whereas
the actual measured half-time was 4.8 days. Obviously,
temperature does not explain all of the variance in radio-
nuclide elimination or metabolic rate, especially under
field conditions. Elimination rates of radioisotopes have
been shown to be related to food intake (Staton et al.,
1974) as well as to ingestion rates of stable isotopes and
analogous elements (Marey et al., 1967; Whicker, 1983).
Staton et al. (1974) examined !37Cs elimination in 32 cap-
tive snakes collected from contaminated habitats on the
SRP. Elimination rates were positively correlated with
caloric intake and exhibited a negative exponential rela-
tionship with body mass. Scott et al. (1986} found that the
elimination of %0Sr and 137Cs in T scripta varied according
to season but was not governed solely by temperature.
Free-ranging turtles that had previously incorporated
90Sr and 137Cs from contaminated sites were enclosed in
an 18 X 20 m uncontaminated, outdoor, experimental
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Table 21.2, Biological half-time of $Zn (r,) and metabolic rate

as estimated by respirometer (a,) and metabolic cages(s,)
for Mus musculus at three temperatures

Temperature 1y & &
o N (@ (kealig/d) (kealig/d)
5 10 59 =07 039 + 0.04 107 + 0.06
10 10 64 = 09 032 = 001 0.94 = 0.05
20 10 99 = 05 0.2 * 001 0.55 = 0.05

Source: Pulliam et al., 1969,
Nose: Means and standard devistion are given.

pond with a maximal depth of 3 m, fed weekly ad libitum,
and analyzed for radioactivity at twe-month intervals. As
expected, elimination rates were very low during winter
periods, when activity was minimal and little, if any, feed-
ing occurred (Fig. 21.3). Elimination rates increased dra-
matically during the spring period (April-June} but sig-
nificantly decreased by a factor of 4 during the summer
months, despite warmer water temperatures. The authors
speculated that the higher spring elimination rates {and
associated high metabolic rates) were probably related to
reproductive behavior.

The elimination rate of radioisotopes, therelore, is prob-
ably a better estimator of field metabolic rates (FMR)
than of basal or standard metabolic rates. Nagy (1987)
stated that FMR includes “the costs of basal metabolism,
thermoregulation, locomotion, feeding, predator avoid-
ance, alertness, posture, digestion and food detoxification,
repreduction and growth, and other expenses that ulti-
mately appear as heat, as well as any savings resulting
from hypothermia.” All these parameters could conceiva-
bly affect the elimination of certain radioisotopes.

The usefulness in estimating an animal’s metabolic rate
varies with individual isotopes. Reichle and Van Hook
(1970) termed tracers “biologically indeterminate” if
their turnover at steady state proceeded at a rate propor-
tional to the whole-body metabolism of the animal. The
similarity between whole-body metabolism and tracer
metabolism may be based on the relationship of both to
body mass. Equilibrium amounts of a tracer in similarly
exposed individuals from the same population are often
related to body mass by the equation

Q. = y(W)e

where @, is the equilibrium amount of the tracer, W, is the
body mass of individual ¢, and v and B are fitted parame-
ters {Eberbardt, 1969; Boyden, 1974; Fagerstrom, 1977).
The metabolic allometric equation (Kieiber, 1973} is very
similar:

M, = a(W)*
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Ficure 21.3. Seasonal differences in the elimination of '37Cs and %8¢ in T, seripte (¥ = 1| SE). Numbers in parenthescs
represent the respective long-term biological half-times in days. Adapted from Scott et al. (1986).

where M, is some measure of steady-state energy flux, and
a and b are fitted parameters. Fagerstrom (1977) derived
equations to test whether a given tracer is biologically
indeterminate and thus a feasible tracer of energy flow in
ecological systems. He stated that, within a population of
animals, the biological half-time, body burden, and
whole-body concentration of an indeterminate tracer
should be proportional to body weight raised to (1 — 5),
1, and 0, respectively, where & is the exponent relating
body weight to standard metabolic rate. The value for &
can be determined experimentally, or the commonly ac-
cepted value of 0.8 for b can be used (Hemmingsen, 1950).
If the relationships between body mass and the tracer
parameters (biological half-time, body burden, and whole-
body concentration) do not hold, it could be that (1) the
system is not in equilibrium with respect to energy and/or
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the tracer, or (2) the turnover rate of the tracer is governed
by the activity of a specific enzyme or organ rather than by
whole-body metabolism (Fagerstrém, 1977). Cesium-137
and 83Zn have successfully been used in the past as realis-
tic estimators of metabolic rate {Reichle et al., 1970) and
may be particularly suited for situations where the doubly
labeled water technique is inappropriate. However, we
caution that at this time the relationship of metabolic rate
to radionuclide elimination rate needs more rigorous ex-
perimental testing.

Stara et al. (1971) examined the metabolism of radi-

~ onuclides in mammals and found a relationship between

137Cs long-term elimination and body mass. A plot of this
relationship revealed that ruminants eliminate 137Cs
more quickly than similar-sized nonruminants. Reichle et
al. (1970) found that when the logarithm of cesium biolog-







