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ENVIRONMENTAL INFLUENCES ON THE 137Cs 
KINETICS OF THE YELLOW-BELLIED TURTLE 

(TRACHEMYS SCRIPTA)l 

ERIC L. PETERS2 
Department of Radiological Health Sciences, Colorado State University, Fort Collins, Colorado 80523 USA 

I. LEHR BRISBIN, JR. 
Savannah River Ecology Laboratory, P.O. Drawer E, Aiken, South Carolina 29802 USA 

Abstract. Assessments of ecological risk require accurate predictions of contaminant 
dynamics in natural populations. However, simple deterministic models that assume constant 
uptake rates and elimination fractions may compromise both their ecological realism and 
their general application to animals with variable metabolisms or diets. In particular, the 
temperature-dependent metabolic rates characteristic of ectotherms may lead to significant 
differences between observed and predicted contaminant kinetics. We examined the influ- 
ence of a seasonally variable thermal environment on predicting the uptake and annual 
cycling of contaminants by ectotherms, using a temperature-dependent model of 137Cs ki- 
netics in free-living yellow-bellied turtles, Trachemys scripta. We compared predictions 
from this model with those of deterministic negative exponential and flexibly shaped Rich- 
ards sigmoidal models. Concentrations of 137Cs in a population of this species in Pond B, 
a radionuclide-contaminated nuclear reactor cooling reservoir, and 137CS uptake by uncon- 
taminated turtles held captive in Pond B for 4 yr confirmed both the pattern of uptake and 
the equilibrium concentrations predicted by the temperature-dependent model. Almost 90% 
of the variance in the predicted time-integrated 137Cs concentration was explainable by 
linear relationships with model parameters. The model was also relatively insensitive to 
uncertainties in the estimates of ambient temperature, suggesting that adequate estimates 
of temperature-dependent ingestion and elimination may require relatively few measure- 
ments of ambient conditions at sites of interest. Analyses of Richards sigmoidal models of 
137CS uptake indicated significant differences from a negative exponential trajectory in the 
1st yr after the turtles' release into Pond B. We also observed significant annual cycling 
of 137CS concentrations, apparently due to temperature-dependent metabolism and its influ- 
ence on ingestion and elimination rates. However, equilibrium concentrations of the radi- 
onuclide in the wild population were predictable from negative exponential models based 
on average annual temperature and its effects on intake and elimination rates, also suggesting 
that predicting ectotherm responses to long-lived contaminants (such as 137Cs) may be 
possible without complex ecophysiological modeling. 

Key words: biogeochemistry; biotic concentrations; cesium-137; contaminant modeling; diet; 
kinetics modeling; model sensitivity analysis; physiological ecology; radioecology; radionuclides; 
Richards sigmoidal model; stochastic models; Testudines; thermal ecology; Trachemys scripta. 

INTRODUCTION 

Ecological risk assessments attempt to identify neg- 
ative environmental effects resulting from human ac- 
tivities. One major step in risk assessment involves 
combining laboratory toxicity data with ecological 
knowledge of contaminant behavior in the environment 
to estimate the probability of adverse impacts. To be 
of any relevance in regulatory or remediation decisions, 
such assessments require accurate predictions of con- 
taminant behavior in the abiotic and biotic components 
of ecosystems. This process is complicated by the vast 
array of species of concern and the number of contam- 

1 Manuscript received 8 June 1994; revised 6 February 
1995; accepted 10 March 1995; final version received 3 April 
1995. 

2 Present address: Savannah River Ecology Laboratory, 
P.O. Drawer E, Aiken, South Carolina 29802 USA. 

inants involved. There are presently over 100 000 
known man-made chemicals (Bartell et al. 1992), and 
many may have adverse effects on resident biota. 

Radionuclides (radioactive elements) are an impor- 
tant class of environmental contaminants. Environ- 
mental releases of these substances by nuclear pro- 
duction facilities, reactor accidents, weapons detona- 
tions, stored radioactive and mixed waste (Medvedev 
1979), abandoned nuclear propulsion systems, and lost 
or diverted radiotherapy and other radiation sources (A. 
Nedospasov, Institute of Molecular Genetics, Russian 
Academy of Sciences, Moscow 123182, Russia, per- 
sonal communication) are an unfortunate reality of 

modern existence. The accident at the Chernobyl nu- 
clear facility demonstrates graphically the magnitude 
of ecological, social, and pecuniary damage that can 
result (Peterson et al. 1986, Anspaugh et al. 1988, Med- 
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vedev 1990, Kryshev 1992). When such releases occur, 
consumption of domestic animals and wildlife inhab- 
iting the contaminated area can become an important 
pathway for human exposure (Jenkins and Fendley 
1968, Jenkins et al. 1969, Whicker 1983, Whicker et 
al. 1990a). As a result, numerous studies have attempt- 
ed to quantify the uptake, cycling, and distribution of 
various radionuclides in the environment, as well as to 
assess their uncertainties in estimating human doses 
(e.g., Whicker and Kirchner 1987, Anspaugh et al. 
1988, Breshears et al. 1989, 1992). 

Although environmental releases of radionuclides 
are not as common as those of other chemical contam- 
inants, radionuclides are of interest because they can 
produce deleterious effects at low concentrations, be- 
cause both external and internal exposure can be haz- 
ardous, and because many radionuclides can freely sub- 
stitute for nutrient elements in biochemical reactions. 
The kinetics of radionuclides can thus yield important 
insights into the behaviors of chemically similar sub- 
stances in both ecosystems and in individual species 
(e.g., when used as tracers in studies of the environ- 
mental behaviors of a number of important toxic ele- 
ments such as Hg or Cd). Moreover, concentrations of 
radionuclides or radionuclide-labeled contaminants in 
living organisms can often be determined with greater 
resolution or lower cost than their stable chemical an- 
alogs. If these labeled substances are gamma photon 
emitters, it is possible to examine the contaminant up- 
take and loss of the same individuals over time without 
destructive sampling, through the use of external 
whole-body counting. 

Radionuclide transport modeling for assessing hu- 
man risk from radionuclide exposure shares the major 
goals of other risk assessment efforts: to develop rea- 
sonable simulations of the behavior of contaminants in 
the environment, and to translate these simulations into 
accurate predictions of the effects of such releases on 
species, populations, or systems of interest (Bartell et 
al. 1992). However, radionuclide models tend to seek 
the most precise predictions possible through recon- 
struction and characterization of particular contami- 
nation scenarios, whether or not the resulting predic- 
tions reflect the general behavior of these substances 
in the environment. As a result, radionuclide modeling 
often relies heavily on site- or event-specific data in 
the formulation of model assumptions and in param- 
eterization. This emphasis is partly due to the necessary 
trade-off between model accuracy and generality in hu- 
man exposure/risk assessment models (e.g., Whicker 
and Kirchner 1987, Whicker et al. 1990a). It is also, 
however, partly a consequence of the relatively poor 
understanding of the patterns and processes governing 
the behavior of these contaminants in ecological sys- 
tems. While large components of certain human dose 
models center on factors that are under some degree 
of human control (e.g., agricultural practices, dietary 
preferences), extension of these models to ecological 

risk assessments may be problematic because relevant 
data on abiotic (e.g., chemical availability, climatic in- 
formation) and biotic factors (e.g., intake and elimi- 
nation rates, assimilation fractions) may be unavailable 
or incomplete. In determining the ecological impacts 
of radiation exposure to biota, there are additional dif- 
ficulties in converting contamination levels into quan- 
titative dose assessments, and in turn to reasonable risk 
estimates. There is a potential for introduction of errors 
and biases at all stages of this assessment, including 
those that occur when constructing the model, when 
testing model predictions, and when estimating the 
probability of adverse effects (Loehle 1987). To partly 
address these problems, stochastic modeling tech- 
niques have been applied to examine the influence of 
uncertainties in estimates of model parameter values 
on the subsequent predictions of contamination models 
(e.g., Whicker and Kirchner 1987, Whicker et al. 
1990a, Breshears et al. 1992). These techniques employ 
a "top-down" approach, using model sensitivity anal- 
yses to identify areas of model uncertainty where ad- 
ditional research effort may lead to more accurate sys- 
tem-wide predictions. Such techniques have been ap- 
plied less frequently to studies of contaminant uptake 
by individual animal species, where the use of simple 
deterministic models of contaminant uptake and elim- 
ination has been more common (but see Evans 1988, 
Brisbin et al. 1990). These prediction efforts can em- 
ploy a "bottom-up" approach (i.e., using models with 
parameters and assumptions derived from the physi- 
ology and ecology of the individual species). Predic- 
tions from such models may be validated relatively 
easily, using independent data not used in the model's 
construction, and model assumptions can then be tested 
against alternatives. 

Unfortunately, simple deterministic models have cer- 
tain rather restrictive assumptions that may compro- 
mise their usefulness in describing the contaminant ki- 
netics of certain animals. For example, because of sea- 
sonal differences in metabolic responses, we feel that 
ectotherms may depart significantly enough from de- 
terministic model assumptions that predictive ability 
may be compromised. If this is true, then stochastic 
modeling techniques employed in human risk assess- 
ment alone may not in themselves be adequate to make 
determinations of impacts on entire ecological systems 
and their inhabitants. Without an understanding of the 
patterns of ecophysiological responses of a diversity 
of species, there is the potential danger of inadequately 
estimating risks on taxa that may be critical compo- 
nents of ecosystems and/or be consumed by humans. 
It is, therefore, useful to examine the process by which 
deterministic models are constructed, and consider the 
influence of model assumptions on the successful sim- 
ulation of contaminant impacts. 

Classical deterministic and related 
mathematical models 

Uptake of radionuclides and other contaminants by 
animals is frequently represented as a constant rate of 
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intake coupled with a first-order loss, and may be con- 
ceptualized (e.g., Davis and Foster 1958, Whicker and 
Schultz 1982) as: 

keff 
R X W - 

and may be expressed as 

dq = R - keffq, (1) 
dt 

where R is the rate of radionuclide intake (in units of 
activity-time-'), q is the radionuclide body burden (in 
units of activity), and keff is a constant (in units of 
time-') representing the sum of the loss-rate coeffi- 
cients of the first-order physical and/or biological 
losses. This model has the time-dependent solution: 

q ( 1 - ekefft) + qOe kfft (2) 
keff 

where qt is the radionuclide body burden of the animal 
at time t, R and keff are as defined above, and qO is the 
initial body burden of the animal at time t = 0 (often 
assumed or measured as zero activity). Under these 
conditions, the animal comes to radionuclide equilib- 
rium at time t = oo, with the equilibrium body burden 

(qeq) expressed as: 

R 
qeq = (3) 

The effective loss-rate coefficient (keff) is related to 
the effective half-time (Teff, the time required for half 
of the quantity present in the organism to be lost 
through a combination of biological elimination and 
physical processes) for the substance, such that ln(2)/ 
keff = Teff. After a period of =5 X Teff, however, the 
animal is generally considered to be at an effective 
equilibrium with respect to the contaminant levels in 
its environment (i.e., the quantities of radionuclide or 
other contaminant entering and leaving the organism 
are approximately equal). 

The radionuclide intake rate (R) can often be con- 
sidered a composite parameter, composed of indepen- 
dently measured or modeled constituents. For example, 
R can be described as the product of the ingestion rate 
(r), the radionuclide concentration in the food (Cf), and 
the assimilation efficiency (a), the fraction of ingested 
radionuclide absorbed by the organism (Whicker and 
Schultz 1982), such that: 

R (activity/time) = r (mass of food/time) 
X Cf (activity/mass of food) (4) 
X a (dimensionless). 

By substitution, differential Eq. 1 above then becomes: 

dq= rCfa -keffq (5) 
dt 

and 

q- =r a (1 - e-kefft) + qOe-kefft. (6) 
keff 

The effective loss-rate coefficient (keff) is also a com- 
posite parameter describing multiple processes simu- 
lated by independent first-order rate constants that are 
combined additively, rather than multiplicatively. For 
example, if the physical half-time of the isotope is short 
relative to the measurement period (e.g., 131', with a 
physical half-time of 8 d), then keff may be partitioned 
into two rate constants: kb and kP, representing first- 
order losses from biological elimination and radioac- 
tive decay, respectively, with keff = kb + kp. For longer 
lived radionuclides such as 137Cs, kP will generally be 
much smaller than kb, and keff - kb. The biological 
elimination rate constant (kb) can also be further sub- 
divided into multiple loss rate coefficients representing 
losses from different body compartments or various 
routes of elimination of the radionuclide from the body 
(e.g., Willis and Jones 1977). 

The above "negative exponential" model is a special 
case of the more generalized Richards sigmoid model 
(Richards 1959), which may be formulated (Brisbin et 
al. 1990) as: 

jqeq(1 ) -k fft -kefft 

qt = qeq~lm 1 - eG(-m) + q (1 -m) e O m)-m)m) (7) 

where qt, qeq, and keff are defined as above, and with an 
additional shape parameter (m) that allows the simu- 
lation of a variety of sigmoidal curves with different 
inflection points (Richards 1959, White and Brisbin 
1980, Brisbin et al. 1986a, b, 1990). For example, sub- 
stituting a value of zero for m in Eq. 7, and Rlkeff for 
qeq as in Eq. 3, converts the equation to a negative 
exponential model that is the same as Eq. 2. A major 
advantage of the Richards formulation is that it permits 
the use of nonlinear curve-fitting techniques to obtain 
a "best fit" to contaminant uptake data and thus pro- 
duces an unbiased estimate of the trajectory of con- 
taminant uptake without a priori assumptions about 
model behavior. 

Negative exponential and Richards models have 
been applied in a number of studies of contaminant 
uptake by animals (e.g., Davis and Foster 1958, Fend- 
ley et al. 1977, Potter 1987, Brisbin et al. 1990). How- 
ever, despite the potential inclusion of multiple sources 
of radionuclide inputs and losses, these models have 
inherent assumptions that may compromise their re- 
alism. Both models assume a constant intake rate, in- 
stantaneous and complete mixing of the contaminant 
within the animal, and a loss rate that is a constant 
proportion of body burden. However, as the time re- 
quired to reach effective equilibrium increases, it be- 
comes less likely that these conditions will persist. For 
example, seasonal changes in food availability, radi- 
onuclide concentrations in food, and metabolic status 
could all alter the trajectory of uptake (Brisbin et al. 
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1990). Despite this caveat, these models are often very 
good predictors of body burden when applied to species 
that achieve a significant fraction of their effective qeq 

relatively rapidly. One example is endotherms (e.g., 
Anderson et al. 1976, Fendley et al. 1977, Potter 1987), 
where the maintenance of a constant body temperature 
produces energy metabolism rates that are both con- 
siderably higher and less variable than those of ecto- 
therms. Maintenance of a higher constant metabolic 
rate requires a greater amount of food per unit body 
mass (Peters 1983, Pough et al. 1989). Ingestion rates 
(r) are, therefore, greater in endotherms, and this in- 
creases contaminant intake rates (R). However, a great- 
er ingestion rate also means that food is turned over 
more rapidly, possibly reducing absorptive efficiency 
(and thus assimilation, a). The higher overall metabolic 
rate will also increase element (and contaminant) turn- 
over rates (increasing kb and thus keff). This increase in 
kb decreases Teff, which in turn decreases the time re- 
quired to reach effective qeq. Thus, both intake and 
elimination rates are higher in endothermic animals, 
suggesting that while endotherms might be expected 
to achieve a higher qeq due to a higher R, the reciprocal 
effect of a lower a and higher keff may reduce qeq. As 
a result, endotherms and ectotherms inhabiting the 
same contaminated areas and feeding on similarly con- 
taminated foods may or may not exhibit differences in 
the magnitude of their equilibrium body burdens that 
are comparable to the differences in their metabolic 
rates. 

The long biological half-times of several important 
long-lived radionuclides in ectotherms suggests it is 
unlikely that many of these animals could attain a sig- 
nificant fraction of qeq during a single active season in 
the temperate zone (Reichle and Nelson 1970, Staton 
et al. 1974, Scott et al. 1986, Peters and Brisbin 1988, 
Mailhot et al. 1989, Hinton et al. 1992, Ugedal et al. 
1992). Seasonal changes in intake or loss rates are, 
therefore, likely to affect the pattern of radionuclide 
uptake by such ectotherms, perhaps significantly al- 
tering it from a negative exponential trajectory. Be- 
cause the dose commitment to the animal is propor- 
tional to the area under the uptake curve (Whicker and 
Kirchner 1987), assuming an incorrect uptake pattern 
may not only lead to errors in predicting contaminant 
body burdens of ectotherms, but also their resulting 
biological effects. It may, therefore, be desirable to 
introduce time-variable responses into the models de- 
scribed by Eqs. 2 and 5 above, to more accurately re- 
flect the influence of seasonal temperature changes on 
the biological processes of ingestion and excretion in 
these animals. 

Ingestion rates (r) of temperate-zone ectotherms are 
likely to be maximal in warmer months and minimal 
in winter. If the radionuclide concentration of the food 
remains constant, and if the time spent ingesting food 
remains a constant fraction of the total active time, then 
this seasonality could be modeled by modifying Eq. 4, 

changing r from a constant to a time-dependent func- 
tion (r,). One such function, which changes continually 
throughout the year, and possesses an annual cycle with 
a single maximum and minimum is: 

= -r cos 36525 d (t + t)(d)] (8) 

where r from Eq. 5 is now rt, composed of F (the mean 
feeding rate), r (a coefficient that describes the ampli- 
tude of the annual cycle about this mean feeding rate), 
and t (a coefficient that reflects the times of year when 
maximum and minimum feeding rates occur). This 
function is simplistic, in that it assumes that the rules 
governing feeding behavior are the same at all times 
of the year. 

Other parameters (e.g., a, keff) are also likely to vary 
with temperature. Assimilation of radionuclides in the 
body will be subject to passive and active transport 
mechanisms that will both be sensitive to the thermal 
environment. For example, the solubility of a radio- 
nuclide in gut contents as well as its diffusion rate 
across cell membranes will be affected by temperature. 
Cell membrane proteins acting as ionic "pumps" also 
perform optimally at specific temperatures (Lehninger 
1975), influencing the assimilation of radionuclides 
that are biochemical analogs of important nutrient el- 
ements (e.g., 137Cs as an analog of K, or 90Sr for Ca). 
These and other physiological factors (e.g., osmotic 
balance, reproductive output, or somatic growth) may 
also affect keff- 

Here, we modify the traditional deterministic model 
often used to predict radionuclide uptake by animals 
by including temperature-dependent responses such as 
would be expected of temperate zone ectotherms. We 
then evaluate the utility of this model compared with 
simple continuous models in predicting radionuclide 
uptake by a specific ectothermic resident of a thermally 
complex environment: the yellow-bellied turtle, Trach- 
emys scripta. Using stochastic sampling of model pa- 
rameters, we analyze the sensitivity of this model to 
uncertainties in parameter values, describe the factors 
that are most important in governing the radionuclide 
kinetics in this species, and discuss those likely to be 
of importance in modeling the contamination kinetics 
of ectotherm populations. 

MATERIALS AND METHODS 

Study animal 

We chose the yellow-bellied turtle, Trachemys 
(= Pseudemys, = Chrysemys) scripta, as our model spe- 
cies for examining the effects of environmental factors 
on radionuclide kinetics of ectotherms. Trachemys 
scripta is abundant in most lentic and lotic habitats 
within its range in southern North and Mesoamerica 
(Ernst 1990, Legler 1990), and there is a wealth of 
information available on its physiology, life history, 
and ecology (Gibbons 1990a) that may be relevant in 
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FIG. 1. Conceptual model of 137Cs kinetics of Trachemys scripta. Numbered white circles represent model parameters 
(also see Table 2), with numbers in brackets corresponding to parameters used in the model sensitivity analyses, but with 

fpants = 1 - [ffishes + finvertebrates]. Black circles represent model equations, with numbers in parentheses corresponding to equation 
numbers. Shaded circles represent other abiotic processes. 

predicting its responses to environmental contami- 
nants. This species has also been the subject of inten- 
sive radionuclide kinetics research (Scott et al. 1986, 
Towns 1987, Peters and Brisbin 1988, Brisbin et al. 
1990, Hinton and Scott 1990, Hinton et al. 1992). 
Trachemys scripta is an ideal model for examining en- 
vironmental influences on the radionuclide kinetics of 
ectotherms because of its complex climate space (Stan- 
dora 1982), long life-span (Frazer et al. 1990), omniv- 
orous diet (Parmenter and Avery 1990, Schubauer et 
al. 1990), and home range fidelity (Gibbons et al. 
1990). 

One population of T. scripta inhabits Pond B, an 
abandoned nuclear reactor cooling reservoir located on 
the U.S. Department of Energy's Savannah River Site 
(SRS) near Aiken, South Carolina, USA. During the 
1960s, Pond B received significant radionuclide inputs 
(especially '37Cs and 90Sr) from discharges of contam- 
inated water from one of the SRS' weapons production 
reactors. As the radioecology of Pond B has been well 
described (Whicker et al. 1990b), we constructed our 
model using data from this location, and validated it 
using comparative measurements of '37Cs concentra- 
tion, ['37Cs], of both turtles naturally resident in this 
reservoir and of experimentally introduced uncontam- 
inated turtles. 

We focused our attention on '37Cs for several reasons. 
As a biochemical analog of potassium, Cs has a ubiq- 

uitous distribution within the body (particularly in 
edible skeletal muscle), and freely participates in im- 
portant active transport mechanisms of cells, particu- 
larly the sodium/potassium adenosine triphosphatase 
"pump" (Lehninger 1975, Metzler 1977, Nielsen 
1986). The characteristic gamma emission of '37Cs per- 
mits quantifying body burdens in this species (Towns 
1987) without destructive sampling. The long physical 
half-time (30 yr) of this radionuclide ensures its per- 
sistence at measurable levels over the course of long- 
term experiments. '37Cs is also a high-yield product of 
nuclear fission, and is present in detectable quantities 
in a number of contaminated ecosystems, where it is 
both physically and chemically available to biota 
(Whicker and Shultz 1982). '37Cs is, for example, the 
most important long-lived contaminant released during 
the Chernobyl accident (Peterson et al. 1986, Anspaugh 
et al. 1988, Medvedev 1990, Kryshev 1992). 

Temperature-dependent conceptual and 
mathematical model 

Our conceptual model (Fig. 1) incorporated likely 
physiological and environmental influences on '37Cs 
kinetics of T. scripta. In particular, we were interested 
in the effect of a thermally variable environment on 
'37Cs uptake and seasonal whole-body ['37Cs] patterns. 
Our model considered the effect of temperature on both 
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FIG. 2. Pond B water temperatures, showing the periodic 

regression model (solid line) used to produce time-dependent 
behavior of the model's intake and elimination functions. The 
regression fit (see Eq. 9) was to surface water temperatures 
(0) measured approximately monthly during 1983-1987 (J.E. 
Pinder III, personal communication), combined with temper- 
atures at a depth of 0.31 m (0) measured hourly on discon- 
tinuous days during 1989-1991 with an automated system 
installed at Pond B (Westinghouse Savannah River Labora- 
tory, unpublished data). Both sets of measurements were + 
0.1OC. 

ingestion and elimination, as well as the effects of vari- 
able diet composition and [137Cs] in food. 

Temperature-dependent intake rate (rT).-Turtle 
body temperature was considered to be an important 
factor governing both 137Cs uptake and elimination. To 
determine the potential importance of this response, we 
obtained data on seasonal water temperatures at the 
Pond B site and combined these data with information 
on the relationship between ambient temperature and 
turtle body temperature (Standora 1982), to produce a 
temperature-dependent (and thus time-dependent) in- 
gestion rate (rT) similar to Eq. 8. We first constructed 
a function describing time-dependent water tempera- 
tures (Tt), using data on Pond B surface water tem- 
peratures (? 0.1VC) measured approximately monthly 
during 1983-1987 (J.E. Pinder III, Savannah River 
Ecology Laboratory, personal communication), and 
water temperatures (+ 0.1VC) at a depth of 0.31 m 
measured hourly at discontinuous intervals during 
1989-1991 with an automated system installed at Pond 
B (Westinghouse Savannah River Laboratory, unpub- 
lished data). We fitted the regression model 

T, = Tw + Tw cos365 225 [time(d) + t]} (9) 

to the combined temperature data, where Tw is the mean 
annual water temperature (in degrees Celsius), T. is 
the amplitude (in degrees Celsius) about the mean, and 
t (in days) is the phase shift of the periodic function 

relative to the beginning of the year (Fig. 2). This re- 
gression was highly significant (F3 10770 = 1786.5, P < 
0.001), and showed good predictive ability (R2 = 0.92). 
We also obtained similar regression parameters from 
separate fits to the surface and 0.31 m data. 

We converted T, to time-dependent turtle body tem- 
peratures (Tbt) by using regressions for telemetered air/ 
water ambient temperatures (Ta) vs. deep body tem- 
peratures (Tb) of free-living T. scripta at locations near 
Pond B (Dick's Pond and Pond C, both on the SRS) 
during each of four seasons (Standora 1982: Fig. 14A- 
D): 

21 Mar ' Spring < 21 Jun (n = 149): 

Tb = 0.11 + 10lTa (r2 = 0.92), (10) 

21 Jun ' Summer < 21 Sep (n = 450): 

Tb = 3.70 + 0.89Ta (r2 = 0.93), (11) 

21 Sep ' Autumn < 21 Dec (n = 382): 

Tb = 2.25 + 0.88Ta (r2 = 0.94), (12) 

21 Dec ' Winter < 21 Mar (n = 424): 

Tb = 0.20 + L.OOTa (r2 = 0.97). (13) 

Because of the close agreement between Ta and Tb, and 
the relatively narrow range of daily temperatures rel- 
ative to the daily mean at all seasons (Fig. 2), we con- 
sidered the effect of mean daily temperature on inges- 
tion only, and did not incorporate thermoregulatory 
changes in body temperature throughout a given day. 
For the models, we altered the regression equation to 
match the intervals described above, substituting T, 
(as calculated above) for Ta, 

We estimated a temperature-dependent ingestion rate 
(rT) from Tb, from a laboratory study of temperature- 
dependent ingestion (Parmenter 1980). We converted 
the ingestion measurements of food consumption over 
a 14-d period (Parmenter 1980: Fig. 2) into feeding 
rates, using the original data from which the figure was 
derived, but including the zero values omitted from the 
original figure (R. R. Parmenter, Department of Biol- 
ogy, University of New Mexico, Albuquerque, New 
Mexico 87131, personal communication). We plotted 
the resulting ingestion rates, rT (in grams of dry food 
per gram turtle per day) vs. temperature, T (in degrees 
Celsius), and fitted the polynomial model rT = r(jP0) + 
rA(P)T + rA(I2)T2 + rAPO3)T3 to the data (Fig. 3). This 
regression was also highly significant (F338 = 28.189, 
P < 0.001), and showed a reasonable degree of pre- 
dictability (R2 = 0.69): 

rT= 3.1168 10-2 - 4.5955* 10-3T + 2.1696 10-4T2 
- 3.083 10-6T3. (14) 

We used this equation to simulate time-dependent in- 
gestion (re) in the model, substituting the values for 
Tbt calculated using Eqs. 9-13 for T. Ingestion rates 
increased to a maximum at -29?C, very close to the 
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FIG. 3. Temperature-dependent ingestion by Trachemys 
scripta (R.R. Parmenter, Department of Biology, University 
of New Mexico, Albuquerque, New Mexico 87131, personal 
communication). The line indicates the third-order polyno- 
mial regression of ingestion rate, rT (g dry food g-' turtle-d-1) 
on temperature, T (?C) from which the parameters rT(300), 
rT(f,3), rT(f32), and r,(AB3) were estimated (also see Eq. 14, Fig. 
1). 

280C body temperature maintained by T. scripta during 
normal thermoregulation (Standora 1982), and declined 
at lower or higher temperatures. Ingestion was minimal 
at -15'C and we assumed it to be zero below this 
temperature. This assumption possibly underestimated 
total annual intake, as stomachs of 17 of 22 T. scripta 
captured in Par Pond during January-February 1978 
and December 1979 contained some plants (Schubauer 
and Parmenter 1981). Turtle body temperatures in the 
model never exceeded the 350C upper limit on this 
equation. It should also be noted that Eq. 14 does not 
simulate potential ontogenetic decreases in mass-spe- 
cific food intake rate. 

Dietary composition (f) and radiocesium concentra- 
tion in food (Cf).-We estimated the diet of Pond B T. 
scripta from a study (Parmenter 1980) of stomach con- 
tents of 29 T. scripta inhabiting Par Pond, another large 
SRS nuclear cooling reservoir located adjacent to Pond 
B. These turtles' stomachs contained -70% plants and 
30% animals (14% insects and 16% fish) by dry mass. 
Stomachs of another southern population of adult T. 
scripta (- 180-220 mm carapace length) contained 60- 

TABLE 1. Estimated [137Cs] in the diet of Trachemys scripta in the Pond B reservoir. Dry mass of stomach contents and 
the proportion of each dietary item in the total diet is estimated from data presented in Schubauer and Parmenter (1981). 
The mean [137Cs] for each major category is the mean of all measured groups (Whicker et al. 1990b) within that category. 
The SD for each major category is the SD of the means of all measured groups (Whicker et al. 1990b) within that category. 

Mean con- 
tribution 

Dry mass of stomach to Cf 
contents (g) Fraction of diet (J) [137Cs] (Bq/g) (Bqfg 

food) 
Taxon X SD X SD X SD - C,) 

Centrarchid fishes 0.537 1.154 0.162 0.348 25.3 6.4 4.1 
All invertebrates 0.499 0.086 0.151 0.026 6.1 4.5 0.9 

Gastropods 0.037 0.011 0.9 
Insects 

Coleoptera 
Donacea sp. 0.022 0.007 
Other 0.229 0.010 0.069 0.003 

Odonata 
Anisoptera 0.018 0.005 7.6 
Zygoptera 0.006 0.002 0.002 <0.001 3.4 
Diptera 0.002 <0.001 0.001 <0.001 

Chironomidae 5.5 
Ceratopogonidae 14 
Chrysops sp. 4.9 

Hemiptera 0.071 0.072 0.021 0.022 
Hymenoptera 0.111 0.033 
Orthoptera 0.003 0.001 0.001 <0.001 

All plants 2.278 0.687 15.2 2.7 10.4 
Algae 0.004 0.003 0.001 0.001 
Vascular plants 

Bacopa caroliniana 0.725 1.329 0.219 0.401 18 
Brasenia schreberi 0.192 0.071 0.058 0.021 18 
Najas quadalupensis 0.077 0.114 0.023 0.034 
Nymphaea odorata 14 

(seeds) 0.192 0.183 0.058 0.055 14 
(leaves) 0.017 0.005 

Sagittaria sp. 0.003 0.003 0.001 0.001 12 
Utricularia sp. 1.068 1.749 0.322 0.528 
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65% vegetation by volume (Hart 1983). We compared 
(Table 1) the species of known dietary items (Parmenter 
1980) to those species for which ['37Cs]s were available 
for Pond B (Whicker et al. 1990b). Because few species 
were represented in both of these studies, we calculated 
an average for each of the three major taxa (plants, 
invertebrates, and fishes) and multiplied each by the 
average ['37Cs] in becquerels per gram dry mass for 
that entire taxon, correcting the wet mass of fish using 
a 0.22: 1.00 dry: wet ratio (Whicker et al. 1990b). We 
calculated Cf as: 

n 

Cf= XfiC", (15) 

where f is the contribution of the ith food item to the 
total diet and C is the ['37Cs] in becquerels per gram 
for that item. We estimated relative contributions of 
each food category (f) to the total diet from stomach 
contents of T. scripta from nearby Par Pond (Parmenter 
1980). The Pond B ['37Cs]s of these food items (Cl) 
were estimated from collections of plants, benthic in- 
vertebrates, and fishes in Pond B (Whicker et al. 
1990b). Because of the disparate masses and SDS of the 
invertebrate taxa represented, the SD for the total mass 
of all invertebrates was calculated as: 1(mean + SD) 

- 1(mean) for all invertebrate taxa. This produced an 
overall SD weighted by both the mean mass contribu- 
tion of each taxon and the size of its associated SD. 

The coefficient of variation (cv) for this estimate 
[(0.026 X 100%)/0.151 = 0.17%] was similar to the 
cv obtained using the variance among groups (Sokal 
and Rohlf 1969) for the five insect taxa for which SDS 

were available (0.0036) and the mean (0.0188) of these 
five taxa [(0.0036 X 100%)/0.0188] = 0.19%). The 
mean fraction of diet (f) and associated SD for each of 
the three dietary categories (fishes, invertebrates, and 
plants) was defined as the mean and SD of the combined 
mass of each dietary item divided by the 3.314 g av- 
erage total dry mass of food per turtle stomach (Par- 
menter 1980). The SDS of plant mass per stomach and 
fraction of plants in the total diet were not calculated. 
Instead, the contribution of plants to the total diet was 
allowed to vary in the model sensitivity runs with shifts 
in the fraction of intake from animal sources. The av- 
erage [137Cs] in diet was therefore estimated as: 

Cf = 0.69 X 15.2 Bq/g + 0.16 X 25.3 Bq/g 
(plants) (fishes) 

+ 0.15 X 6.1 Bq/g = 15.5 Bq/g. 

(invertebrates) (all food types) 

Our modeling of dietary [137Cs]s did not consider pos- 
sible differences in the dietary preferences of males 
and females, nor did it incorporate the ontogenetic pro- 
gression to an increasingly herbivorous diet that has 
been observed for this species (Hart 1983). 

Radiocesium assimilation fraction (a).-The assim- 
ilation of 47Ca by T. scripta exceeds 0.5 (Hinton et al. 

1992), and we might expect the a of '37Cs to be higher 
than that of Ca due to its lower valence (Ekman 1966). 
However, this a for Ca is unusually high for a verte- 
brate, and was measured for an aqueous chloride so- 
lution at laboratory temperatures (Hinton et al. 1992). 
As mentioned above, a is also likely to increase in 
proportion to an ectotherm's ability to maintain optimal 
body temperature, and maintenance of this temperature 
is probably not possible year-round. We also suspect 
that not all of the '37Cs ingested by turtles in Pond B 
is in the same chemical form or state of physical avail- 
ability. In addition to the ionic form present in living 
tissue, some ingested '37Cs may be adsorbed to sedi- 
ments on the surfaces of ingested food, or ingested 
incidentally during feeding. The availability of ad- 
sorbed Cs in the gastric environment of the turtle is 
unknown, but the strong affinity of Cs ions for sedi- 
ments appeared to greatly hinder absorption at gastric 
pHs (Kolehmainen and Nelson 1969). Of the few spe- 
cies for which '37Cs assimilation estimates from natural 
diets was available, bluegill (Lepomis macrochirus) 
from White Oak Lake appeared to have the greatest 
degree of dietary and physiological/ecological simi- 
larity to Pond B T. scripta. We therefore averaged the 
reported a values for this species to obtain a modal 
value of 0.25, and used a range of values that encom- 
passed the range of those reported by Kolehmainen and 
Nelson (1969) in our subsequent model sensitivity 
analyses. 

Temperature-dependent elimination rate fraction 
(kbT) and elimination rate coefficients.-We assessed 
the temperature dependence of the biological elimi- 
nation rate constant (kb) from two studies (Scott et al. 
1986, Peters and Brisbin 1988) of '37Cs elimination by 
T. scripta kept in an outdoor holding pond at the SRS's 
Savannah River Ecology Laboratory (SREL). Mea- 
surements of whole-body ['37Cs]s at 65-d intervals 
throughout the year (Scott et al. 1986) showed a wide 
range of seasonal values for kb, notably an abrupt in- 
crease in kb in the early spring (31 March-i 1 June) 
that was 4 times higher than the summer value and 10 
times the winter value. However, weekly measurements 
of '37Cs kb of turtles under identical conditions from 1 
April to 30 August (Peters and Brisbin 1988) showed 
very constant values for kb throughout the active sea- 
son, with no evidence of discontinuities in elimination 
curves that would suggest exceptionally high loss rates 
in early spring. We therefore assumed a constant (and 
maximal) loss rate during the active season (1 April- 
30 September), kbMAX, averaging 0.0076 d-l (Peters and 
Brisbin 1988). This assumes that turtles can maintain 
optimal body temperature (and thus associated diges- 
tive and turnover rates) by thermoregulation during this 
portion of the year. For the remainder of the year, we 
simulated a temperature-dependent loss rate (kbT) based 
on kbMAX and on an annual minimum estimate (kbMN) of 
0.0020 d-' (Scott et al. 1986), using a function similar 
to Eq. 9: 
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kb,= kb + kb Cos t365.25 d [time(d) + t (16) 

where kb (d-l) is the average biological elimination rate 
constant (= [(kbMAX - kbMN)/2 + kbMN]), kb (d-') is the 
amplitude about that average (= [TJITW]kb), and T^, TW, 
and t are defined as for Eq. 9. 

Model construction 

The simulation model was constructed and run using 
the STELLA II simulation modeling software package 
(version 2.2.2, High Performance Systems, Hanover, 
New Hamphsire) on an Apple Macintosh microcom- 
puter, using a fourth-order Runge-Kutta algorithm with 
a time step of 1 d. Conditional statements were used 
to modify seasonally dependent values for intake and 
loss rates (i.e., in applying Eqs. 10-13 and 16), and 
continuous functions were used as described above to 
estimate water temperatures and associated intake and 
elimination rates (Eqs. 9, 14, and 16). Because of the 
time dependence of certain parameter values and model 
equations, the initial time for the model runs was set 
at the 120th calendar day of the 1st yr to correspond 
with the date at which a cohort of uncontaminated tur- 
tles was released into an enclosure in Pond B to provide 
comparative data for model validation. A 5-yr period 
was used for each simulation run. Simulations of '37Cs 
TBB (total body burden) were made on a mass-specific 
basis, i.e., ['37Cs] (in becquerels per gram), and no cor- 
rections were made for changes in [ 37Cs] due to so- 
matic growth, or for potential reproductive losses of 
'37Cs. We also did not estimate '37Cs uptake from routes 
other than ingestion, both because the ['37Cs] of Pond 
B water is low (Whicker 1990b) and because these 
sources appear to contribute only slightly to the '37Cs 
TBB of fishes (Evans 1988), where additional uptake 
from water appears to be primarily through the gills. 

Model validation 

We evaluated our model's predictions by comparing 
the modeled time-dependent uptake patterns with the 
actual '37Cs uptake of a group of uncontaminated T. 
scripta released into an enclosure in the Pond B res- 
ervoir, and by comparing the modeled effective equi- 
librium ['37Cs]s after 5 yr with the ['37Cs]s of "wild" 
(free-living native) T. scripta residing in the Pond B 
reservoir. Neither of these data sets were used in the 
construction of the temperature-dependent model or in 
estimating its parameter values. Live turtles were 
whole-body counted on a 15.2 cm wide X 10.2 cm high 
NaI(Tl) solid scintillation detector/photomultiplier and 
a Canberra 8100 multichannel analyzer, and counts 
were converted to '37Cs activities according to proce- 
dures described elsewhere (Peters 1986, Scott et al. 
1986, Towns 1987, Peters and Brisbin 1988). 

Radiocesium uptake by uncontaminated turtles.-We 
constructed two 7.6 X 15.2 m enclosures (Enclosures 
1 and 2) in shallow water at the northwestern end of 

Pond B. Ten adult female T. scripta were collected by 
hand from an uncontaminated lake in Aiken County, 
South Carolina. The turtles were whole-body counted 
to determine initial background levels of '37Cs. We also 
assessed the contribution to the '37Cs background from 
natural background radionuclides of similar energies. 
Because the skeleton comprises up to 40% of the body 
mass in this species (Towns 1987), and because natu- 
rally occurring Ra isotopes can substitute for Ca in the 
skeleton (Hinton et al. 1992), we were particularly con- 
cerned about radionuclides in the Ra decay series at 
secular equilibrium with Ra in the skeleton. One such 
radionuclide (214Bi) has a similar gamma photon energy 
(609 keV) to '37Cs (662 keV). We therefore also ob- 
tained initial whole-body counts from each of these 
turtles on a lithium-drifted reverse-electrode germa- 
nium semiconductor detector, coupled with a Canberra 
Series 85 multichannel analyzer. This instrument al- 
lowed us to distinguish the separate energy peaks for 
background '37Cs and 214Bi, and to develop correction 
factors for the presence of this radionuclide in each 
turtle (Peters 1986). After these initial counts were 
made, the turtles were fitted with radio transmitters to 
assist in recapture, and released into Enclosure 1 on 1 
May 1986. During the 2nd yr of the study, Enclosure 
2 was constructed nearby, and five of the turtles were 
moved into it from Enclosure 1. Additional aquatic 
macrophytes and fish collected from Pond B were pro- 
vided several times each week during the first 4 mo 
after release to replace those destroyed during con- 
struction of the enclosure or consumed by the turtles. 

Turtles were removed from the enclosures at periodic 
intervals, transported back to the SREL for whole-body 
counting, and returned to the enclosures the same day. 
Radiocesium concentrations were corrected for phys- 
ical decay of the radionuclide, using the date of release 
into Enclosure 1 (1 May 1986) as the initial time. 

137Cs concentrations of free-living pond B turtles.- 
We live-trapped T. scripta from 12 locations around 
the perimeter of Pond B using hoop traps baited with 
canned sardines (holes were punched in the cans to 
provide an attractive odor, but not permit the turtles to 
consume a significant amount of bait). We captured 
turtles mostly during July-August 1987-1990, except 
for 5 captured in March 1987, 13 in September 1989, 
and 16 in May 1990. Captured turtles were transported 
to the SREL where they were weighed, sexed, whole- 
body counted, marked by filing or drilling notches in 
the marginal scutes of the carapace (Gibbons 1990b) 
to permit identification of recaptured individuals, and 
released the next day. Over the 4-yr study period, an 
-9% decrease in each turtle's TBB would be expected 
due to physical decay of the radionuclide, independent 
of biological elimination. Similar decreases would also 
be expected to occur in all other environmental '37Cs 
levels. '37Cs concentrations of the turtles were therefore 
corrected for physical decay of the radionuclide, using 
7 March 1987 (the date when the first wild turtles were 
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TABLE 2. Parameters used in sensitivity analyses of 137Cs kinetics of Trachemys scripta. At the beginning of each run, all 
parameters were randomly sampled from simulated normal distributions by a Monte Carlo technique, except for assimilation 
(a), which was sampled from a triangular distribution. Means and SDS for the other parameters were calculated from values 
estimated in Table 1 (parameters [8] through [12]), from literature estimates (parameters [14] and [15], Scott et al. 1986, 
Peters and Brisbin 1988), or from regression analysis estimates (parameters [1] through [3], Eq. 9; parameters [4] through 
[7], Eq. 14). Distributions containing parameter values less than zero were truncated at zero. For sensitivity analyses, these 
parameters were used as independent variables in a multiple regression with the square root of the time-integrated [137Cs] 
(daily [137Cs] (Bq/g) summed over a 5-yr period (Bq d/g)) as the dependent variable. Parameter numbers in brackets 
correspond to the conceptual model (Fig. 1). 

Parameter Description X (SD) 

[1] T. Mean annual water temperature (in degrees Celsius) 21.267 (0.088) 
[2] T. Amplitude about mean annual water temperature (in degrees Celsius) 9.493 (0.129) 
[3] t Phase shift of annual maximum and minimum temperature (in days) 21.879 (0.769) 
[4] rA(I3) Intercept of temperature-dependent ingestion equation (in grams dry food 0.031 (0.012) 

per gram turtle per day) 
[51 rTQII) Slope () of temperature-dependent ingestion equation (in grams dry food 0.005 (0.002) 

per gram turtle per day) 
[6] rT(P2) Slope (T2) of temperature-dependent ingestion equation (in grams dry 2.17 X 10-4 (6.36 X 10-5) 

food per gram turtle per day) 
[7] rAPO3) Slope (T3) of temperature-dependent ingestion equation (in grams dry 3.08 X 10-6 (8.44 X 10-7) 

food per gram turtle per day) 
[8] fIshes Contribution of fishes to total diet (dimensionless) 0.162 (0.348) 
[9] flnertebrates Contribution of invertebrates to total diet (dimensionless) 0.151 (0.026) 

[10] Cf(fishes) [137Cs] in Pond B fishes (in becquerels per gram dry fish) 25.3 (6.4) 
[11] Cf(Invertebrates) [137Cs] in Pond B invertebrates (in becquerels per gram dry invertebrates) 6.1 (4.5) 
[12] Cf(plants) [137Cs] in Pond B plants (in becquerels per gram dry plants) 15.2 (2.7) 

Lower: 0.070 
[13] a Fraction of intake absorbed into body tissues (dimensionless) Mode: 0.250 

1 Upper: 0.700 
[14] kbMAX Annual maximum effective biological elimination rate constant per day 0.0076 (0.0033) 
[15] kbMIN Annual minimum effective biological elimination rate constant per day 0.0020 (0.0004) 

captured) as the initial time. All turtles were released 
at the capture sites by the following day. 

Comparisons of model validation data with 
predictions of continuous uptake models 

In addition to the temperature model described 
above, we also compared the observed [137Cs]s of the 
wild and enclosure turtles to predictions of simpler 
continuous models. Because other studies (e.g., Potter 
1987, Brisbin et al. 1990) have demonstrated signifi- 
cant deviations from negative exponential 137Cs uptake, 
we tested whether a negative exponential model was 
appropriate for describing 137Cs uptake in the 1st yr 
following release. We fitted the 137Cs uptake data of the 
enclosure turtles to continuous models in which the 
Richards shape parameter (m) was both fixed at zero 
and permitted to vary and used an F test (White and 
Brisbin 1980) to determine whether m differed signif- 
icantly from zero. These fits were made using nonlinear 
least squares regression, using only the [137Cs] data 
collected within the 1 st yr after the turtles were released 
into Enclosure 1, beginning from the 1 May release 
date, continuing through the following winter, and end- 
ing with the resumption of 137Cs uptake the following 
spring (t = 0 to 354 d). Richards model fits were made 
to data from each enclosure turtle individually, as well 
as to the combined data for all enclosure turtles for this 
period. Finally, we examined whether reasonable pre- 
dictions of long-term (multiyear) equilibrium [137Cs] 
were possible using average estimates of intake and 

loss rates. For this, we used two deterministic negative 
exponential models with parameter values based on the 
mean value for ingestion (i.e., the estimated ingestion 
rate at the average annual temperature: Tw = 21.2670C), 
the mode of the estimated assimilation fraction (0.25), 
the mean Cf (15.5 Bq/g), and either (1) the average 
annual kb value (0.0048 d-1) or (2) the average active 
season kb value (0.0076 d-1). 

Model sensitivity analyses 

To assess the sensitivity of the temperature-depen- 
dent model to uncertainties in the estimates of its pa- 
rameter values, the model was run using 1000 sets of 
parameters, using a Monte Carlo technique to randomly 
sample each parameter from its expected distribution 
(Table 2). The individual regression coefficients and 
associated standard deviations for Eqs. 9 and 14 were 
included as separate parameters in the model runs, but 
it was not possible to determine the errors on the re- 
gression coefficients for Eqs. 10-13. However, the high 
r2 values for each of these equations suggested that the 
errors of these coefficients were small relative to their 
respective means. Because the mean values of all other 
model parameters were derived from data where normal 
distributions were observed (or tested for, in the case 
of parameters based on regression coefficients), all 
were sampled from simulated normal distributions for 
the sensitivity runs, with parameter distributions that 
enclosed zero constrained to values greater than zero. 
When estimating model uncertainty, parameter distri- 



February 1996 ENVIRONMENTAL 137Cs KINETICS IN A TURTLE 125 

butions should be selected to minimize bias (Rose 
1983). Sampling from distributions based on the var- 
iances of parameters appears to yield better estimates 
of parameter sensitivity (in at least some situations) 
than does sampling from distributions based on per- 
centages of parameter means (Breshears et al. 1992). 
We made an exception for assimilation (a) because lit- 
tle information was available on the nature of this pa- 
rameter's distribution. For this parameter, we used a 
triangular distribution with a mode as described above 
for bluegill, and a range enclosing the upper and lower 
limits of 137Cs a values observed for bluegill (Koleh- 
mainen and Nelson 1969). We allowed the [137Cs]s of 
all three food categories and the fractions of the two 
animal components in the diet to vary, using the means 
and standard deviations as shown in Table 1. For each 
model run, the plant intake fraction (plants) was fixed at 
[1 - (~invertebrates + ffishes)], and the large standard devi- 
ation of the estimate for ffishes produced some model 
runs where diet was composed almost entirely of plants 
(i.e., when sampled values for finvertebrates and ffishes were 
both from the low ends of their distributions). The val- 
ues forfpIants were not included in the sensitivity analysis 
regression models because of this collinearity with the 
animal components of diet. This allowed us to simulate 
the effect of an increased contribution by plants to the 
overall diet on 137Cs levels. The plant component of 
the T. scripta diet increases with increasing age (Clark 
and Gibbons 1969, Hart 1983), and the diets of at least 
some individuals during some seasons is composed 
largely of plants (Schubauer and Parmenter 1981, Par- 
menter and Avery 1990). We also modeled kbMAX and 
kbMN as independent parameters, and used conditional 
statements within the model to always constrain kbMAX 

to ' kbMIN 

Runs meeting the parameter criteria described above, 
i.e., those not leading to unrealistic simulations (e.g., 
negative model output values, O'Neill et al. 1982) were 
used in estimating the effects of parameter uncertainty 
on model output. The time-integrated [137Cs] (in bec- 
querel-days per gram) for the 5-yr period, i.e., 

1825 d 

time-integrated[137Cs](Bq-d/g) = E q, (17) 
t=O 

was used as the dependent variable in a multiple re- 
gression analysis of the effect of variation in each pa- 
rameter on the modal output. We examined the squares 
of the partial correlation coefficients (R2) of each mod- 
el parameter as a measure of the strength of the linear 
relationship between that parameter's value and the 
model output, after controlling for the linear effects of 
the other parameters (Kleinbaum et al. 1988). Partial 
R2 values are appropriate for this purpose (rather than 
F statistics) because of the deterministic nature of the 
model: a specific set of model parameter values will 
always yield the same model output value, with an 
expected residual mean square of zero. Nonzero values 

of the residual mean square thus reflect the appropri- 
ateness of a particular linear model in fitting the output 
data, rather than errors in measuring the dependent 
variable (Rose 1983, MacNeil et al. 1985). 

We also assessed the collective significance of 
groups of related model parameters (Tn,, rT, f Cf, a, and 
kbT) in predicting the model output values, by compar- 
ing the R2 values of "Reduced" models (with these 
parameter groups omitted as predictors of model out- 
put) to the R2 values of "Full" models containing all 
model parameters (White et al. 1983). We tested two 
different "Full" models. Full Model I contained all 
parameters listed in Table 2 regressed on time-inte- 
grated [137Cs]. Full Model II contained these same pa- 
rameters plus the 18 first-order interaction terms be- 
tween the three temperature parameters (Tw,: Tw, Tw, 
and 1) and the parameters associated with temperature- 
dependent intake (rT: rT(13O), rTQl), r7A32) and rT(33)) 

and elimination (kbT: kbMAX and kbMN). We used an F test 
of the multiple-partial correlation coefficients (Klein- 
baum et al. 1988), where: 

[R2(Full Model) - (Reduced Model)] 

- [Regression df(FUll Model) -Regression df(Reduced Model)] 

[1 - R (Full Model)] 

Residual df(Full Model) 

(18) 

This F statistic (with df = (Regression df(Full Model)- 

Regression df(Reduced Model)) Residual df(Full Model)) tests 
whether the addition of each group of model parameters 
significantly improves the prediction of model output, 
given that the other groups of model parameters are 
already in the regression model (Kleinbaum et al. 
1988). For example, removal of the two kbT parameters 

(kbMAX and kbMN) tests Ho: 3kbMAX =P3kbMIN 
= 0, and gives 

an indication of the relative importance of this param- 
eter group in predicting the output from a given set of 
model runs. 

RESULTS 

Model predictions and validation 

137Cs concentrations of free-living pond B turtles.- 
We made 287 captures of 245 naturally resident T. 
scripta (112 G, 103 Y, and 30 too immature to deter- 
mine by morphological sexual characteristics). Most 
captures were made during July-August 1987-1990, 
except for five that were captured in March 1987, 13 
in September 1989, and 16 in May 1990. Covariate 
analysis of the total 137Cs body burden (TBB, in bec- 
querels) as a function of body mass (W, in kilograms), 
using the model TBB = aWb, revealed no difference 
in either the slope (F3 279 = 2.14, P = 0.10), or the 
intercept (F3 279 = 0.36, P = 0.79) of this relationship 
across years. A separate covariate analysis of the 42 
turtles captured during two or more years also revealed 
no difference in either the slope (F384 = 0.49, P = 
0.69) or the intercept (F384 = 0.53, P = 0.66), so we 



126 ERIC L. PETERS AND I. LEHR BRISBIN, JR. Ecological Monographs 
Vol. 66, No. 1 

10000 03 Enclosure Females (Day 1107) 

x Juveniles * 0 

tSr 
--- Wild Pond B Males o 

0 
00 

Wild Pond B Females 

X 0 10 0 FIG. 4. '37Cs total body burdens (TBB) of 
2 1000 * 0S R e0resident ? (0), d (0), and juvenile (x) Pond B 

m 0 o "Trachemys scripta measured during four con- 
>%, O X 

0. secutive years. The model TBB (Bq) = aMass 
0 x , 0 t. (kg)b was fit to both ? ? (solid line) and d 

M ,X,*q? . 0 * * (dashed line). The slope of the line fit to the 

Z00 *Y x 9 9 was significantly >1, indicating that total 12 body [137Cs] also increased with increased body 
0 ~ mass. TBBs of eight uncontaminated ? ? mea- 
C) x XX sured 1107 d after release into enclosures on 

x Pond B (0) are also shown. 
x x 

10 .I 
0.1 1 

Mass (kg) 

combined the data from all individuals (including re- 
captures). The [137Cs]s of the wild turtles were log- 
normally distributed, with a geometric mean (KG) of 
0.96 Bq/g (95% ci of 0.90-1.02 Bq/g). The range of 
[137Cs]s was much broader (0.09-7.64 Bq/g), probably 
reflecting different residence times in Pond B and im- 
migration by turtles from other more or less contam- 
inated localities on the SRS. The equilibrium [137Cs]s 
predicted by the model for June-August (- 1.5-1.7 Bq/ 
g) were slightly higher than the average observed for 
Pond B turtles, but were well within the range. The 
mean whole-body [137Cs] we observed for the Pond B 
turtles was about half that reported for muscle tissue 
alone (Whicker et al. 1990b). The TBB of the wild 
turtles increased as a power function of increased body 
mass (Fig. 4), with TBB = 997.2W1121 (F1 285 = 978.9, 
P < 0.001, r2 = 0.77). The slope of this regression was 
significantly greater than 1, (95% ci 1.051-1.192), in- 
dicating that (unlike muscle) whole-body [137Cs] in- 
creases with increasing mass. Covariate analysis of the 
model TBB = aWb with sex as a factor revealed no 
difference between the intercepts of the two sexes (F1, 
261 = 0.57, P = 0.45), but did reveal a significant dif- 
ference in slopes (F,,261 = 4.35, P = 0.04). The slope 
of the relationship between TBB and mass differed 
significantly from unity in Y Y (TBB = 995.4WI 151, 

95% ci for the slope = 1.048-1.253, FI 134 = 496.4, 
P < 0.001, r2 = 0.79), but not for d d (TBB = 
939.5 W0.949, 95% ci for the slope = 0.779-1.118, F1 127 
= 122.6, P < 0.001, r2 = 0.49). This relationship for 
female T. scripta was also true of the enclosure turtles 
(Fig. 4): on day 1107 after release (the last day on 
which all eight of the surviving turtles were captured), 
TBB = 1084.7WI974 (F,6 = 29.2, P < 0.002, r2 = 0.83, 
95% ci for the slope = 1.081-2.863). Covariate analysis 
revealed no difference between the Y Y of the wild 
population and the enclosure turtles in either the slope 
(F1, 140 = 0.62, P = 0.43) or the intercept (F1, 140 = 

0.05, P 0.82) of this relationship, indicating that 

differences in [137Cs] of the two groups probably re- 
flected body mass differences, as most enclosure turtles 
were within the upper 25% of the size range of the 
wild population (Fig. 4). 

There appeared to be substantial fidelity by the res- 
ident turtles to their individual sites within Pond B: of 
the 42 turtles captured in more than one year, 35 of 50 
recaptures were at the same trap location where the 
turtle was first collected, and 14 of the remaining 15 
recaptures were in the nearest adjacent traps. We there- 
fore tested for the differences in the relationship be- 
tween 137Cs TBB and W due to location within Pond 
B by comparing the data by trap location. Nearly all 
of the differences in 137Cs TBBs at different locations 
proved to be the result of differences in the body masses 
and/or the sex ratios of turtles trapped at each site. 
However, we observed one exception: 137Cs TBBs of 
Y turtles collected on the west shore of Pond B (near 
the entrance to the cove where the radionuclides en- 
tered Pond B) were significantly lower (Scheffe's S: 
Difference = 0.735, Critical Difference = 0.616, P = 
0.02 1) than Y Y collected in a cove on the northernmost 
end of the pond (furthest from the point of radionuclide 
entry). This was true even after correction for differ- 
ences in body mass: covariate analysis of TBB = aWb 
using trap site as a factor, indicated that the Y Y from 
these two locations differed in the slope (F,,39 = 13.15, 
P < 0.001), but not the intercept (F1,39= 2.97, P = 
0.093) of that regression. We observed no other rela- 
tionships between trap location and 137Cs TBB. 

Radiocesium uptake by uncontaminated turtles.- 
Two of the 10 uncontaminated turtles released into the 
Pond B enclosures died at end of the second summer 
following release (early September 1987). The re- 
maining eight turtles survived for at least 3 yr in the 
enclosures, and seven were still alive when the exper- 
iment was concluded (4 yr after release). 

Radiocesium uptake by the enclosure turtles corre- 
sponded closely with the predictions of the tempera- 
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FIG. 5. Five-year 137Cs uptake by Trachemys scripta in Pond B. Symbols (0) indicate measured [137Cs]s of uncontaminated 

turtles released into enclosures on Pond B, with [137Cs]s of individual turtles connected with dotted lines after 3 yr. The solid 
line indicates [137Cs]s predicted by the temperature-dependent model. The dashed line shows the prediction by the temperature- 
dependent model when ingestion was initially set to 0.4 of the maximum rate and increased linearly to the maximum rate 
over 3 yr. The shaded bars indicate the 95% cis for the mean [137Cs] of the enclosure turtles at the time of each recovery 
effort (with all turtles inside each bar recovered within 1 wk). The mean [137Cs] for turtles recaptured in each recovery effort 
is indicated by a horizontal white line within each shaded bar. Date of initial release of uncontaminated turtles was 1 May 
1986. 

ture-dependent model (Fig. 5). Uptake was rapid during 
the first two active seasons, reaching an annual max- 
imum in late summer. Lesser but significant losses oc- 
curred during the first two winters, and elimination 
rates decreased compared with summer. During the first 
2.5 yr, the model and enclosure turtles showed very 
similar dates of annual [137Cs] maxima and minima, 
and both the model and these data indicated that at 
least 90% of effective equilibrium was reached in -2- 
3 yr, compared with estimates of 1.0-2.6 yr using 
warm-season kb estimates alone (Peters and Brisbin 
1988). There was some indication, however, that the 
model predictions were becoming "out of phase" after 
2.5 yr, with annual maximum and minimum [137Cs]s of 
the enclosure turtles (Fig. 5). This may have been due 
to the fact that we recaptured the turtles much less 
frequently as they approached their asymptotic [137Cs]s, 
and recaptured fewer individuals during each recovery 
effort after this time. This could have resulted in less 
accurate estimates of the 95% cis of the mean [137Cs]s. 
We therefore could not determine whether this was tru- 
ly representative of a long-term trend, or an artifact of 
smaller and less frequent samples. 

The temperature-dependent model predicted that a 

greater fraction of effective equilibrium [137Cs] would 
be attained in the 1st yr than we observed for the en- 
closure turtles (Fig. 5). One possible explanation for 
this is that the enclosure turtles might not have attained 
their maximal ingestion rates until some time after re- 
lease, perhaps because of a lack of available food due 
to destruction of aquatic vegetation within the enclo- 
sures during their construction or during recapture ef- 
forts. Although we supplemented the food supply dur- 
ing the first active season, this may not have permitted 
normal feeding. Evidence for this is shown by the mass- 
es of the enclosure turtles. Covariate analysis of the 
model W (in kilograms) = a + b time (in days), with 
individual turtle as the factor showed no significant 
growth for the 1st yr after release (F9, 149 = 0.67, P = 
0.73), but masses increased significantly after this time 
(F9 155 = 4.19, P < 0.001). Slopes of individual re- 
gressions of time on body mass for each turtle were 
also indistinguishable from zero (P > 0.05) in the 1st 
yr, but were significantly greater than zero for 7 of the 
10 turtles after 1 yr. Of the three turtles showing in- 
significant increases in body mass, two were the turtles 
that died at the end of the second summer after release. 
To test the effect of a time-dependent increase in in- 
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between 1 May and the end of the first winter (t = 0 to 354 d) after release only (also see Table 3 fit to all turtles). Symbols 
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FIG. 7. Continuous models of 137Cs uptake by Pond B 
Trachemys scripta. Symbols (a) indicate measured [137Cs]s of 
turtles between their 1 May release into Enclosure 1 and the 
end of the first winter after release (t = 0 to 354 d). The 
curves show the results of nonlinear least squares regressions 
of Richards sigmoidal models fit to the combined [137Cs] data 
for all turtles. The solid line indicates the curve fit using a 
stochastic Richards model (where the Richards shape param- 
eter m was allowed to vary). The dashed line indicates the 
curve fit using a negative exponential model (i.e., a Richards 
model with m constrained at zero). 

gestion rate, we also incorporated a linearly increasing 
ingestion function into the model, in which ingestion 
was increased from 0.4 to 1.0 of maximum over a 3- 
yr period. The resulting prediction (Fig. 5, dashed line) 
more closely matched both the magnitude and pattern 
of the observed uptake. Such a correction might not 
be necessary in simulating radionuclide uptake by free- 
ranging turtles already occupying the site and accus- 
tomed to feeding within it at the time of the radionu- 
clide contamination event. 

Simpler negative exponential and Richards models 
(Figs. 6 and 7, Table 3) also showed good correspon- 
dence with observed [137Cs]s. The equilibrium [137Cs] 
(0.97 Bq/g) predicted by the model with kb equal to 
the estimated average for the active season (0.0076 d-l, 
dashed line of Fig. 6) was extremely close to the geo- 
metric mean [137Cs] of wild Pond B turtles (0.96 Bq/ 
g). The equilibrium prediction (1.54 Bq/g) by a model 
with kb equal to the estimated annual average (0.0048 
d-l, solid line of Fig. 6), although -50% greater, was 
very similar to the average annual [137Cs]s of the en- 
closure turtles ( 1.6 Bq/g, with the mean annual av- 
erage occurring during midsummer). Eight of the 10 
enclosure turtles showed statistically significant de- 
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TABLE 3. Results of nonlinear least squares regressions of a Richards sigmoidal model fit to uptake data from the Pond B 
enclosure turtles (t = 0 to 354 d, with n indicating the number of measurements of each turtle). The estimated [137Cs]s, 
biological elimination rate constants (kb), and Richards shape parameters (m) during this period are shown, together with the 
coefficients of determination (R2) for the regression fits, and the F statistics and significance levels for the tests of m > 0. 

Day 354 [137Cs] (Bq/g) Estimated kb Richards shape Significance test of 
parameter (m) m > 0* 

X X 
Turtle n SD SD X SD R2 F P 

1 16 0.585 0.019 0.011 0.002 0.552 0.138 0.98 17.81 <0.005 
2 16 0.647 0.019 0.010 0.001 0.566 0.094 0.98 21.49 <0.001 
3 16 0.713 0.027 0.008 0.002 0.763 0.115 0.96 17.11 <0.005 
4 17 0.863 0.018 0.011 0.001 0.573 0.068 0.99 41.97 <0.001 
5 15 0.583 0.021 0.015 0.002 0.463 0.145 0.96 7.26 <0.025 
6 16 0.608 0.023 0.007 0.001 0.760 0.094 0.97 23.21 <0.001 
7 17 0.956 0.025 0.012 0.001 0.237 0.183 0.98 0.74 NS 
8 15 0.675 0.021 0.010 0.002 0.692 0.116 0.97 16.34 <0.005 
9 17 0.585 0.018 0.011 0.001 0.577 0.114 0.97 13.70 <0.005 

10 15 0.878 0.032 0.013 0.001 0.302 0.167 0.97 2.79 NS 

All 160 0.678 0.028 0.010 0.002 0.603 0.148 0.88 44.62 <0.001 
* df = 1, n - 4. 
NS = not significant at the P = 0.05 level. 

partures from a negative exponential uptake pattern 
(Table 3) during the first 354 d after release into the 
enclosures, illustrating the greater utility of the Rich- 
ards model in estimating 137Cs in this species. The av- 
erage equilibrium predicted by the Richards model fit 
to the combined uptake data from all Pond B enclosure 
turtles (dotted line of Fig. 6, solid line of Fig. 7) was 
approximately two-thirds of the geometric mean [137Cs] 
of wild Pond B turtles, but direct comparisons of the 
Richards model to other models must consider that this 
fit was made to uptake data from the 1 st yr after release 
only, with the asymptote reflecting decreased winter 
intake and elimination rates, rather than attainment of 
equilibrium [137Cs]s. 

The predictions of the time-integrated [137Cs]s for 
the temperature-dependent and the negative exponen- 
tial models based on the annual average kb (the areas 
under the solid lines of Figs. 5 and 6, respectively) 
differed only slightly. The negative exponential model 
prediction of annual integrated [137Cs] was 2492 Bq-d/ 
g for the first 5 yr after release, compared with 2196 
Bq-d/g for the temperature-dependent model (13% dif- 
ference). This would suggest that the simpler negative 
exponential model represents a conservative estimate 
of integrated [137Cs]. However, the situation changed 
as the two models approached equilibrium. When mod- 
el runs were extended beyond 5 yr, the negative ex- 
ponential model's prediction of integrated [137Cs] was 
- 562 Bq-d/g for each year after the initial five, while 
the temperature-dependent model prediction was - 580 
Bq-d/g (-3% greater) each year. The prediction of an- 
nual integrated [137Cs] by a negative exponential model 
based on the estimated average active season kb (dashed 
line of Fig. 6) was considerably less than that of the 
temperature-dependent model (1649 Bq-d/g for the first 
5 yr, and 355 Bq-d/g each year thereafter), suggesting 
that the accurate estimation of elimination rates, in- 
cluding their changes during different seasons, is im- 

portant in successfully predicting cumulative 137Cs ex- 
posure in this species. 

Sensitivity analysis of the 
temperature-dependent model 

We found a significant relationship between the mod- 
el parameters described in Table 2 and the 5-yr time- 
integrated [137Cs] output values predicted by the tem- 
perature-dependent model. However, there was a re- 
lationship between the regression residuals and the un- 
transformed model output values. A square-root 
transformation was therefore applied to stabilize the 
variance of the dependent variable and prevent viola- 
tion of the assumption of homoscedasticity (Kleinbaum 
et al. 1988). These x/time-integrated [137Cs] values 
were regressed against the parameters described in Ta- 
ble 2 (F15, 258 = 137.4, P < 0.001). The overall coef- 
ficient of determination for the regression model was 
high (R2 = 0.89), indicating that nearly 90% of the 
variance in model results related linearly to variation 
in the model parameters, with nonlinear interactions 
among model parameters accounting for the remaining 
model variance (Bartell et al. 1992). Table 4 shows the 
squares of the partial correlation coefficients (R2) for 
the model parameters, ranked in order of the magni- 
tudes of their linear correlations with the model output 
values. Parameters associated with assimilation, with 
the temperature-dependent ingestion rate (rT), and with 
the maximum effective biological elimination rate con- 
stant (kbMAX) showed the highest partial correlations with 
\/time-integrated [137Cs]. 

Multiple-partial F tests (Table 5) of the R2 values of 
the reduced models compared with Full Model I also 
indicated that the rT, a, and kbT parameters contributed 
most to the prediction of model output values, with rT 
> a > kbT > Cf > f > Tw,. We obtained similar results 
for Full Model II, with a > rT > kbT > Cf > f > T<,. 
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TABLE 4. Squares of partial correlation coefficients for pa- 
rameters used as independent variables in a multiple re- 
gression on A/time-integrated [137Cs], ranked by the mag- 
nitude of their linear correlations with the model output 
values. Numbers in brackets correspond to parameters of the 
conceptual model (Fig. 1). Parameter descriptions are given 
in Table 2. 

Parameter Partial R2 

[13] a 0.9420 
[5] rT(3l) 0.8534 
[7] rT( 3) 0.5599 
[4] rT(O) 0.4172 

[14] kbAX 0.4083 
[6] rT(12) 0.1043 

[12] Cf(p.ants) 0.0639 
[10] Cftfishes) 0.0465 

[8] fishes 0.0357 
[1] Tw 0.0039 
[2] Tw 0.0024 
[9] finvertebrates 0.0008 
[3] T 0.0008 

[11] Cf(invertebrates) 0.0007 
[15] kbIN 0.0002 

However, when we included the interactions between 
the T, parameters and the parameters associated with 
rT and kbT in the regression model, there were only 
trivial improvements in predictive ability (Full Model 
II: F33,240 = 62.05, P < 0.001, RI2 = 0.90) despite the 
addition of 18 additional independent variables. A mul- 
tiple-partial F test of both Full models (No T, Param- 
eter Interactions regression, Full Model II, Table 5) 
showed no significant improvement in predictability as 
a result of the combined addition of the interaction 
terms for T", Tw, and i. In fact, neither Full model 

showed significant improvement in predictability from 
the combined addition of the T, parameters (Table 5). 
This result agreed with the low proportion of model 
variance explained by nonlinear interactions among 
model parameters and suggests that our model is rel- 
atively insensitive to uncertainties in the estimates of 
water temperature as a function of time of year. Our 
regression model of T, (Eq. 9) appeared to be a better 
predictor of higher temperatures across years than it 
was for some of the extreme winter lows (Fig. 2), but 
we also assumed no ingestion at ? 15TC. As mentioned 
above, we estimated similar temperature parameters 
from the two available data sets (Fig. 2), one of which 
contained many more data points. Thus, adequate es- 
timates of temperature-dependent ingestion and elim- 
ination may require relatively few measurements of 
ambient conditions at sites of interest. 

Our results also indicated that our model was rela- 
tively insensitive to uncertainties in diet composition, 
and in estimates of [137Cs]s within dietary components, 
compared with the effects of a, rT, and kbT, but both f 
and Cf contributed significantly to the predictive ability 
of both Full regression models (Table 5). In both Full 
model tests, the model showed greater sensitivity to 
uncertainties in estimating [137Cs] in food than to un- 
certainties in estimating dietary composition, but all R2 
values for these variables were < 0.07. 

DISCUSSION 

The metabolic status of an animal at the time of 
contaminant release may greatly affect the importance 
of the various exposure pathways and their contribution 

TABLE 5. Results of parameter sensitivity analysis, showing multiple-partial F statistics (Kleinbaum et al. 1988, also see Eq. 
17) calculated for the effects of the removal of groups of model parameters from multiple regressions on time-integrated 

[137Cs]. Full Model I is a multiple regression of the 15 model parameters listed in Table 2 on \ time-integrated [137Cs]. Full 
Model re is a multiple regression of the same 15 model parameters, but includes the 18 first-order interactions of the three 
temperature parameters, T,,: Two Tw, and t, with the four temperature-dependent ingestion, rT: rT(10), rT(1), rT(12), and rT(13), 
and two biological elimination rate, kbT: kb,.AX, and kbMN, parameters. 

Multiple- 
Model R2 df partial F P 

Full Model I (no T, parameter interactions) 0.8887 15, 258 
Reduced Models 

No Tw parameters 0.8879 3, 258 0.63 NS 
No rT parameters 0.1972 4, 258 400.82 <0.001 
No kbT parameters 0.8117 2, 258 89.31 <0.001 
No f parameters 0.8845 2, 258 4.89 <0.005 
No Cfparameters 0.8744 3, 258 11.06 <0.010 
No a parameter 0.8116 1, 258 178.74 <0.001 

Full Model II (with Tw, parameter interactions) 0.8951 33, 240 
Reduced Models 

No Tw, parameters 0.8949 3, 240 0.13 NS 
No Tw, parameter interactions 0.8887 18, 240 0.81 NS 
No Tw, parameters or Tw, parameter interactions 0.8879 21, 240 0.78 NS 
No rT parameters or 

rT parameter X Tw parameter interactions 0.2082 16, 240 98.21 <0.001 
No kbT parameters or 

kbT parameter x Tw parameter interactions 0.8262 8, 240 19.70 <0.001 
No f parameters 0.8907 2, 240 5.02 <0.010 
No Cf parameters 0.8814 3, 240 10.43 <0.001 
No a parameter 0.8244 1, 240 161.79 <0.001 
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to the total radiation dose. The annual cycling of 
[137Cs]s that we observed in Pond B T. scripta appeared 
to be the result of temperature-dependent metabolism 
and its influence on uptake and elimination rates. Our 
model indicated a strong relationship between temper- 
ature and both contaminant uptake and loss in this spe- 
cies, suggesting that the responses of such ectotherms 
to contaminants with short ecosystem residence times 
may be dependent on the time (season) of contaminant 
release. This relationship was in fact predictable from 
annual temperature patterns and their relationships to 
ingestion and elimination rates. However, covarying 
seasonal influences on dietary composition and in the 
[137Cs]s of food species may also play a role in such 
cycling. The dose effects from uptake of short-lived 
radionuclides seem particularly likely to be sensitive 
to such seasonal differences in food consumption rate, 
food type, and availability. For example, some species 
may feed during certain seasons on uncontaminated 
food stored before the time of the radionuclide release. 
In our model, ingestion was the major route of radi- 
ocesium intake, but similar results might be expected 
when inhalation would be a major exposure pathway 
(e.g., radionuclide gases or aerosols). A release of the 
same radionuclide in winter would likely have less ef- 
fect on ectotherms than in the summer because ecto- 
therm temperature-dependent respiration, feeding, and 
excretion rates would all be depressed relative to their 
levels in the warmer seasons. However, even endo- 
therms may hibernate or overwinter in refugia (as T. 
scripta does [Standora 1982]), thus avoiding all but 
minimal contact with winter-released radionuclides. 

Long-term equilibrium [137Cs]s of the resident Pond 
B population were predictable from average annual 
temperatures, suggesting that responses by ectotherms 
to long-lived contaminants may not differ substantially 
from those of endotherms, and may be predictable with- 
out complex modeling of the thermal environment. 
However, we emphasize that the ingestion rate used in 
our two negative exponential models (Fig. 6) was de- 
rived from knowledge of temperature-dependent in- 
gestion patterns and elimination rates. Although the 
difference in the predictions of cumulative exposure 
by these two models was small, the cumulative effect 
of these differences on predictions of lifetime risk 
should be evaluated. Trachemys scripta require 7 yr to 
reach reproductive age, and can live a further 10-15 
yr as adults (Frazer et al. 1990). 

The use of the Richards model with a flexible m value 
was clearly preferable to a model with a fixed m value 
(negative exponential model) in describing initial 137Cs 
uptake in this species. The values for m calculated for 
most of the individual turtles (Table 3), as well as the 
value calculated for all turtles combined (m = 0.603) 
indicated an uptake curve shape that more closely re- 
sembled the trajectory that would be produced by a 
von Bertalanffy model (where m = 0.667) than the 
trajectory of a negative exponential model. This de- 

viation from negative exponential kinetics confirms a 
general pattern observed for other contaminants and in 
other species (Potter 1987, Brisbin et al. 1990). In our 
study, the enclosure turtles were restricted in their ac- 
cess to the food resources of the entire pond, yet these 
deviations from a negative exponential uptake still oc- 
curred despite the fact that food availability was max- 
imal during the first days of uptake (when supplemental 
contaminated food was provided). Similar deviations 
from negative exponential uptake have also been ob- 
served when transplanted American coots were per- 
mitted unrestricted movement on Pond B (Potter 1987, 
Brisbin et al. 1990). This might be considered to rep- 
resent a "travel lag" effect (Brisbin et al. 1990), in 
which organisms stressed from capture and introduc- 
tion into a new habitat exhibit initial intake rates that 
are reduced relative to the eventual maximum attained 
after they acclimate to new conditions and diets. How- 
ever, these same uptake patterns have also been ob- 
served to occur in mosquitofish (Gambusia affinis) 
when uptake of mercury was via absorption from water, 
with the mercury being introduced after the fish were 
already acclimated (Brisbin et al. 1990). These patterns 
may be a result of TBBs representing the summation 
of the contaminant contents of different body com- 
partments (e.g., gut contents, soft tissues, and bone), 
which differ in the rates at which they accumulate and/ 
or eliminate contaminants (Matis et al. 1991). The un- 
derlying mechanism of these deviations may therefore 
relate to physiological processes, such as different rates 
of formation of complexes between contaminants and 
the active transport enzymes of cell membranes, as well 
as to the time required for such exchange sites to reach 
saturation. 

The 95% ci for [137Cs] of the wild Pond B turtles 
collected in the active season was less (+6% of the 
mean) than the interval between annual maximum and 
minimum concentrations predicted by our temperature- 
dependent model (+ 30% of the mean). Samples of T. 
scripta taken throughout the year might therefore be 
expected to exhibit detectable cycling. However, the 
collective range of average annual [137Cs]s of all en- 
closure turtles was also greater than the annual range 
of concentrations of each individual enclosure turtle, 
and appeared to represent a size-dependent pattern sim- 
ilar to that observed for the wild population. The dif- 
ferent relationships between [137Cs] and mass for the 
two sexes may complicate detection of cycling patterns 
if seasonal samples contain differing proportions of 
individuals of different body sizes or sexes, unless cor- 
rections are made for these effects. Trachemys scripta 
are sexually size dimorphic (Y Y larger than d d), and 
a number of collection methods have been observed to 
yield sex-biased results in different seasons (Gibbons 
1990b). The d: Y sex ratio we observed (1.09) was 
close to unity, but other population estimates of Pond 
B T. scripta have shown greater ratios of d d to Y Y. 
An independent estimate of the Pond B T. scripta pop- 
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ulation made during 1987-1990 (J. Greene, Savannah 
River Ecology Laboratory, personal communication) 
indicated a ratio of 1.83, with 249 individuals captured 
(143 A, 78 Y, and 28 immature). An earlier estimate 
(Gibbons 1990c) was 2.37 for all adults, or 1.41 for 
adults > 100 mm plastron length. Differences in the 
sex ratios obtained in the collection of validation data 
may therefore influence the statistical descriptions of 
contaminant concentrations in other modeling efforts. 

We observed only a weak association between cap- 
ture location and [137Cs] for the wild Pond B turtles. 
Pond B mosquitofish also showed a general lack of a 
relationship between location and [137Cs] (Newman and 
Brisbin 1990), except that d d collected near the en- 
trance to the R canal (through which the radionuclides 
were discharged into Pond B, and which is much more 
highly contaminated than the reservoir) had mean 
[137Cs]s =40% greater than d d collected at the spill- 
way or the northern end of the pond (farthest from the 
R canal). However, our closest trap location to the R 
canal was over 300 m from the R canal entrance, at 
the edge of the main lake basin. The topography of the 
Pond B is such that the main flow of water moves 
directly past this location, across the main channel, and 
over the spillway. There is also considerable wind-in- 
duced wave action at this site, which may scour away 
contaminated sediments. In contrast, we observed that 
the turtles with the highest [137Cs]s were from the north- 
ern end of the reservoir, farthest from the R canal. 
However, the sediments in this location are protected 
from erosion by a dense growth of aquatic macro- 
phytes, and these sediments have the highest [137Cs]s 
(Whicker et al 1990b). 

The wild Pond B turtles showed no indication of 
decreasing 137Cs body burdens over the 4 yr that mea- 
surements were taken. On the basis of removal by ra- 
dioactive decay alone, -9 91% of the total 137Cs present 
in Pond B in 1987 should still have been present in 
1990. Our predicted estimates of mass-dependent turtle 
body burdens had 95% confidence limits that were too 
broad to reveal a decrease of this magnitude (with lower 
and upper CL ranging from approximately ? 7 to 11% 
of the mean TBB). Future measurements may reveal 
that 137Cs TBBs of Pond B T. scripta are decreasing 
with time, but several decades may have to elapse be- 
fore these decreases become statistically significant. 
This result also suggests that any other physical and/ 
or biological processes that may be acting to decrease 
137Cs availability to Pond B T. scripta (e.g., progressive 
burial of 137Cs-contaminated sediments by detritus and 
sedimentation, removal of aqueous 137Cs+ via drainage) 
are isolating or removing the radionuclide at a collec- 
tive rate that is even slower than the rate of radioactive 
decay. 

Although we made allowances for the uncertainty of 
[137Cs] in food between model runs, we made no at- 
tempt to simulate potential seasonal changes in the di- 
etary concentration of [137Cs] within model runs. How- 

ever, the model was relatively insensitive to changes 
in the dietary parameters, and this may be due to the 
fact that although the average Cffishes) was higher (25.3 
Bq/g) and the average Cfimvertebmles, was lower (6.1 Bq/g) 
than the average Cfplants) (15.2 Bq/g), the relative con- 
tributions of these three categories to the total diet re- 
sulted in an average overall Cf (15.5 Bq/g) that was 
nearly identical to that of plants alone (Table 1). Our 
sensitivity analyses suggest that diets would have to 
include substantially different proportions of inverte- 
brates or fish to significantly affect the average Cf. 
However, the low correlation coefficients for these pa- 
rameters (Table 4) suggest that more detailed studies 
of diet composition and [137Cs] are unlikely to greatly 
improve the accuracy of model predictions of 137Cs 
uptake in this species. 

Our estimates of [137Cs]s in food were based on sam- 
ples primarily collected during the winter (Whicker et 
al. 1990b), and both plant and animal populations may 
change in [i37Cs] throughout the year (Kelly 1988, 
Whicker 1990b). Pond B aquatic macrophytes have 
been shown to vary in [137Cs] due to seasonal changes 
in leaf production and senescence rates and-to changes 
in 137Cs physical and/or chemical availability (Kelly 
1988). Pond B invertebrates and fish fed upon by T. 
scripta might also show seasonal variations in [137Cs] 
similar to that observed for the turtles. Such cycles 
have been observed in several species of fishes from 
White Oak Lake, Tennessee (Kolehmainen and Nelson 
1969, Nelson 1969), although bluegill from Par Pond 
(Harvey 1964) and largemouth bass from Pond B 
(Whicker et al. 1990b) did not so vary. Again, variation 
in [137Cs]s of fish samples collected in different seasons 
may be obscured by similar factors as for turtles (e.g., 
size-dependent TBB), as annual extremes in the fish 
populations showing such cycling have only been ap- 
proximately ? 25% of the mean (Kolehmainen and 
Nelson 1969, Nelson 1969). If this relatively narrow 
range in annual concentration extremes of both fish and 
turtles is typical of contaminant behavior in ectotherms, 
this may simplify the prediction of concentration levels 
and assessments of ecological risk in these animals. 

The most important areas of model uncertainty ap- 
pear to be seasonal changes in food intake rates and 
the assimilation rates actually achieved by turtles in 
Pond B. As is obvious from our results, finding suitable 
predictive functions for ingestion rates can be difficult, 
particularly when extrapolating from laboratory esti- 
mates. However, our results suggest that reliable esti- 
mation of ingestion rate is of critical importance in 
determining [137Cs]s in T. scripta, and this agrees with 
the results of a similar study of plaice (Pleuronectes 
platessa), in which food intake explained -70% of 
[137Cs] (Evans 1988). 

We found difficulty in estimating the 137Cs assimi- 
lation fraction (a) for T. scripta: most studies of ali- 
mentary assimilation of 137Cs by animals are for free 
ions in aqueous solution, which may not reflect chem- 
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ical availability of the radionuclide in natural diets, 
especially for incidentally ingested soils or sediments. 
In the bluegill (Lepomis macrochirus), assimilation ef- 
ficiency changed with the type of dietary item (Koleh- 
mainen and Nelson 1969), and with body size (possibly 
due to differences in gut turnover rates). The 137Cs as- 
similation from a particular dietary item also depended 
on its assimilation state within that item. For example, 
the a of L. macrochirus was only 0.07 when fed insect 
larvae reared on 137Cs-contaminated sediments, but in- 
creased to 0.69 when fed insect larvae reared on 137CS- 
contaminated algae (Kolehmainen and Nelson 1969). 
The a from ingested detritus (0.03), was similar to that 
for sediment-contaminated insects, while the a from 
algae (0.69) matched that from algae-fed insect larvae. 
This indicates that for this species at least, 137Cs ad- 
sorbed to sediments was much more refractory to di- 
etary assimilation than was 137Cs associated with body 
tissues. A better understanding of the potential effects 
of diet and the physiochemical environment on radi- 
onuclide assimilation is thus clearly desirable for this 
model. However, measurement of assimilation for com- 
plex natural diets at different temperatures may be dif- 
ficult. Nevertheless, even given the possibility of an 
exaggerated effect on the model through the broad 
range of a values we assumed, our model results in- 
dicated that assimilation may be one of the most im- 
portant site- or species-specific parameters for the pre- 
dictive modeling of ectotherm contaminant uptake. The 
importance of kbT (especially kbMAX) in our model in- 
dicates that obtaining a better predictive relationship 
between temperature and radionuclide elimination 
would also be desirable. 

There is a 6- to 30-fold difference in the expected 
metabolic rates of endotherms and ectotherms of equal 
body sizes, depending on temperature (Peters 1983, 
Pough et al. 1989). American Coots (Fulica americana) 
and yellow-bellied turtles (Trachemys scripta) have 
significant overlap in both body mass and diets in Pond 
B (Parmenter 1980, Potter 1987), which suggests that 
the qeqS of these species might differ by a similar mag- 
nitude to the difference in their metabolic rates. How- 
ever, the whole-body 137Cs concentrations (+ SE) of 
populations of these species in Pond B were 3.7+0.4 
Bq/g for coots (Potter 1987), and 0.96+0.04 Bq/g for 
turtles (this study), a less than fourfold difference. Both 
our time-dependent model and the data from the intro- 
duced enclosure turtles indicate that the time required 
to reach 0.9 of qeq is -2 yr, -30 times longer than the 
-24 d required for American Coots (Potter 1987). 
When estimates of time to 0.9 qeq are made using neg- 
ative exponential models, the range is from 302 d 
(when kb is the average we measured during the active 
season [=0.0076 d-l]) to 479 d (when kb is our esti- 
mated average for the entire year [=0.0048 d-1]), a 13- 
20 fold difference. Thus, the net effect of the differ- 
ences in r, a, and keff between endotherms and ecto- 
therms may be best represented by the time required 

to achieve an effective qeq (rather than by the qeq levels 
themselves). This perhaps reflects integrated metabolic 
output, and may therefore be a potential means of com- 
paring relative metabolic rates of species sharing sim- 
ilar habitats and diets. The annual cycling of [137Cs]s 
also suggests that a correlation may exist between feed- 
ing rates and 137Cs turnover in the body. Measurements 
of the turnover of other Group IA alkali metals (22Na 
and 86Rb) have been used to estimate ingestion rates 
in the field (e.g., Gallagher et al. 1983, Green et al. 
1986). Our validation of the predicted temperature-de- 
pendent ingestion rates of T. scripta by predicting 
[137Cs] behavior in the field suggests that radionuclides 
of other alkali metals (e.g., 134Cs or 86Rb, both with 
shorter physical half-times) may also be useful for this 
purpose (Peters et al. 1995). 

Several questions persist concerning the 137Cs ki- 
netics of T. scripta. The positive relationship between 
turtle mass and [137Cs] for both the wild and enclosure 
female turtles is the opposite of the trend observed for 
Pond B mosquitofish (Newman and Brisbin 1990) and 
the trend expected from a decline in mass-specific in- 
gestion rate with increasing mass (Peters 1983). As- 
suming constant exposure for all members of the pop- 
ulation, departures from a slope of 1 in the TBB = aWb 
relationship suggest the possibility of size-dependent 
behaviors (e.g., ingestion rates, activity) or in the num- 
ber of tissue-binding sites, which would influence 137Cs 
assimilation, retention, and excretion (Newman and 
Brisbin 1990). Paradoxically, we have observed (Peters 
and Brisbin 1988) that 137Cs biological half-time de- 
creases significantly with increased mass in T. scripta 
(which other factors being equal, should also decrease 
equilibrium [137Cs]s), again in contrast with other ver- 
tebrates (Reichle and Nelson 1970, Mailhot et al. 
1989). An increase in [137Cs] with increasing size might 
be partly explained in T. scripta by an ontogenetic shift 
away from a juvenile diet containing a greater pro- 
portion of invertebrates of lower [137Cs] to one con- 
taining a greater proportion of plants (Hart 1983), or 
by changes in dietary potassium due to this shift. How- 
ever, our results suggest that dietary [137Cs] alone is 
unlikely to influence greatly equilibrium [137Cs] levels 
(Table 4). The differences in assimilation efficiency due 
to the longer gut passage times of adults (Parmenter 
1981) and the possible influence of the alimentary en- 
vironment on 137Cs assimilation may be more important 
in explaining this pattern. 

Although the [137Cs]s of Pond B T. scripta are, on a 
mass basis, quite low (averaging -300 pg/kg turtle) the 
combined internal and external exposure from 137Cs and 
other radionuclides in Pond B appears to be sufficient 
to produce measurable biological effects in this species. 
Flow cytometric analyses of T scripta inhabiting seep- 
age basins on the SRS containing chemical and radi- 
ological contaminants have revealed increased varia- 
tion in the DNA content of the turtles' red blood cells, 
as well as multiple DNA peaks in some specimens that 
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suggest aneuploid mosaicism (Bickham et al. 1988). 
These types of genetic damage are also evident in the 
Pond B population (Lamb et al. 1991), where radio- 
nuclide levels are much lower. Moreover, the genetic 
anomalies observed in the Pond B population cannot 
be attributed to the turtles having been exposed to 
chemical contaminants released into the pond along 
with the radiological waste. 

Our results demonstrate the importance of consid- 
ering the physiological ecology of animal species when 
developing predictive models of contaminant uptake in 
an environmental context. Although this paper has fo- 
cused on 137Cs kinetics in an ectotherm, we believe that 
many of the features of the model we have described 
should be true also for other types of contaminants. 
Also, other taxa that display environmentally depen- 
dent metabolic rates or activity patterns (e.g., inver- 
tebrates) may also exhibit similar deviations from con- 
tinuous uptake patterns. Our results suggest that im- 
portant knowledge of the patterns and processes of con- 
taminant cycling in natural systems can be gained by 
developing predictive models based on knowledge of 
the interactions between animals and their environ- 
ment, and testing such models against independent val- 
idation data from native and experimentally introduced 
animals. Stochastic modeling techniques can aid in 
identifying those factors that explain the greatest pro- 
portion of model variation, and can aid in planning 
further research efforts to reduce these uncertainties 
and improve model predictions. Manipulative labora- 
tory experiments can allow further exploration of the 
patterns of contaminant kinetics in animal species and 
their responses to changes in physiological or environ- 
mental conditions. A logical next step in our modeling 
efforts would be to develop the relationships necessary 
to convert internal body burdens and external exposure 
rates into quantitative dose estimates. Comparisons of 
such estimates with information on genetic responses 
should yield important information on the effects of 
chronic low-level radiation exposure on this species, 
and may lead to radionuclide risk assessments that are 
based on mechanistic, rather than correlative processes. 
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