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¥7Cs ELIMINATION BY CHRONICALLY-CONTAMINATED
LARGEMOUTH BASS (MICROPTERUS SALMOIDES)

Eric L. Peters*' and Michael C. Newman**

Abstraci—The temperature-dependent “"Cs biological half-
times (7,0 of lifetime-exposed largemouth bass (Micropterus
salmoides) from a nuclear cooling reservoir at the U.S, Depart-
ment of Energy’s Savannah River Site were calculated from
whaole-body measurements of live fish and compared with
literature records for acutely and chronically-contaminated
fish. The T,'s of the bass averaged 322 d (95% CI: 311-333 d),
2254 (95% CI: 220 to 230 d), and 140 d (95% CI: 137 to 143 d)
at 15, 20, and 26 “C, respectively. These mean T,’s were 1.7 to
2.5 times longer than would be expected for acutely contami-
nated fish, and 1.2 to 1.8 times longer than those predicted for
fish at steady-state with their environment according to recent
maodels. This slower elimination did not appear to result from
slower elimination from skeletal muscle compared with other
soft tissues, in that the muscle to whole-body "*7Cs concentra-
tion ratios after the elimination period were similar to those of
freshly-caught bass. Our results suggested that elimination
rates estimated from the terminal elimination components of
acutely-dosed fish may not reflect the elimination rates of fish
exposed to contaminants throughout their lifetime, even when
care is taken to allow sufficient time for absorption of the dose,
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INTRODUCTION

As a result of nuclear accidents and weapons detonations,
significant levels of '*"Cs have been released throughout
the world. '¥'Cs is a high-yield product of nuclear
fission, with a long phyucal half-time (30.2 y) and high
bioavailability (Whicker and Schultz 1982) and is, in
fact, the most important long-lived contaminant released
during the Chernobyl acmdent {Anspaugh et al. 1988;
Medvedev 1990; Kryshev 1992). Because '“'Cs is
readily accumulated and concentrated in skeletal muscle,

* Savannah River Ecology Laboratory, .0, Drawer E, Aiken, 5C
29802 ' Present address: Department of Biological Sciences, Chicago
State University, 9501 5. King Drive, Chicago, IL 60628-1598;
* Present address; Department of Environmental Sciences, The Col-
lege of William and Mary, Virginia Institute of Marine Science School
of Marine Science, Gloucester Point, VA 23062-1346.

For reprints comtact: Reprinis Dept.. Savannah River Ecology
Labaratory, P.O. Drawer E, Aiken, SC 29802,

(Manuscript received T Julv 1997; revised manuseript received 7
July 1998, aecepted 23 Oorober 1 998)

001 7-S0TRA90

Copyright © 1999 Health Physics Society

2641

consumption of contaminated fish and other wildlife can
be an important pathway for human exposure (Forseth et
al. 1991; Whicker et al. 1993). Due to the large number
of wetland areas subjected to Chernobyl fallout, there has
been renewed interest in the fate of radionuclide contam-
inants in aguatic ecosystems, and new studies of the
importance of fish as indicators of the presence of
radionuclides andf/or their potential contribution to hu-
man dose commitments are emerging (e.g., Korhonen
1990; Forseth et al. 1991; Koulikov and Ryabov 1992).
Some recent studies of aquatic vertebrates (e.g.,
Evans 1988; Peters and Brisbin 1996) have combined
physiological and ecological models to predict '*'Cs
kinetics. However, most radiocesium kinetics studies of
fish continue to emphasize direct measurements of bio-
logical half-time (7,) in the laboratory, generally after
acute dosage. However, both field and laboratory studies
have revealed a wide range of T, values for "*'Cs in
freshwater fish (Table 1). Within individual species,
"ICs T,'s are affected by factors that influence meta-
bolic rate, increasing by a factor (Q,,) of 2 to 3 for each
10 °C increase in temperature, and to a lesser degree in
proportion to body mass (Kevern 1966; Gallegos and
Whicker 1971; Fagerstrom 1977; Mailhot et al. 1989,
Ugedal et al. 1992). As is also true of metabolic rate,
other factors such as the age of the fish and the conditions
under which it 15 acclimated may also Jnﬂuence Cs
elimination rates. Unfortunately, most prior '*'Cs elim-
ination studies have not provided information on these
conditions and, more critically, have also failed to report
the experimental temperatures, the sizes of the fish, or
both. These deficiencies were noted in a recent effort
{Rowan and Rdbmuﬁ‘»t.ﬂ 1995) to produce a general
model to predict '*'Cs T,'s of fish as a iuncnun of
temperature and body mass using data from published
elimination studies. Because acutely-dosed fish often
exhibit artificially high initial losses of administered
radionuclides {e.g., through rapid loss of unabsorbed oral
doses via egestion or leakage from injection sites), care
was taken by the authors to eliminate studies (or portions
of studies) that included such “short components”™ of
elimination. Despite this, the authors noted that the
elimination rates of chronically-contaminated fish were
about 40% longer than expected for acutely-exposed fish,
They hypothesized that certain tissues (especially skele-
tal muscle) accumulate and eliminate cesium more
slowly than others, and developed a common model
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Table 1. Whole-body elimination half-times (T,) of '"*'Cs by freshwater fish.

Temperature
Species Wet mass (g) T (dd Reference
Cuprrinus carpio 137 12.5/20 17498 Kevern [ 1966)
Lewcisens rutilus 35100
Perra fluviatilis NA 10-20 175-200 Hifsiinen et al. {1967)
Sialmer wridoews 25-80
Cachorhynchus mykiss 30200 34097 Gallegos and
Whicker (1971}
Lepomis macrochirus 0.3-120 15.8 26187 Kolehmainen (1972)
Esox lucius 1001500 4002-599 Carlsson (1978)
Sixlrmo trutta 250" ¢ lized) =]12.5F 124% } Forseth L %
Salvalinus alpinus 3 nommalzed) Lo 1500 orseth et al. (19491)
Hypophthalmichthys molirrix S00=7 0040 MA 44-23] Koulikow and
Ryaboy {1992
Saimo trutta 12456 44-15.6 104-564 Ugedal et al. (1992)
Tetaluris punclatus 122-188 227.5 154/54.6 Peters et al.®

* Mean estimared indirectly from other parts of the study (Rowen and Rasmussen 1995),
E Estimated by Fowan and Rasmussen (1995) from Forseth et al. (1992).

“E. L. Peters, I B, Schultz, and M. C. Mewman (unpublished data).

containing a “correction factor™ to allow prediction of the
half-times of chronically contaminated fish, Although
this refined model was successful in improving predic-
tions of half-life for the two studies of chronically-
contaminated fish included in their model (i.e., Koleh-
mainen 1972: Baptist and Price 1962), the authors
suggested that further research was necessary, both to
document the general prevalence of longer 7.'s in fish at
equilibrium with the environment, and to examine pos-
sible internal redistribution kinetics of radiocesium that
might be responsible for this effect.

Accurate predictions of radiocesium elimination are
important in gauging potential health effects of envi-
ronmental releases, as well as for estimating food con-
sumption by free-ranging fish (e.g. Kevern 1966;
Kolehmainen 1972; Forseth et al. 1992). However, the
above-mentioned difficulties in obtaining such data from
animals administered radiocesium in the laboratory sug-
gest the need for more careful examination of fish from
already contaminated habitats. Accordingly, the whole-
body T,'s of '*'Cs of lifetime-exposed individuals of a
common game fish (largemouth bass, Micropterus
safmm'dﬂ} were measured to determine whether they
conformed to other studies of acutely and chronically-
contaminated species. Also, because none of the prior
studies of '*’Cs elimination by chronically-contaminated
fish was conducted at more than a single temperature, the
measurements were conducted over much of the range of
water temperatures to which the fish were likely to be
exposed to determine whether any observed deviations
trom expected T,'s were temperature-dependent. Finally,
to determine whether muscle elimination kinetics of bass
differed from that of the animal as a whole, the muscle:
whole body ratios of '*"Cs of the bass after elimination
of a substantial fraction of their whole-body burdens
were compared with those of freshly-caught individuals,

MATERIAL AND METHODS

One population of M. salmoides inhabits Pond B, an
abandoned nuclear reactor cooling reservoir located on
the U.5. Department of Energy’s Savannah River Site
(SRS) near Aiken, South Caroling. Pond B was con-
structed in 196(), and received thermal effluents from one
of the SRS weapons production reactors (R reactor) from
September 1961 to June 1964, In 1964, R reactor was
shut down, and the fuel assemblies were moved to a
water-filled storage basin located near the discharge
canal for the hot water effluents (R Canal). A faulty
experimental fuel element contaminated the water in the
storage basin, and this contaminated water, containing
approximately 5.7 TBq of ""’Cs (Ashley and Ze1gier
1980}, was released into the R Canal. Although some of
this contamination was diverted elsewhere, a substantial
fraction was subsequently washed into Pond B.

The physical, chemical, and biological environment
of Pond B is well described and is discussed elsewhere
(Alberts et al. 1987, Whicker et al. 1990; Pinder et al.
1992; Kelly and Pinder 1995). Briefly, Pond B is a large
(87 ha) impoundment, with a mean depth of 4.3 m and a
maximum depth of 12.5 m. Pond B is monomictic,
stratifying from April through October, with a thermo-
cline at 6-7 m. Since the input of cooling water was
discontinued, the lake basin has remained filled through
precipitation and subsurface drainage alone, and the
concentrations of dissolved solids are low, as is charac-
teristic of other surface waters in the region: 1.6 ('\IEJ 0.5
[K] 1.3 (Ca), 0.5 (Mg), and 6.6 fbmarbonatu} all i in mg
L' Largemouth bass from this lake have high '*'Cs
Ievels {dppl‘ﬂm]‘l‘la[ﬂl}- 3 kBq kg ' wet mass, or three
orders of magnitude greater than local background lev-
els), making them exceptmnall},r suitable for long-term
measurements of '*'Cs elimination.
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Experimental animals

Twenty-eight largemouth bass (130-423 g} were
collected from Pond B by angling and transported to a
holding facility at the University of Georgia’s Savannah
River Ecology Laboratory, Upon arival, the fish were
placed in individual 18-L white polyethylene buckets
with snap-on lids. The buckets had numerous 1-cm holes
drilled through the bottoms and lids to permit water
exchange, and were floated in one of three 1.090-L
polyethylene tanks.® Each tzmk contained 10-11 fish,
with less than 3.5 g fish L ' water. Water temperature
wis mmmamed using immersion heaters and refrigera-
tion units. Each tank was provided with flow-though
{23 L min~ ") well water (median pH = 7.1, range
7.0=7.1, » = 15), which had a total alkaImlt} and
hardness uf 4.7 and 7.1 mg L™" as CaCOs,, respectively.
For the first week after capture, the fish were maintained
at the ambient temperature of the well water (20 = 0.5
“C). The temperatures of two of the tanks were then
increased or decreased by 1.0 °C per day until they
reached temperatures of 26 or 10 (= 0.5) °C. The bass
were maintained at these three treatment temperatures for
at least 4 wk prior to beginning the elimination measure-
ments. Throughout the acclimation and experimental
periods, the fish were hand-fed live minnows (Notropis
sp.) weekly (approximately 4, 6, and 8% of their wet
mass at 13, 20, and 26 °C, respectively). These minnows
contained global fallout concentrations of '*'Cs not
exceeding 1 Bq kg™ " wet mass (more than three orders of
magnitude lower concentration than the Pond B bass).

Whole-body measurements

Whole-body measurements of the live bass were
made on a 15.2-cm-wide ¥ 10.2-em-high Nal(T1) solid
scintillation detectorﬁ;lmmmu]liplier and a Canberra
multichannel analyzer.® Prior to each measurement, each
fish and its cage was removed from the tank and
immersed in an aerated 19-L bucket containing approx-
imately 15 L of 200 mg L~' MS-222 for 2-3 min, until
the fish’s behavior indicated that stage Il anesthesia had
been attained (Schultz et al, IE)QE:], The fish was then
removed from its cage, weighed, and transferred 1o a
polyethylene freezer container containing 3 L of a 50%
dilution of the anesthetic solution. To ensure a uniform
counting geometry, the fish was held in position inside
the container with sponges and counted with its right side
lateral to the top of the detector (Fig. 1). Each fish was
counted for 300 s and then returned to the tank. The total
time spent out of the tank was approximately 15 min for
each measurement. To ensure comparable accuracy in
measuring elimination at the different temperatures, the
interval between elimination measurements was in-
creased with decreasing temperature, i.e., approximately
every 9, 14, and 21 d for fish at 26, 20, and 15 °C,
respectively.

* Rubbermaid Commercial Products, Inc., Winchester, VA,
L5 700, Frigid Units, Taledo, OH,
T Canberra, Meriden, CT.
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Fig. 1. Diagram of the counting geometry used to estimate '*'Cy
activity of largemouth bass. The fish were held in 18-L cages
floating in three 1,090-L aquaria maintained at 15, 20, or 26 °C. At
imtervals, the cages containing the fish were removed from the
aquaria and immersed in an anesthetic solution. The lightly
anesthetized fish were placed in a polyethylene freezer container
containing 3 L of anesthetic solution and held in place with
sponges and a plastic sponge mop head (additional sponges were
placed between the left side of the fish and the roof of the
container). The container containing the fish was placed on top of
a NaliTl) solid scintillator detector (dashed line), with the right
side of the fish against the sensitive volume, and whale-body
counted for 300 s to measure whole-animal '*7Cs activity.

The background count rate (s ') was determined by
counting uncontaminated bass (collected off the SRS in
the same geometry for the same length of time. An earlier
study (Peters and Brisbin 1988) had determined that
contributions by natural background radionuclides of
similar energies to the '*'Cs background (especially from
the 609-keV gamma photon of *'*Bi at secular equilibrium
with naturally-occurring radium in the skeleton) were
negligible for aquatic turtles (Trachemys scripta) from
this region. These turtles have a much greater percentage
of bone (up to 40% of body mass) than do teleosts, and
it was therefore assumed that the same was true for the
bass. It was also assumed that the fish were not cross-
contaminating each other with their excreted 'Y'Cs, as
uncontaminated catfish maintained in closed tanks to-
gether with fish labeled with much greater amounts of
™70 did not show detectable uptake after 10 wk.*

The background count rate was subtracted from the
gross count rate (the count rate of the Pond B fish plus
natural background) to obtain the net count rate (s~ ') for
each individual. The net count rates for the amount of
radionuclide lost due to physical decay since the begin-
ning of the measurement period were corrected by
dividing them by ¢ %', where ky s the fraction of the
total radioactivity lost per unit time fdefmu.,d as In /T,
where T}, is the radioactive half-time of '*7Cs), and 1
represented the elapsed time since the beginning of the
study. The corrected net count rates, R, were then
regressed against time. The appropriateness of single and

¥ E. L. Peters. unpublished data.
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multiple-exponential models in fitting the data was
judged using methods described by Landlaw and DiSte-
fano (1984), including testing the normality of the
residual distributions, F tests of the multiple-partial cor-
relation coefficients (R%) of the functions (Kleinbaum et
al. 1988), and visual inspections of the fits (Boxenbaum
et al. 1974). Other statistical procedures were as de-
scribed in Sokal and Rohlf (1969) and Steel and Torrie
(1980).

The slopes of elimination relationships were used to
estimate the biclogical elimination rate constant (k. the
fraction of the total body burden eliminated per unit
time) and biological half-time (T, = In 2/k,). To mini-
mize error in estimating &, twelve whole-body measure-
ments were made of each fish over the duration of the
measurement period (Peters and Brisbin 1988).

Count yield

To estimate the count vield for whole-body (Yg) and
muscle (¥y,), both in counts s ' Bq ' '*'Cs, 34 Pond B
bass (85 to 534 g) were captured (16 during 27 Septem-
ber to 26 October 1995, 18 during 30 May to 6 June
1996). These fish were killed immediately upon collec-
tion and whole-body measurements of these fish were
subsequently made using the same procedures as for the
live bass. An approximately 20-g white muscle sample
was then removed and counted 1o a 1% 2-or error in an
automated  7.6-cm-wide < B3-cm-high  well-type
Nal(Tl} gamma counter.** The muscle sample was then
homogenized, together with the remaining carcass, and
sufficient water was added to dilute the homogenate to a
I-L volume. The homogenate was then counted in the
same geometry as a 1-L """Cs standard (4., = 3.162
kBq, which was almost identical to the activity concen-
tration of the fish), using a 900 s count time for both. The
count yield for the whole fish was estimated I’mm the
count }]Eld of the standard (Y, counts s~ ' Bq~'), i.e.

- Roctisay(s™") 0
std A“d[Bq}
Rﬂ:l'.n nc{5_1:|
Whole fish activity [ Ag.Bql = My "‘_E' ' @
Rne whaole fi ;.[5-1:|
Yg(countss ' Bq ') = tiwhale fish )

Ag(Bq)

Similar procedures were used to obtain the muscle
count vield from the muscle samples. The whole-body
and muscle count yields were plotted against fish body
mass, and the appropriate regression functions for esti-
mating the whole-body and muscle '*'Cs activities of
live bass from their whole-body R, measurements were
determined using methods described above.

#* Packard Auto-gamma® 5530, Packard Instrument Company,
Meriden, CT.

Time-dependent muscle concentrations

At the end of the elimination experiment, the base
were killed by overdose of MS-222 and the '*'Cs
concentrations of muscle and whole body activities were
determined using the methods described above, The ratio
of muscle to whole-body '*’Cs concentrations was com-
pared with those of the bass used to estimate the muscle
and whole body count yield. The otoliths of the elimina-
tion treatment fish were removed and examined to
determine their approximate ages.

RESULTS

By the end of the acclimation period and the
beginning of the elimination measurements, the body
masses of the bass increased by at least 15% over their
mass at capture. By regulating food intake, we were able
to maintain the bass at relatively constant mass during
the measurement period (Table 2). The body masses of
the bass increased only slightly during the elimination
measurements, with a mean (95% CI) percent increase of
1.6% (1.3 10 1.9%) at 15 °C, 1.1% (0.9 to 1.4%) at 20 °C,
and 1.1% (0.9 to 1.4%) at 26 °C {(r = 12 measurements
per fish in all cases).

¥7Cs elimination

By adjusting the measurement interval for the tem-
perature of the fish, it was possible to maintain a
consistent fraction of decrease in whole-body burdens
{about 4% between each measurement) for each group of
fish. After twelve counts (231 d at 15 °C, 154 d at 20 °C,
and 92 d at 26 “C), the whole-body activity of all three
groups had declined to 62% (95% CI: 60 to 65%) of the
first body burden measurement taken at the end of the
acclimation period (50 to 55% of the body burden at
the time of capture).

Based on the results of the statistical criteria de-
scribed above, whole body elimination from each indi-
vidual bass was best described by a single-component
exponential model, and elimination data for all bass were
therefore fitted to the model: '*'Cs concentration (Bq,
corrected for physical decay) = & ® "™ ' (Table 3).
The predictive power of each individual fish's elimina-
tion equation was very high (all #* = 0.90), and the j3
values for each regression were used to estimate &, The
model k, = ae”"m" [where T was the temperature (°C),
and m was the average body mass (g) of each fish] was
then fitted to the estimated half-time from all bass. This
model was highly significant (F,., = 1304, p <
0.0001), and had a high degree of predictability fR: =
0.92). The parameter estimates ﬁ:rr this model were @ =
271X 107*(95% CL: 1.08 X 10 10673 X 1073, b =
0.070 (95% CI: 0.061 o 0.080) and ¢ = —0.224 (95%
Cl: —0.370 to —0.077). The T,,’s estimated from these &,
values averaged 322 d (95% CI: 311 to 333 d) at 15 °C,
225 d (95% CI: 220 10 230 d) at 20 °C, and 140 d (95%
CI: 137 to 143 d) at 26 °C (Fig. 2). Across the range of
size and temperatures used in this study, the difference
between our observations and the predicted values of
Rowan and Rasmussen (1995) increased with both

——
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Table 2. Growth of caged largemouth bass during '¥'Cs elimination measurements.

Body mass (g}

Fish Initial Final % Change % Change d ™"

15 °C

I 250 2649 7.60 0033

2 253 306 2049 0091

3 59 7 T34 0032

4 79 333 19.4 084

5 307 346 127 (L0545

i 333 371 11.4 (04

7 350 380 £.57 0037

& 468 383 —18.2 —L079
Mean (95% C.L) 312 (262-363) 333 (302-364) B.72(0.39-17.1) 0038 (0.002-0.074)
20 °C

9 141 154 9.22 0.055

] 152 I RE 23.7 0,142

11 174 218 253 0.151

12 223 244 9.42 0.056

13 235 292 2.2 0.133

14 263 277 5.32 0.032

15 288 326 13.2 0.079

16 2960 3 5.07 0,030

17 313 343 %58 0.057

18 30 354 1006 (1064
Mean (95% C.1) 241 i 200-282) 271 (229-313) 13.4 (B.67-18) 008 (0.052-0.108)
26 °C

s 130 136 4.62 0050

20 176 209 18.8 0204

21 185 189 2.16 0024

22 243 262 7482 0085

23 252 263 4.37 0,047

24 75 259 504 (055

25 290 33l 14.1 0154

il 241 34 447 (045

a7 336 334 —1{1.60) —{0.006

28 s 471 5.13 0.056
Mean (95% C.L) 263 (207-318) 279 (221-336) G600 (3041001} 0.072 (0.033-0.110)

temperature and body mass: T,'s were 1.7 to 2.5 % longer
than would be expected for acutely contaminated (non
steady-state) fish and 1.2 to 1.8 longer than those
predicted for steady-state conditions (Fig. 3).

As noted in previous studies (e.g., Ugedal et al.
1992), temperature exerted a much greater influence
(Fi 25 = 227.6, p < 0.0001) on T,'s than did body mass
(F, 55 = 9.805, p < 0.0044). The Q,, for "*"Cs elimi-
nation (also estimated from the &, values) was 2.14, and
the 95% CI for this value (1.93 to 2.37) enclosed the
expected value of 2 based on the presumed influence of
physical, chemical, and biological processes on meta-
bolic rate. Including the age of the fish, as determined
from otolith annuli, did not significantly improve the fits
of any of the regression models tested.

Count yield

There was no significant seasonal difference be-
tween the whole-body *'Cs concentrations of the 34
bass used in the muscle and whole-body count yield
determinations. These data were therefore combined, and
a significant and highly predictive relationship between
body mass and whole-body '*'Cs activity (A, Bq) was
observed, with Ag,, = a m" (Fy 32 = 17935, p < 0.0001,
r* = (1.85), where m was the wet mass of the fish (g), a

was 5.997 (95% CI: 2.878 to 12.50), and b was (.866
{(95% CI: 0.734 to 0.997). The mass-dependent whole-
body count yield (¥g) was best esimated by an expo-
nentially decreasing function (Fig. 4): ¥ = ae®™ (F 132
= 82.85, p < 0.0001, ¥ = 0.71), where m was the wet
mass of the fish (g), @ was 0.119 (95% CL: 0.112 to
0.126), and b was —8.6 X 107* (95% CI: —1.06 % 1073
to —6.71 % 107*). The mass-dependent muscle count
yield (¥,,) was best estimated by a power function
(Fig. 4): ¥y, = am” (F, 5, = 6013, p < 0.0001, ¥ =
0.95), where m was the wet mass of the fish (g), a was
3.16 (95% CI: 2.24 to 4.44), and b was —0.739 (95% CI:
—0.800 to —0.677).

Time-dependent muscle concentrations

The muscle to whole-body *"Cs ratios of the three
elimination groups were indistinguishable (Sheffe’s §
tests, all p-values = 0.43) from those of the freshly-
caught bass (Fig. 5). As mentioned above (and depicted
in Fig. 2), the whole-body '*"Cs of all three elimination
groups had decreased approximately 38% from their
post-acclimation period levels at the time that these ratios
were measured (at least a 40-50% decline from their
body burdens at capture).
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Table 3. Elimination of '*"Cs by caged largemouth bass. All bass were fitted 1 the model: "*'Cs Concentration (By,
corrected for physical decay) = a ¢ " The elimination rate constant k, = 3. P-values for all regression model fits

were =0.0001.
*Cs concentration =]
sl R Y k. (95% CL)
Fish Tnitial Final remaining X1W03d" TRBHECLLd Fh, #
15 °C (231 d)
1 2.59 1.53 59,1 200 (1L.68-234)  345(206413) 1812 095
2 1.54 0.82 53.0 244 (2.02-2.86) 284 (242-343) 1659 O.M
3 2.0 1.17 56.4 230(2.00-2.600 301 (267-347) 2954 047
4 2.55 1.27 499 227 (2.(4-2.51) 305 (2T6-340) 4745 098
5 1.84 1.05 573 23(1.B2-278) 301 (249-381) 114% 092
[ 3.51 1.95 35.5 232 (2.1-2.54) 299 (273-33010 5560 (.98
7 2.62 1.69 64.4 L3 (L12-2.15) 425 (322-619) 9056 091
8 248 1.73 69,7 2050(1.81-2.28) 338 (304-383) 3872 097
Mean (95% C.1)  240(1.99-282) 140(1.14-167) S82(538-62.6) 2.17(1.99-234)  320(296-349)
20 *C (167 d)
0 2.34 1.23 434 4.00(3.04-4.96)  173(140-228) B&4 090
10 203 1.07 32.7 260 (2.03-3.17) 267 (219-341) 1024 091
11 2.04 0.99 484 3.10(2.67-3.54) 224 (196-260) 2504 096
12 1.96 1.10 558 3.12(2.75-349) 222 (199-252) 3542 097
13 207 1.16 6.1 202 (2.37-348) 237(199-202) 1384 093
14 2.61 1.42 542 328 (2.89-3.66) 211 (189-240) 361.5 0n.a7
15 1.9 1.03 543 2.84(2.45-3.24) 244 (214-283) 2366 096
16 1.78 103 5840 AA1{LT6-3.45) 223 (201-251) 3929 098
17 1.97 1.11 56.1 303 (265-341)  229(203-262) 3154 097
18 1.65 .90 547 114 (29-339) 221 (204-239) R09.T (.99
Mean (95% CL) 209 (1.86-231)  L1(L0O2-1.19) 534 (50.7-56.1) 3.07(297-3.16) 226(219-233)
26 °C (92 d)
19 2.61 1.6% 64.3 3.28 (289-3.66)  2011(189-240) 907 090
20 2.62 1.45 552 552 (4.83-6.20) 126(112-144) 3615 097
21 2.44 1.46 50.8 54K (4.39-657)  126(106-158) 1258 093
22 230 1.39 580 521 (4.30-612)  133(113-161) 1632 094
23 2.45 1.44 380 500 (4,15-587)  13B(118-167) 1681 094
24 2.52 1.66 66.1 478 (4.33-3.66) 145 (189-160) 5638 0098
25 252 1.57 62.3 455 (4.08-502)  152(138-1700 4611 (9%
26 232 1.20 516 451 (345-5.16) 154 (134-201) 1248 093
27 336 2.02 0.3 4.41 (3.68-5.14) 157 (135-188) 1806 0095
28 1.77 1.20 67.8 573 (4.79-667) 121 (104-145) 2236 057
Mean (95% C.L)  2.50(2.26-2.74) 131 (L35-1.66) 60.4(574-63.5) 4.96 (4.63-520) 140 (131-150)

DISCUSSION

The cesium T,,'s observed in this study were at least
twice as long as would be expected for acutely contam-
inated fish, and were longer than those predicted by the
steady-state model of Rowan and Rasmussen (1995). In
that model, the authors estimated that fish at steady-state
with the environment eliminated cesium at approxi-
mately 72% of the rate of fish that were not at steady
state. The primary difference between these predictions
and the results of this study appeared to be in the value
of the intercept of the response surface, rather than in the
regression parameters for the dependent variables (which
were statistically indistinguishable from the same param-
eters estimated in earlier models). The combined differ-
ence in these parameters is nonetheless important: the
mean k,'s predicted from the Rowan and Rasmussen
maodel exceeds the mean &,'s predicted by our model in
every case (which is, as should be expected, not the case
for our fitted model). In most cases, the 95% Cls for &,
of the model of Rowan and Rasmussen barely include the
upper 95% confidence limit of the observed &, values.
For 22 of 28 fish, the lower bound of the 95% CI of the

Rowan and Rasmussen estimates are greater than the
mean observed k, value. The difference in the two
models is accentuated when these &, values are converted
into half-times. Thus, even where the full confidence
limits of the predictions of the Rowan and Rasmussen
model are taken into account, the result is a statisti-
cally significant overestimate of k, (underestimate of
T). Comparisons with this model should be made
cautiously, however, in that the data that comprise this
model were obtained from only five studies (almost all of
which were cold-water fish), using the unweighted mean
values for temperature/mass groups with unequal num-
bers of individuals, and with one study of brown trout
(Ugedal et al. 1992) accounting for a majority of the
model data,

Hewett and Jeffries (1976) reported that decreased
radiocesium 7,,'s could be induced as a result of handling
stress. This fact was used to justify the protocol used by
Ugedal et al. (1992), i.e., seral sumpling] from a cohort of
acutely-dosed brown trout to estimate ' **Cs elimination.
If such a stress-related decrease in T, were the case in
this study, then the actual T,’s would be even longer than
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Fig. 2. Whole-body elimination of "*’Cs from largemouth bass at
15 °C (n = 10. counting interval 21 d), 20 °C (n = 8§, counting
interval 14 d), or 26 °C (n = 10, counting interval § d). Symbols
indicate the means for each group, error bars indicate the 95% Cls
for the means. Regression lines are fits to all individual data points
within each treatment group.

Fig. 3. Comparison of observed measurements (@) of "*'Cs
elimination half-times (7, d) of largemouth bass at 15, 20, and
26 °C and the response surface for predicted T, as a function of
temperature and body mass (left) with the predicted elimination
(Rowan and Rasmussen 1995) for chronically-contaminated
(steady-state) fish at equilibrium with their environment (right).

those observed. The fish in our study appeared to rapidly
become accustomed to the minimal handling required,
however, and would feed readily as soon as 15 min after
recovery from anesthesia. It is also unlikely that potential
effects of repeated anesthesia on metabolic rate were
responsible for increasing the 7,,’s of the fish in this
study. Acutely-dosed channel catfish (feralurus puncta-
tus) maintained under nearly identical conditions to this
study had '*Cs T,’s that were about 50% as long as the
bass in this study,”” which is nearly identical to the T}’s
expected for nonsteady-state fish (Rowan and Rasmus-
sen 1995).

The estumated power coefficient of body mass was
fairly broad. and undoubtedly reflects the relatively small
size range (0.325 orders of magnitude) of the fish in this
study. The 95% CI for our mass coefficient (—0.370 to
~0.077) enclosed both the value of —0.176 obtained by

" E. L. Peters, unpublished data.
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Fig. 5. Muscle to whole-body ratios of '*'Cs in largemouth bass.
The figure compares two groups of freshlyv-captured bass from
Pond B (sampled during awtumn and spring, unshaded boxes) with
three groups of Pond B bass held at 15, 20, and 26 °C {shaded
boxes). At the time that the measurements were made, all three of
the elimination groups had eliminated at least 40% of their initial
*1Cs whole-body burdens.

Ugedal et al. (1992) for brown trout over a 1.3 order of
magnitude size range and the value of —0.111 obtained
by Rowan and Rasmussen (1992) over a greater (3.6
orders of magnitude) size range.

Earlier studies (Baptist and Price 1962; Hewett and
leffries 1976, 1978) found that radiocesium uptake by
fish muscle was slower than for other tissues. Muscle
also comprises the largest tissue compartment for cesium
after acute intravascular dosage (about 80% in channel
catfish).** If cesium elimination kinetics from muscle
were comparable to uptake, then this would be consistent
with the hypothesis (Rowan and Rasmussen 1995) that
slower loss from muscle by chronically-contaminated

¥ E. L. Peters, unpublished data,
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fish might account for their longer whole-body '*'Cs
Ty’s. It is therefore reasonable to expect that the '*'Cs
muscle to whole-body ratio of the bass in this study
should also have increased, given the longer elimination
time. However, the results of this study indicate that the
elimination rate from bass muscle was indistinguishable
from that of the body as a whole. None of the elimination
treatment fish showed any significant differences in their
muscle to whole-body ratios compared with freshly-
caught bass (Fig. 5). In fact, the only discernible difTer-
ence was a (non-significant) decrease in this ratio in the
26 °C group. This suggests that the kinetics of "*'Cs in
muscle dominate the kinetics of the body as a whole, and
that potential effects of slow incorporation of radioce-
sium into skeleton or other connective tissues (which
exchange with body tissue fluids only at limited sites)
might be less likely to be responsible for this effect. As
the fish grows larger and bone thickness increases, a
concomitant decrease in bone surface-to-volume ratio
would be expected, resulting in an increase in T, in these
tissues. However, the potential size of these compart-
ments appears to be quite small, 0 unless elimination
rates are extremely slow (perhaps increasing with age as
increasingly greater quantities of '*'Cs become seques-
tered), they are unlikely to exert a discernible influence
on apparent elimination until nearly all of the fish’s soft
tissue burden has been eliminated. If this is the case, then
chronically-contaminated fish such as those found in
Pond B are likely to retain some '#'Cs (albeit mostly in
inedible tissues) for their entire lives, even after muscle
concentrations decline to background levels.

Our results suggested that the conditions of acute vs,
chronic exposure might result in ﬁlgmf’uanl and system-
atic differences in the apparent '*'Cs elimination half-
times of fish. These differences appear to persist even
when care is taken to thoroughly acclimate the animals
and to delay the onset of elimination measurements to

avoid the periods of rapid elimination charactenistic of

acute doses, It 1s therefore difficult to determine whether
observed differences in "*’Cs elimination rates are the
result of experimental conditions or reflect species-
specific elimination rates. In either case, the explanation
for differences in '*'Cs retention would appear to lie
within physiological mechanisms of uptake, compart-
mentalization, and elimination within the animal, These
processes may include disequilibria between the uptake
and loss of "“'Cs into cells by active and passive
transport mechanisms (e.g., Na* /K~ ATPases, gated and
leakage channels for K in cell membranes), or between
uptake and retention of intracellular '*’Cs in membrane-
bound organelles. Understanding these processes may
provide insight into uptake and elimination kinetics of
the whole nr%amsm and may lead to more general
predictions of " 'Cs behavior in fish in the environment,
thus decreasing the need for repetitive empirical studies
o assess the effects of environmental releases on these
animals,
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