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Size-Dependence of Mercury (II) Accumulation Kinetics in the Mosquitofish,

Gambusia affinis (Baird and Girard)
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Abstract. Size-dependence of mercury (1) accu-
mulation from water by the mosquitofish, Gam-
busia affinis was assessed under controlled labora-
tory conditions. Uptake rates were higher for
smaller fish than for larger fish. Mean (= 5.D.) up-
take rate for mosquitofish exposed to 0.24 pg/L of
Hg was 0.32 = 0.15 pg'g dry wt/day. Uptake rate
constants were similar for the Hg (I1) and Hg" as
reporied elsewhere. Both inorganic species (Hg (1)
and Hg") were accumulated faster than methylmer-
cury. Elimination rate constants averaged 0.53 =
0.14 per day {(mean * | 5.D.). No significant size
effects on elimination rate constants were detected.
Elimination constants were similar to those re-
poried elsewhere for Hg® elimination but larger
than those for methylmercury elimination.

Animal size can influence pollutant accumulation
by aquatic biota. Numerous ficld studies have dem-
onstrated that the relation between trace element
body burden and individual size can be readily de-
fined by a power model (Bovden 1974, 1977; Cossa
et al. 1980; Williamson 1980; Watling er al. 1981;
Strong and Luoma 1981; Newman and Mclntosh
1983). The exponents or b-values for such empincal
models tend toward either 0.75 or 1.00 for many
species/trace element combinations but range from
less than | to greater than 2 (Boyvden 1977). Size-
specific metabolic rate has been assumed to be the
mechanism controlling relations with b-values of
approximately 0.75 (Baker and Dunaway 1969; Pul-
liam er al. 1969; Boyden 1974). However, Fager-
strom (1977) demonstrated that, under equilibrium
conditions, body burden versus body weight rela-
tions with b-values near unity are more indicative
of linkage to metabolic rate. To date, the impor-
tance of size-specific metabolic rate in determining

size-dependence of trace element accumulation re-
mains ambiguous.

Although mechanisms controlling size-depen-
dence of accumulation remain poorly defined in
most studies, a clearer understanding of the rela-
tionship between trace element accumulation ki-
netics and organism size is essential for develop-
ment of complex models linked to bioencrgetics
(Norstrom et al. 1976). To this end, Newman and
Mitz (1988) defined the relations between mosquito-
fish size and the variables defining elimination and
uptake of Zn. The slow tumover relative to fish life
expectancy imparted a nonequilibrium nature to Zn
accumulation in the mosguitofish. In contrast to Zn
accumulation, the accumulation of inorganic Hg,
another group IIb metal, is rapid in many fish
species (McKone ef al. 1971; Burrows and Krenkel
1973; Pentreath 1976a, 1976b), including the mos-
quitofish {Schoper 1974; Boudou ef al. 1979).
Therefore, Hg accumulation in mosquitofish will
not have the nonequilibrium characteristics of Zn
accumulation in mosquitofish. The results dis-
cussed herein describe the size-specific relations
for Hg (II) uptake and elimination for the model or-
ganism, Gambusia affinis. The rates and rate con-
stants were compared to those for methylmercury
and Hg® accumulation. These results will be used 10
develop a complex accumulation model incorpo-
rating allometric and bioenergetic characteristics of
this species.

The mosquitofish was selected as the model
species for several reasons. It is small, hardy and
easily reared in the laboratory. It is common and
widespread in warm regions of the world. Its orig-
inal distribution in the southeastern United States
has been broadened to the widest of any freshwater
fish (Krumholz 1948), chiefly because of its value in
controlling mosquitos. Finally, an abundance of
studies focusing on mosquitofish ecology (Krum-
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holz 1948; Bence and Murdoch 1986), bioenergetics
(Cech er al. 1980, 1984; Wurtsbaugh and Cech
1983; Bence and Murdoch 1986), population dy-
namics { Brown 1985; Kennedy ef al. 1986), toxicant
bioaccumulation (Hannerz 1968; Schoper 1974;
Huckabee er al. 1975; Shin and Krenkel 1976; Wil-
liams and Giesy 1978; Boudou er al. 1979; Saiki
1987; Newman and Mitz 1988) and toxicity (Wallen
et al. 1957; Boyd and Ferguson 1964a, 1964b)
exists; thus, providing a rich body of background
information.

Materials and Methods

Mosquitafish

Vanious sized mosguitofish were collected from Risher Poad on
the Savannah River Plant (Barmwell County, South Carolina) in
late June 1987. As atypical elimination has been noted for
gravid mosquitofish (Newman and Mitz 19838), gravid mosguito-
fish were excluded from the experiment. Male fish were not
used in the experiment. Fish were maintained in 3-L glass
agquaria at 20°C in a GCA Precision incubator, A pholoperiod of
14 br light and 10 hr dark was maintained. During the 10 day
acclimation period, fish were fed commercial (Blue Ribboa To-
bifex™) freeze-dricd twubificid worms daily. Mean (5.D.) concen-
tration for 3 samples of this matenal was 0.09 = 0.01 ug He'z
dry wi. Holding and experimental waters were reconstituted,
very soft freshwater (RVSFW) (EPA 1978). Calcium sulfate
0.250 g), MgS0, - TH,O (0.150 g), NaHCO, (0.200 g) and KCI
(0,025 g) were added to 50 L of deionized water 1o produce the
RVSFW,

Experimental Exposure

Mercury (1) accumulation in fish of various sizes was measured
using the radionuclide ®'Hg (Exposure Treatment). A second
group of fish (Nonexposure Treatment) that was not exposed to
M Hg was used to define background conditions during accumu-
lation. Fish growth, food uptake and water quality were mea-
sured wsing the nonexposure treatment, Nonexposure and
MWHg.exposure fish were held at 20°C in individual plexiglas
chambers equipped with Nytex mesh boltoms as described in
Newman and Mitz (1988). All plexiglas chambers were placed
within two 25 L plexiglas tanks. The volume of each chamber
was scaled to fish size. The chambers ranged in size from 1.5 cm
WxSemLx dcmHwXomL x W5cm W x 4cm H.
This arrangement allowed the water wilhin each 25-1. tank to
circulate freely between all individual chambers. The nonexpo-
sure tank received a nominal concentration of 0,250 pg He'L (as
HgCly) and the *™Hg exposure tank received 0,250 pg Hg/L and
0.10 pCit Hg/L.

Individual fish were counted for & min each with a Beckman
Gamma 8000 gama counter after 0, 1, 2, 3, 4 and 6 days of expo-
sure. The 279 KeV gamma photon was mecasured, vsing a
window of 100 1o 300 KeV. Geometry changes associated with
counting live fish were insignificant (Newman and Mitz 1988).
After removal from the individual compartmeat, a fish was im-
mersed consecutively in 5 volumes of RVSFW. The nnse waters
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Table 1. Water quality in experimental aquaria

Standard

Vanable Mean deviation Mo
Temperature ("C) 19.7 0.3 9
Dissolved axygen

(mg O/L) 6.5 1.6 5
Percent oxygen

saturation (%) 71 I8 5
pH* 6.05 6.00-6.40 5
Ca (mg/L) 1.3 0.3 5
Mg (mgL) 034 0.03 5
Ma (mg/L) 1.3 0.1 5
Total Alkalinity

(mg'L as CaC,) 6.6 L6 ]
Cl (mgL} 0.5 0.2 5
S0, (mg SO,/L) 52 0.2 5
Dissolved Hg (pg'L) 0.4 0.07 5
¥ Hg activity (wCVLF 0.8 0.6 11

* Number of samples analyzed
* Median and range
¢ Activity measured in exposure tank

were counted after removal of the fish. No activity was mea-
sured after the second rinse: therefore, 3 rinses of 250 ml
RVSFW was considered adequate to remove any residual expo-
sure water on the hish prior 1o counting. An addironal fish was
also immersed in exposure water for 10 min, nnsed and counted
to ensure that activity was due to uptake primarily, not imme-
diate adsorption by body surface mucos (McKone er al. 1971;
Schoper 1974), No rapid adsorption to body mucus was ap-
parent. Schoper (1974) found 13 to 195% of Hg® associated with
mosquitofish exposed 1o 0,100 pe'ml was adsorbed to body sur-
face mucus,

Water Quality

One half of the water was removed daily from each tank and
replaced with ®HgHg or Hg spiked RVSFW. Water samples
were taken before and several hours after replacement o assay
the ®™Hg activity in the exposure tank. Fifteen ml of water were
counted for activity estimation.

Water guality was determined throughout the exposure period
(Table 1). Temperature was taken daily from the control tank just
prior to feeding. All other chemisiries were taken every other
day from the nonexposure tank before water change. Dissolved
oxygen was determined with the sodium aride modification of
the Winkler method (APHA 1975). Total alkalinity was quanti-
fied by polentiometric titration (APHA 1975). Chloride and sul-
fate concentrations were determined with a Dionex® 40001 ion
chromatograph (HPIC AS4A column and 4.0 mM Na,COy/1.5
mM NaHCO, eluant). Sodium, K, Mg and Ca were determined
with a Hitachi 180-80 flame atomic ahsorption spectrophotom-
eter equipped with Zeeman background correction. Lanthanum
chloride was added to samples prior 1o Ca analvsis. lonic bal-
ance cstimations were performed using the MAQA program
(Hill 1984). Dissolved Hg samples were filtered (0.45 pm
HAWPMTO0 filter) and preserved with Ultrex nitric 2csd. After a
hot digestion (APHA 1975), all samples were analyzed with a2
Perkin-Elmer $0A mercury analyzer.



Mercury Accumulation in Mosquitofish

Feeding and Growih

Two potentially complicating factors, Osh growth and uptake
from foodd, were assessed doring Heg accumulation experiments,
For reasons of radiation safety, feeding and growth rates were
monitored in the nonexposure tank, Growth could produce a di-
luting effect for the assimilated Hg ss the Hg would be distrib-
uted in increasing amounts of tssue as the fsh grew, Growth
was assessed by weighing nonexposure fish before and after the
six davs of accumulation. Also, Hg adsorbed to food during the
4 hr of feeding could become & second source of Hy to the fish.
Tubifex worm rations were weighed prior to presentation to each
fish. The amount of food presented to each fish was proportional
to fish size. The animals were allowed to feed undisturbed for 4
hr. Significant amounts of food were present at the end of the
feeding periods for all fish indicating ad likitem feeding during
this period. Al uneaten food was removed, freeze-dried and re-
weighed o determing the amount of food consumed by each
fish. A range of various sized food samples were also exposed Lo
0,10 WCi*™ Hg/L and 0,250 pg He/L at 20°0C for 1, 2, 3 and 4 hrto
assess the degree of adsorption of Hg w the food during the
period of feeding. The range of sizes for the exposed food re-
flected the range presented to the fish during the actual accumu-
lation experiment.

A significant, size-dependent feeding rate relation was deter-
mined by least-sguares regression methods (o fit a power madel
(Eq. 1), The Statistical Analysis System (SAS) (SAS Institute
19851 computer package procedure GLM was used to fit a lincar
madel to the logarithm of fish weight versus the logarithm of
consumption rate, The bias associated with results from regres-
sion of log transformed data was corrected using the methods of
Beauchamp and Olsen (1973).

C = aWe (1

where C = consumption rate {g dry wifish/day),
W= Nsh weight (g dry wi), and
a,b = constants derived from the regression model.

Accumulation Kinelics

The change in Hg concentration within each fish was estimated
using the specific activity calculated from the water source and
the gamma activity in the fish, These data were fitted 1o the fol-
lowing model vsing nonlinear regression methods in the SAS
procedure NLIN (Secant method) (SAS Institute 1985).

Cl {ku'llke}“ c-a’“:".:' [1]

where C, = concentration &t time, U (pgg dry wi),

k, = the uptake rate (pg'e dry wi'day),

k, = the elimination rate constant (1/day),

h = decay rate constant for ¥ Hg (1/day], and
t = time (dav),

With the units given ahove, ky'k, is equal to the concentration
al equilibrium (C ).

Two of the 21 fish exposed to the *Hg did not conform to the
model described by Eg. 2. Each had & distinct lag that imparted
a sipmoidal shape to the accumulation curves. Within the con-
straints of the experimental design, a specific mechanism such
as saturation of the elimination mechanism (Spacie and Hame-
link [983), time lag before clearance as facilitated by internal
conversion (Matis 1972), comparimental heterogeneity (Matis et
al, 1983) or age-dependence of atom transition from a compart-
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ment {Hughes and Matis 1984) could not be identified for incor-
poration inte an accumulation model. Time dependence of up-
take from one of two sources such as described by Huckahee er
al. (1975) was rejected as a possible mechanism for these atyp-
ical accumulation curves. As suggested by Dr 1. L. Brishin, Ir.
(pers. comrmn.) and the thesis of Peters (1986), a reparameterized
Richards’ equation (Brisbin er ol. [986) was used for estimating
accumulation parameters for the atypical accumulation curves,
Briefly, the model was the following:

T, = [C =M1 — e~ the+XRAL-MY] 141 - M) (3

where O, = the equilibrium cencentration {(ug'g dry wi),
M o a shape parameter, and
Cio ko b, U= same as defined in Eg. 2.

Again, with the units used in this equation, C_, Is equal to the
uptake rate divided by the elimination rate constant. When M is
equal to 0, Eg, 3 reduces to Eq. 2. A family of curves including
the logistic or autocatalyviic (M = 21, Gompertz (M = 1), Van
Bertalanffv's (M = 0.67) and monomolecular (Eq. 2. M = 1)
models can be generated vsing this equation (Richards 1959,
Accumulation parameters can then be estimated for the fish dis-
plaving typical and atvpical accumulalion curves.

Resulis
Water Quality

Table 1 summarizes the water quality within the
tanks during the 6 days of exposure. Oxygen con-
centrations were approximately 71%¢ of theoretical
saturation. The RVSFW was slightly acidic (6.05)
and temperatures within the tanks were approxi-
mately 20°C, Acceptable ionic balance (2.6% devia-
tion from perfect balance) was evident for the major
1on analyses.

Grrowth and Feeding Rate Estimates

Wet and dry weights for fish in the nonexposed
group were used to evaluate a dryv:wel weight ratio
for all fish. Mineteen paired observations produced
a least-squares regression model (total df = 18, 2
= 0.98) indicating that wet weight multiplied by
0.26 vields an accurate measure of fish dry weight.
This value was similar to that derived by Williams
and Giesy (1978) for mosguitofish from Risher Pond
(0.21), There was no apparent deviation from lin-
carity over the range of fish measured.

Dry weights for fish exposed to 2Hg/Hg ranged
from 0.0073 to 0.3908 g, more than a fifty-fold dif-
ference in weight between individuals. Under the
holding conditions and accuracy of weighing
methods, there was 4 minor increase in fish weight
during the exposure period. No clear trend was
noted between percentage weight increase and fish
size. Wurtsbaugh and Cech (1983) report significant
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Fig. 1. Amount of food consumed per day by vanous-sized,
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size dependent growth rates for mosquitofish held
at 10 1o 35°C and fed live food. Under a restnicted
feeding regime (20% of body weight per day at
20°C). mosquitofish growth rate was decreased
threefold to approximately 25 per day for juveniles
(Wurtsbaugh and Cech 1983). Mosquitofish in the
present experiment were consuming approximately
25% of their body weight per day. However, at the
end of 6 days, there was no significant growth (4 =
7% S5.D of initial dry weight). This slow growth
(0.7% per day) indicated that the feeding schedule
and freeze-dried food were suboptimal for growth.
The negligible and apparently size-independent rate
of growth under these conditions was not incorpo-
rated into the accumulation model.

Feeding rate for the control animals was clearly
size-dependent (Figure 1). The least-squares re-
gression of log food consumption (g dry wt/fish)
versus log fish weight (g dry wt) produced a slope
of 0.65 = 0.03S.E.) and intercept of —0.95 =
0.04(S.E.). The  for this model was 0.71 (total df
= [51). A uniform distribution of residuals from
the model was noted when residuals were plotted
against fish weight. Therefore, the power model
was judged adequate for these data. Food con-
sumption for the exposure fish was estimated using
this relation,

Estimated Uptake of Hg from Food

Food cubes of 0.01, 0.03 and 0.25 g dry weight rap-
idly adsorbed **Hg(Il) to 2 maximum activity of
0.7 pCi/g dry wt within 2 hr of exposure to spiked
RVSFW. Using the size-specific. consumption rate
relation and fish dry weight estimates, a daily in-
take rate for Hg(Il) in food was estimated for each
exposure fish. However, prior to approximating in-
take from food, the percentage of Hg retained

CONCEMTRATION { ./ DAY WT)

DURATION OF EXPOSURE (DAY)

Fig. 1. Accumulation curves for 21 various-sized mosquitofish.
Final fish dry weights (g) were the following (top to bottom at six
day). Figure 2A: 0.0679 (V), 0.0949 (C7), 0.0836 (4), 0.0826 (5),
(0. 2464 (A), 0.07%4 (D), 0.3908 (#), 0.2795 (¥), 0.3030 (@), and
0.2748 (). Fig. 1B: 0.0074 (), 0.0413 (O), 0.0242 ( ), 0.0239
(%), 0.0342 ( ), 0.0160 (V), 0.1286 (&), D.0813 (@), 00894 (¥),
0.0876 (@), and 0.1218 (H). The last fish (0.1218 g dry wt) was
damaged in transfer duning counting and died soon after day 4 of
exposure. Two fish (Figure 2B: 0.0074 and 0.0342g dry wi) dis-
played atypical, sigmosdal accomulation curves

within the fish after food intake had to be consid-
ered. Pentreath (1976b) measured a retention per-
centage of inorganic Hg from food in the plaice of
10%. Even assuming an extreme retention per-
centage of 100% for the mosquitofish, the per-
centage of the total Hg body burden after 6 days
resulting from food consumption was insignificant
(Mean = S.D.: 1.1 = 0.7%, n = 21). Therefore,
2 Hg(1l) uptake from food as a second source of
M Hg to exposure fish was deemed insignificant and
not incorporated into the accumulation models.

Mercury Accumularion from Water

With the exception of two fish as noted carlier, the
model descnibed by Eq. 2 fit the accumulation data
for mosquitofish (Figure 2). When the Richards’
model (Eq. 3) was employed for the atypical fish,
the respective residual sums of squares dropped



Mercury Accumulation in Mosquitofish

Feeding and Growih

Two potentially complicating factors, fish growth and uptake
fram food, were assessed during He accumulation experiments.
For reasons of radiation safely, feeding and growth rates were
manitared in the nonexposure tank. Growth could produce a di-
luting effect for the assimilated Hg as the Hg would be distrib-
uted in increasing amounts of tissue as the fish grew, Growth
was asscsscd by weighing nonexposure fish before and after the
six days of accumulation. Also, Hg adsorbed to food during the
4 hr of feeding could become a second source of Hg to the fish.
Tubifex worm rations were weighed prior to presentation o each
fish. The amount of food presented 1o each Osh was proportional
to fish size. The animals were allowed to feed undisturbed for 4
hr. Significant amounts of food were present at the cnd of the
feeding periods for all fish indicating ad [iditem feeding during
this period. All uncaten food was removed, freeve-dried and re-
weighed to determine the amount of food consumed by each
fish. & range of variows sized food samples were also exposed to
0,10 wCiHg/L and 0250 pg He/L at 20°C for 1, 2, 3 and 4 hr to
assess the degree of adsorption of Hg to the food during the
period of feeding. The range of sizes for the exposed food re-
Mected the range presented Lo the Nish during the actual accumi-
lation experiment.

A significant, size-dependent feeding rate relation was deter-
mined by least-squares regression methods to fit & power model
(Eq. 1), The Statistical Analysis System (5AS) (SAS [nstitute
1985) computer package procedure GLM was used to fit a linear
madel to the logarithm of fish weight versus the logarithm of
consumption rate, The bias associated with results from regres-
sion of log transformed data was corrected using the methods of
Beauchamp and CHson (1973).

C = aW® {1

where C = consumption rate (g dry wifishiday),
W= fish weight (g dry wt), and
a,b = constants derived from the regression model.

Accumulation Kinetics

The change in Hg concentration within each Nish was estimated
using the specific activity calculatad from the water source and
the gamma activity in the fish. These data were fitted to the fol-
lowing maodel using nonlinear regression methods in the 5A5
procedure MLIN (Secant method) (SAS Institute 19835),

C, = (kyk( ] — eeesiity (2

where C, = concentration at time, t (pg'g dry wi),
k, = the uptake rmate (ug'e dry wi'day),
k. = the elimination rate constant (1/day),
ko= decay rate constant for ®¥Hg (1/dav), and
1t = time {day).

With the units given above, k, k. is cqual to the concentration
at equilibrium (C,,).

Twey of the 21 fish expased to the 29 Hg did not conferm o the
madel described by Eq. 2. Each had a distinct lag that imparted
a sipmoidal shape to the accumulation curves. Within the con-
straints of the experimental design, a specific mechanism such
as saturation of the elimination mechanism (Spacie and Hame-
link 1985), time lag before clearance as facilitated by internal
conversien (Matis 1972), compartmental hetercgeneity (Matis ef
al. 1983) or age-dependence of atom transition from a compart-
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ment (Hughes and Matis 1984) could not be identified for incor-
poeration into an accumulation model. Time dependence of up-
take from one of two sources such as described by Huckabee &1
al. (1975) was rejected s a possible mechanism for these atvp-
ical accumulation curves, As suggested by Dr. 1L L. Brishin, Ir.
(pers, comm.) and the thesis of Peters (19861, a reparamelerized
Richards' eguation (Brishin ef @l 1986) was used for estimating
accumulation parameters for the atypical accumulation curves,
Briefly. the model was the following:

I:1' [CEQI_M“ = g~ (kg +MIEHL — KT — B (3)

where C_, = the equilibrium concentration {pg'g dry wi),
M = a shape parameter, and
Ciliai b same as defined in Eq. 2,

Apgain, with the units used in this equation, C, is equal to the
uptake rate divided by the elimination rate constant. When M is
equal to 0, Eq. 3 reduces to Eq. 2. A family of curves including
the logistic or autocatalvtic (M = 21, Gompertz (M = 1], Van
Bertalanffy's (M 0.67) and monomalecular (Eg. 2, M = )
models can be generated using this equation (Richards 1959),
Accumulation parameters can then be estimated for the fish dis-
plaving typical and atypical accumulation curves,

Results
Water Cuality

Table 1 summarizes the waler qualily within the
tanks during the 6 days of exposure. Oxygen con-
centrations were approximately 719 of theoretical
saturation. The RVSFW was slightly acidic (6.03)
and temperatures within the tanks were approxi-
mately 20°C. Acceptable ionic balance (2.6% devia-
tion from perfect balance) was evident for the major
ion analyses,

Grrowth and Feeding Rate Esiimaies

Wet and dry weights for fish in the nonexposed
group were used to evaluate a drv:wet weight ratio
tor all fish. Nineteen paired observations produced
# least-squares regression model (otal df = 18, 2
= 0.98) indicating that wet weight multiplied by
(.26 vields an accurate measure of fish dry weight.
This value was similar to that derived by Williams
and Giesy (1978) for mosquitofish from Risher Pond
(0.21). There was no apparent deviation from lin-
earity over the range of fish measured.

Dry weighis for fish exposed to *Hg/He ranged
from 0.0073 to 0.3908 g, more than a fifty-fold dif-
ference in weight between individuals. Under the
holding conditions and accuracy of weighing
methods, there was a minor increase in fish weight
during the exposure period. No clear trend was
noted belween percentage weight increase and fish
size, Wurtsbaugh and Cech (1983) report significant
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Fig. 1. Amount of food consumed per day by varioos-sized,
nonexposure mosguitofish

size dependent growth rates for mosquitofish held
at 10 to 353°C and fed live food. Under a restricted
feeding regime (20% of body weight per day at
20°C), mosquitofish growth rate was decreased
threefold to approximately 2% per day for juveniles
{(Wurtshaugh and Cech 1983), Mosquitofish in the
present experiment were consuming approximately
25% of their body weight per day. However, at the
end of 6 davs, there was no significant growth (4 +
7% S.D of initial dry weight). This slow growth
(0.7% per day) indicated that the feeding schedule
and freeze-dried food were suboptimal for growth.
The negligible and apparently size-independent rate
of growth under these conditions was not incorpo-
rated into the accumulation model.

Feeding rate for the control animals was clearly
size-dependent (Figure 1). The least-squares re-
gression of log food consumption (g dry wit/fish)
versus log fish weight (g dry wt) produced a slope
of 0.65 = 0.03(5.E.) and intercept of —0.95 =
0.04(5.E.). The 2 for this model was 0.71 (total df
= 151). A uniform distribution of residuals from
the model was noted when residuals were plotted
against fish weight. Therefore, the power model
wits judged adequate for these data. Food con-
sumption for the exposure fish was estimated using
this relation.

Estimated Uptake of He from Food

Food cubes of 0,01, 0.03 and 0.25 g dry weight rap-
idly adsorbed *™Hg(II) to a maximum activity of
0.7 wCifg dry w1 within 2 hr of exposure to spiked
RVSFW. Using the size-specific, consumption rate
relation and fish dry weight estimates, a daily in-
take rate for Hg(Il) in food was estimated for each
exposure fish. However, prior to approximating in-
take from food, the percentage of Hg retained
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Fig. 2. Accumulation curves for 21 various-sized mosquitofish,
Final fish dry weights (g) were the following (lop to battom at six
day), Figure 2A: QU067 (V), QL0949 (L), 0,0836 (A), 00826 (2],
0.2464 (A), 00784 (2, 0.3908 (4], 0.2795 (W), 03030 (@), and
0.274% (W), Fig. 2B; 0.0074 (), 0.0413 (CI), 0.0242 (), 0,0239
(0, 020342 00, 00060 (F7, 01286 (&), DLOR1Y (@), 00894 (W),
00876 (@), and 01218 (W), The last fish (001218 g dry wi) was
damaged in transfer during counting &nd died scon after day 4 of
exposure, Twe fish (Figure 2B: 00074 and 0.0342g dry wi) dis-
played atvpical, sigmoidal accumulation curves

within the fish after food intake had to be consid-
ered. Pentreath (1976b) measured a retention per-
centage of inorganic Hg from food in the plaice of
10%. Ewven assuming an extreme retention per-
centage of 100% for the mosquitofish, the per-
centage of the total Hg body burden after 6 days
resulting from food consumption was insignificant
iMean = S.D.: 1.1 = 0.7%, n = 21). Therefore,
23Hg(II) uptake from food as a second source of
#Hg to exposure fish was deemed insignificant and
not incorporated into the accumulation models,

Mercury Accumulation from Water

With the exception of two fish as noted earlier, the
model described by Eqg, 2 fit the accumulation data
for mosquitofish (Figure 2). When the Richards’
model (Eq. 3) was employed for the atypical fish,
the respective residual sums of squares dropped
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Fig. 3. Uptake rate (K, for inorganic mercury uptake by mos-
quitofish, Error bars denote the standard error of the estimate;
seversl error bars were sufficiently small as to be contained
within the symbols denoting estimate points. The estimates for
the two, atvpical mosquitofish are indicated by the symbol, *.
Mote the relatively wide standard errors asseciated with the es-
timates for these two fish, The estimate for the fish that died
prior to day 6 15 ndicated by the symboli

from 0.0273 and 0.0829 (o 0.0054 and 0.0037. The
pattern of the residuals showed no trends after fit-
ting the Richards’ model indicating acceptable
maodel fit to these data.

Uptake of Hg (II) (Figure 3) was rapid. Uptake
rates for the 19 typical fish exposed to 0.24 pg Hg/'LL
averaged 0.32 = 0,15 S.D. pg He/e dry wi/day. The
mean and standard deviation for all 21 fish in-
cluding values derived using the Richards™ equation
for the two atypical fish were 0L31 = 0.14 pg He'g
dry wt/day (n = 21). Kendall rank correlation anal-
vsis indicated a significant effect of fish size on up-
take rate of Hg (II) (tau-b coefficient = 0,3941, P =
00189, n = 19). Generally, smaller fish had higher
uptakes rates for He (110 than larger fish. However,
wide variation between individuals independent of
fish size precluded development of a viable statis-
tical model for size versus uptake rate.

Elimination of Hg was also determined to be
rapid for all fish (Figure 4). Elimination rate con-
stants estimated wsing Eqg. 2 for the 19 typical fish
averaged 0,53 per day with a standard deviation of
0.14. When the sigmoidal model was emploved for
the two additional fish, the overall mean and stan-
dard deviation for the 21 fish were 0.4% = (.18 per
day. The biological half-life, ty, was estimated to be
1.4 days and the time to 95% equilibrivm concen-
tration (tye = —(In 0.05/k,)) was approximately 6
davs. Using Kendall rank correlation methods
(SAS procedure CORR with the Kendall's tau-b
option), no significant concordance nor disconcor-
dance was noted between fish size and elimination
rate constant (tau-b coefficient = —0.0118, P =
0.9441, n = 19).
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Fig. 4. Elimination rate constant (K.} for inorganic mercury
climination by mosquitofish. Error bars denote the standard
error of the estimate, Estimates for the two, atypical mosguito-
fish and indicated by the symbol, *. The estimate for the fish that
died prior to day 6 is indicated by the symbol, £. Note the rela-
tively wide standard errors for the estimates associated with the
atvpical fish

Discussion
Mercury Species Comparison Data

Using the model described by Eq. 2 and the results
of Schoper (1974) and Huckabee er al. (1975), rates
and rate constants were derived for methylmercury
and Hg® accumulation by mosquitofish held at ap-
proximately 20°C. Although Schoper (1974) used
higher concentrations (0,10 pg/ml) and tempera-
tures (23°C) than the present study and Huckabee
et al. (1975), Schoper compared Heg" and mercuric
chloride accumulation by mosquitofish under iden-
tical conditions. The internal consistency with her
work allows indirect comparison to Huckabee ef al,
(1973) and the present study.

Uiptake

The present study, Schoper (1974) and Huckabee ef
al. (1973) provide information for comparison of Hg
species accumulation by mosguilofish from water
sources. However, 1o correct for the different ex-
posure concentrations used in these studies, the ac-
cumulation model (Eg. 2) was modified. The fol-
lowing model is valid under the assumption that the
elimination rate constant (k., per day) and uptlake
rate constant (k. per day) were independent of the
exposure concentration.

C1 = [kup";k,;J{{:w}“ — {_',":R:ullt} ()

where k,, = uptake rate constant i1/day),
C, = concentration in water (pg/ml).
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All other parameters and variables in Eq. 4 were
the same as those given in Eg. 2. With the units
given in Eq. 2 and 4, k, is equal to k,/C,. For con-
venience of scale, time units will be hours instead
of days where indicated. Uptake rate constants for
methylmercury in mosquitofish exposed to 0.1
wg He/l, were smaller (26 per hr) than those derived
in the present study for mosquitofish exposed to
(.24 pg/L of Hg (II) (167 per hr). The rate con-
stants derived from the data of Schoper for mer-
curic chloride and Hg® were 115 and 136 per hr, re-
spectively, The two inorganic Hg species are taken
up more rapidly than methylmercury.

Uptake of Hg (II) was correlated significantly
with mosquitofish size; however, there was consid-
erable variation between individuals. The variation
precluded development of a statistical model for size-
dependent Hg accumulation. In contrast, Zn uptake
in mosquitofish displaved a clear power relation to
size.

Elimination

Methylmercury accumulation (Huckabee er al,
1975, Figure 3) from water containing 0.1 pg Hg/L
was modeled and the estimate of k, was (.11 =
0.04 per day. This was slower than that derived in
the present study (0.53 = (.14 per day). Data from
Schoper (1974) suggested that Hg” was eliminated
at approximately the same rate as the Hp accumu-
lated as Hg (II) (0.14 = 0.01 and 0.13 = 0.01 per
day, respectively). Generally, the two inorganic Hg
species were eliminated faster than methylmercury,

Elimination kinetics for Hg taken up as Hg (1)
were determined statistically to be independent of
mosquitofish size. If any size-dependence for elimi-
nation were present, it was insignificant relative to
other differences between individuals. Wide indi-
vidual variation among mosquitofish in methylmer-
cury accumulation kinetics was also noted by
Huckabee er al. (1975, Newman and Mitz (1988)
reported significant effects of mosquitofish size on
the slow elimination of Zn by mosquitofish, How-
ever, these authors also found considerable varia-
tion in elimination hetween individuals that could
not be attributed to fish size. This relation for Zn
elimination conformed to a power model as re-
ported for size-dependent methylmercury elimina-
tion in goldfish (Carassius awratus) by Sharpe ef al.
(1976).

Accumulation

Equilibrium concentrations of Hg in mosquitofish
(ky/k.) averaged 0.64 pg/z dry wi when the standard
model (Eq. 2) and Richards® model (Eg. 3) were

M. C. Newman and D, K. Doubet

used to fit these data, Use of Eq. 2 alone to esti-

mate the average equilibrium concentration for the

19 typical mosquitofish produced a similar value,

(.63 ng'e dry wt. Estimates using Eq. 2 for the two

atypical fish had large standard errors (0,99 = 0.21

and 1.88 + 148 ppe'o dry wt). The estimates for

these two fish were improved (0,79 = (.04 and .99

+ 0.03 pg/e dry wi) when the Richards’ model was

used, The smaller residuals from the Richards’
model and the standard errors for the equilibrium
concentration estimates suggested that Bg. 3 was
more effective in describing He accumulation in the
two atypical mosguitofish than Eq. 2.

Smaller fish had generally higher equilibrium Hg
concentrations than larger fish. The size-depen-
dence of equilibrium concentration was produced
primarily by size-dependent uptake. Although there
was a significant, size-dependence of Zn elimina-
lion in mosquitofish (Newman and Mitz 1988), up-
take also dominated the size-dependence of Zn
body burden in mosquitofish; thus, size-dependent
uptake rate was the dominant factor influencing
size-dependent body burden for two, group IIb
metals.
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