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Much attention has been paid to the bioaccumulation of toxicants in aquatic
organisms during the last several years. In order to accurately predict and assess
toxicant fate in natural ecosystems, most efforts have employed mathematical
models to determine the relationship between aqueous concentrations and
organism accumulation (Barron et al 1990; Landrum et al. 1992; Newman, 1995).
In most cases, bioaccumulation models are based on the assumption that the
concentration in water remains constant over the exposure time period. Thus,
many exposure experiments are designed to achieve constant aqueous
concentration of chemicals using dynamic flow-through systems (Bruggeman,
1981).

Constant exposure regimes greatly simplify  the estimation of  bioconcentration
factor (BCF) as well as the model kinetics. In natural systems, however, the
aqueous concentration may significantly and continuously change over time
through dynamic processes of volatilization, sedimentation, and biochemical
degradation, such that the steady-state equilibrium conditions are rarely established
(Newman and Jogue, 1996). Even in dynamic exposure experiments, it is a
constraint to maintain constant aqueous concentrations of chemicals in these
systems (Karara and McFarland, 1992). Bioaccumulation itself can also cause
significant changes of aqueous concentrations not accounted for in constant
concentration models. In order to describe the bioaccumulation processes in the
laboratory as well as in natural systems more accurately, these models should
incorporate the changes of concentrations in both the water phase, as well as in
aquatic organisms.

This paper presents a bioaccumulation model where the concentrations of
toxicants continuously change over time both in organisms and in water while
incorporating volatilization, biochemical degradation, or sediment interaction
terms. This model was developed based on a mass balance numerical approach
and validated against data obtained from the bioaccumulation of trans- and cis-
chlordane into goldfish (Carassius auratus).
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MATERIALS AND METHODS

Cis- and trans- chlordane solutions (analytical reference standards supplied by
Velsicol Chemical Co., Rosemont, IL; minimum purity: >99% by GC) were added
to 30 liter deionized water in a glass aquarium, where twenty-four goldfish
(Carassius auratus; obtained from Carolina Biological Supply Co., Burlington,
NC) were added after 48 hours. Aqueous concentrations were not held constant.
At the time of fish exposure, initial aqueous concentrations of trans- and cis-
chlordane were 0.12 and 0.30, respectively, which are 100 times lower than 96 hr
LC50 observed in fish (Erstfeld, 1986). Samples of fish (four) and duplicate 90 mL
water were taken for chlordane analysis at time zero, 24, 48, 52, 60, 72, and 96
hours. The aquarium was covered with glass to minimize volatility. The aquarium
was aerated by bubblers and was placed in an  environmental chamber, set at a
temperature of 21 ± 2°C and a relative humidity of 70%. A photoperiod of 12
hours daylight was maintained throughout the experiment.

Fish and water sample were extracted and analyzed for trans -chlordane, cis-
chlordane, and oxychlordane, the metabolite of both isomers, by GC utilizing EC
detection. The chemical analyses are fully described in Erstfeld et al. (1989).

The bioaccumulation of toxic chemicals can be viewed as a dynamic process with
competing rates of uptake and elimination between aquatic organisms and water.
Assuming a two compartment system, where all possible mass changes are defined
by linear transfer coefficients as diagramed in Figure 1, two mass balance
differential equations are derived as follows:

where, Xl and X2 are the amount of toxicant in aquatic organisms and water [M],
respectively; aij's are the linear transfer coefficients or the first order decay
coefficient [1/T], and t is time. After substituting the concentration terms
(X1=WC1; X2=VC2) into equation 1 and 2, respectively, yields the following
equations:

(3)

(4)
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Figure 1, Schematic diagram of linear transport processes in the model

where, C1 and C2 are the concentrations in organisms [M/M] and in water [M/L3];
W and V are weight of organisms [M] and volume of water [L3]. The linear
transfer coefficients remains constant over time and with regard to volume of
water as well as weight of organisms. Due to removal of fish during the

experiment, the weight of fish in the system changes over time. Therefore, the
linear transfer coefficient changes over time. The coefficient, a12 (uptake rate by
organisms) is dependent on weight of organisms. Therefore, we considered the
linear transfer coefficients constant, with the exception of a12. The uptake rate per
unit weight ( α =a12 / W) is kept constant.

The steady-state bioconcentration factor for aquatic organisms under constant
aqueous exposure conditions is usually expressed by the equilibrium constants,
(BCF=C1/C2). Since the bioconcentration factor is easier to measure than
transport coefficients and well documented in literature, transport coefficients for
elimination is replaced by BCF (a21= α •V/BCF). After substituting BCF into
equations 3 and 4, two coupled differential equations are derived and they can be
numerically integrated by the Euler method (Keen and Spain, 1993) as follows:
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The integration process was programmed in FORTRAN and extensively used in
this study. Based on input conditions of initial concentrations, transport and decay
coefficients, and weight/volume ratios, this model can generate the time course of
non-constant chemical concentrations in both fish and water compartments.

RESULTS AND DISCUSSION

The developed non-constant exposure model was applied to data from the
exposure study. Based on material balance and previous air sampling data
(Erstfeld, 1986), volatilization from water was accounted for in the test system and
included as a model input parameter. The inclusion of varying fish weights and
reduction in water volume for each period were accounted for in the model. No
metabolism and biochemical degradation were assumed during this experimental
period. The values for uptake rate, volatilization rate, and BCF were kept
constant throughout the exposure period. Metabolism and biochemical
degradation were determined negligible during this experimental period since the
metabolite, oxychlordane, was not detected in either fish or water. In accordance
to the sampling time schedule, six exposure periods were set up in the model and
no incremental decrease in mass and volume in the compartments was assumed
within one period. The results from the developed model were compared with the
experimental data. System coefficients were appropriately calibrated until
reasonable agreement between model results and experimental data was achieved.

The conventional constant exposure model was also applied to the experimental
data to examine differences between the two model results. In the constant
exposure model, the concentration in fish is described as:

(6)

where ku is the uptake rate constant [L3/M/T] and ke is the elimination rate
constant [l/T]. The aqueous concentration (C2) is assumed to remain constant
throughout the experiment in this model. The uptake and elimination rate
constants were estimated by nonlinear curve fitting to the experimental data.

In the constant exposure model, the input for the aqueous concentration remains
constant, however, the experimental data significantly decrease during the testing
period due to both fish uptake and volatilization from the test system. In contrast,
results from the nonconstant  exposure model better predict the decrease in
aqueous concentration. Figure 2 illustrates that both bioaccumulation models
represent the experimental fish data quite accurately. From a closer examination of
these figures, it can be observed that there are some differences between the two
models. Results from  nonconstant exposure model appear to approach maximum
fish concentrations approximately after 30 hours and then decrease at very slow
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Figure 3. Effect of volatilization rate on the time course of chemical
concentration in water and fish.

rate, whereas the bioconcentration remains constant in the constant exposure
model, achieving an equilibrium state. Thus, the nonconstant exposure model is a
better predictor of bioconcentration since the aqueous concentration continuously
decreases in this system.

Using the non-constant exposure model allows us to develop two new
experimental parameters: critical time (Tc) and critical bioaccumulation (Conccrit).
These values would be important indicators to assess the ecological risk of
chemicals under the nonconstant exposure conditions. The critical time, time to
reach the maximum concentration, and the critical concentration, need to be
estimated under the nonconstant exposure conditions. These values are largely
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dependent upon volatilization and biochemical degradation. In water and
metabolism in fish, as well as the uptake and elimination rates. The developed
nonconstant exposure model was programmed to predict these values as well as
the time course of chemicals in both aqueous and organism compartments.

Overall transfer coefficients for both models are summarized in Table 1. As seen
in this table, there are significant discrepancies in both the uptake rate and
calculated bioconcentration factor between the two models. Differences are due to
the assumption of constant exposure in the experimental system where volatility
and fish uptake are not accounted for. It is recognized that the description of
bioaccumulation processes should be based on actual exposure conditions.
Therefore, the use of the nonconstant exposure model is more appropriate under
these experimental conditions.

In order to examine the effects of volatilization rates on critical time and critical
concentration, the model was executed using the validated input parameters for
cis -chlordane and varying the volatilization rate from 0.1 to 0.0001 [ l/hour]. The
results presented in Figure 3 indicate that Tc varies from 17.1 to 149.8 hours and
Conccrit decreases from 183.1 to 76.2 ng/g. It is important to note that the
maximum concentration in fish changes significantly depending on the rate of
volatilization from water.

Based on this investigation, the use of the non-constant exposure model may more
accurately reflect the bioaccumulation in natural systems, where the aqueous
concentration of organic chemicals may significantly change over time.

Table 1. Comparison of model parameters
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