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ABSTRACT

Jensen, A.L., 1986. Contaminant uptake by fish and the potential for transfer to humans
modelled over time. Ecol. Modelling. 32: 281-290.

A model is developed that enables coupling of contaminant uptake with the growth
dynamics of fish, exploitation, and transfer and fate. Contaminant concentration in fish is a
function of the properties of the contaminant, concentrations in their food and water. of their
growth dynamics, and of the level of exploitation. Exploitation has a large effect on the size
and age structure of exploited populations and, therefore, it also has a large effect on
contaminant concentrations and potential rates of transfer to humans. It is essential that the
biological component of transfer and fate models describe these aspects of contaminant
uptake but at the same time the model must be relatively simple and describe uptake as a
function of time rather than age.

INTRODUCTION

The level of contaminants, such as PCBs, in fish is determined by the
bioenergetics and growth in size of fish as well as by properties of the
contaminants. The more successful models for contaminant uptake, such as
the Norstrom et al. (1976) model and the adaptation of the Norstrom et al.
(1976) model developed by Jensen et al. (1982) and Jensen (1984), model
uptake as a function of age. It is difficult to couple a model for uptake by a
cohort with transfer and fate models such as those developed by Neely
(1976) and Schnoor (1981) where processes are modelled as functions of
time. In transfer and fate models the biological component is usually
described with simplicity and such models are of limited value in assessing
options that might be taken to minimize exposure of humans to contami-
nants.

In this study a model similar to the Norstrom et al. (1976) model is
developed and applied for description of contaminant uptake as a function

0304-3800,/86,/%03.50 © 1986 Elsevier Science Publishers B.V.



282

of time; the model maintains the necessary and important link to size and
age structure. The new model is coupled with surplus production model that
is applied for fishery management. It also can be coupled with transfer and
fate models.

The model is applied to simulate the dynamics of PCB uptake by lake
trout ( Salvelinus namaycush) of the Great Lakes.

DEVELOPMENT OF MODEL FOR CONTAMINANT UPTAKE

A model for change in body burden as a function of time is obtained
from the Norstrom et al. (1976) model, which describes uptake as a function
of age, by summing over individuals. The change in body burden of a
contaminant over age for an individual fish is described by the general
bioenergetics based mass balance equation (Norstrom et al., 1976):

dp/dx = e CR+ e, ,CV—kpW* (1)

where x = age in years; p = body burden of contaminant in an individual
fish of age x (g); e, = efficiency of uptake of contaminant from food;
e, = efficiency of uptake of contaminant from water; R = ratio (g/week);
C; = concentration of the contaminant in food (g/g); C, = concentration of
the contaminant in water (g/g); V' = volume of water passing gills (g/week);
W = wet weight of an individual fish (g); k = clearance coefficient
(g~ ¢ /week); £ = exponent of body weight in the clearance term.

Let p; be the body burden in the ith individual in a population of size N,
then applying the additive rule for the derivative gives:
N odp, N N N
'Z] —d_t =eprf Z]Ri+epwcw le/;_ leru/; (2)
where P is the total body burden of the population at time r. For the
population at a point in time the change in body burden is:

Nd,P_i_dzp"_i}_) (3)
dr ~ dr  dr

i=1
where R;, V,, p;, and W, are the ration, volume of oxygen flow over the gills,
body burden, and weight for the ith individual.

To apply equation (3) expressions for ratio and for the volume of water
passing over the gills are necessary. An expression for ratio can be developed

from the energy balance equation:
erqiR=Q +q, dW/dt (4)

which states that the energy consumed by an animal equals the energy



283

expended, where the new terms are: Q = total metabolic rate (J/week):
g, = joule equivalent of animal accumulating pollutant (J/g); ¢;= joule
equivalent of food (J/g); e, = efficiency of assimilation of metabolizable
energy from food.

Norstrom et al. (1976) separated total metabolic rate into a low routine
metabolic rate Q,,, which includes the standard metabolic rate and the
energy cost of spontaneous activity, and into the energy cost specific to
utilization of food, Q.. Application of the conventional metabolic expres-
sions Q,, = aW? and Q, = Bg, dW/d: for these components gives for an
individual the ration:

1 daw,
= R4 — !
R efqd[aW’ +q,(1+B) T (5)
For all members of the population at time ¢ the total ration is:
N N N
: 1 : daw,
R, = WY+ + (6
,‘:Z] 1 equ|:1'¥1a ’ qd( B)IVI d: J ‘ )

Let W be the average size of an individual in the population. then LW = NW.
and as an approximation take:

N

S WY=NW (7)
=1
where a is a constant. The above equation is exact if y =1, and the average
metabolic parameter y is about 0.92 (Glass, 1969). Simulations indicate that
for v = 0.92 the value of a is close to 1.14.

The sum of the derivatives of weights can be written in terms of biomass

as:
i daw, dz W, dB (8)
de  d¢  d:

i=1

Therefore, the total ration can be expressed in terms of average weight and
biomass as:

ZR L aaNW*+qa(1+ﬁ)dB (9)

i=1 €rqr

An expression for the volume of water passing over the gills is given by
the relation between the amount of oxygen necessary to satisfy metabolic
demand and the volume of water containing this quantity of oxygen. which
is (Norstrom et al., 1976):

Q eoxCox 10x ( 1 0)
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where: e, = efficiency of assimilation of oxygen by the gills; C =
concentration of oxygen in the water (g/8); ¢, = joule equivalent of oxygen
(J/g). This gives the relation for the volume of water passing over the gills of

an individual as:
_ 9
V B eOXCOX qOX (1 1 )

and applying expressions developed above for the metabolic terms, the
volume for the population is:

_ aNW"+ Bq, dB/dt

i=1 - eoxcoxqox (12)
The expression for elimination for the population is:

N
—k Y pWE (13)

i=1

Assuming an average contaminant concentration per individual, p, equation
(13) becomes:

N N
—kp) W= —kpNW'a (14)

i=1
Combining the above equations gives the change in total body burden of the
population with respect to time as:

eprf

dP/dt=

[aaNWYqua(l +B) dB]

dr

€ qds

ePWCW [ WY d_B]__ NS
+ e Codon aaNW?” + Bq, 3 kapNW (15)

COUPLING CONTAMINANT UPTAKE AND SURPLUS PRODUCTION MODELS

The above equation for contaminant uptake can be coupled to the surplus
production model, a model which is applied to model yield from a fishery.
The coupled model can be applied to obtain estimates of stock biomass, B,
yield from the fishery, Y, and the potential for transfer of contaminants
from fish to humans. For the logistic surplus production model the yield
equation and equation for change in biomass of the fish stock over time are
(Jensen, 1976, 1978):

dY/dt=gEB (16)
dB/dt=rB - rB?/B, — qEB
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where Y =yield (kg); B =biomass of the stock (kg); r = coefficient for
increase in population size (per year); ¢ = a catchability coefficient (per
effort time); B, = the environmental carrying capacity (kg); E = fishing
effort. With the surplus production model it can be shown that yield (kg)
from a fishery is given by the parabola:

Y.=B_F—B_F*/r (17)
and the total quantity of contaminant transferred (kg) from fish to humans
is:
T'= Cip Y. (18)
Exploitation results in considerable change in the age and size structure of
a population but usually these are not considered when the surplus produc-
tion model is applied. Fisheries are usually assessed with the surplus
production model under the assumption of equilibrium and the uptake
model will be applied assuming that dB/d7=0 and dP/ds = 0. At equi-
librium the average body burden of an individual is:
1 [ eC, 4  CW?Y
— +
k I’Vg eoxcoxqox €i gy
and the concentration in fish is Cy, =p/W.
Equation (15) enables consideration of the change in contaminant level

with change in age structure and average size. The weight of an individual of
age x is given by the Von Bertalanffy equation (Ricker, 1975):

W(x)=W,.[1—e ¥x]? (20)
where: W = the asymptotic weight (g); K = growth coefficient (per year);
x, = theoretical age when size is zero (years). The abundance of individuals
of age x is (Ricker, 1975):

N(x)=Re (FrMx=x) (21)
where F'= gE is the fishing mortality coefficient, M is the natural mortality

coefficient, and x, is the age ate recruitment. The average weight of an
individual in a population is:

Xy X\
/ WN d:z / w ef(F+M)(XVX0)[] _ e—K(x~x(,)]2 dx
20
X, X,

pP= (19)

W=—x = (22)
f Ndx / e_(F'*'M)(X*Xn) dZ
and integration gives:
U,
o (F+ M)WOOZ . n *nK(xrvx“)[l _ e—(F+M+nK)(x,—.g,)]
W= F+ M+ nkK (23)

1 — e (FrM)x —x,)

where U=1, U= -3, U=3,and U= —1.
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RESULTS AND DISCUSSION

The coupled model was applied to describe the dynamics of uptake and
the potential for transfer to humans of PCBs by lake trout (Salvelinus
namaycush) of the North American Great Lakes. Contamination of fishes
with PCBs has been a persistent problem on the Great Lakes. A detailed
description of the data is given by Jensen et al. (1982). Different compo-
nents of the above model have been applied separately to the take trout
fishery and all of the model parameters have been estimated. The metabolic
parameters are given by Norstrom et al. (1976), Jensen et al. (1982), and
Jensen (1984). The concentration of PCBs in food of lake trout was 3 mg/kg
and the concentration in the water was 10 ng/1 (Jensen et al., 1982). The
growth parameters are x, =0 years, K= 0.14 per year, and W_ = 7.34 kg
(Jensen et al.,, 1982) and the mortality parameters are F = 0.50 per year,
x, =4 years, and M =0.20 per year (Jensen et al., 1982). The surplus
production model was fitted to lake trout data for Lake Superior (Jensen,
1978); the parameter estimates were r = 0.48 per year, B, = 1411774 kg,
and ¢ =0.00001 per 1000 ft (3048 m) of gill net per year. The parameter
estimates are summarized in Table 1.

To evaluate the simulation results, they are compared with results ob-
tained using the Norstrom et al. (1976) model coupled to the dynamic pool

TABLE 1

Description of model parameters and estimates

Symbol Description Value
€pr Efficiency of assimilation of toxicant from food 0.82
e; Efficiency of assimilation of metabolizable energy from food 0.80
€ pw Efficiency of assimilation of xicant from water 0.75
Exponent of body weight for metabolism 0.92
Cox Concentration of oxygen in the water 920Xx10 S g/g
Gox Joule equivalent of oxygen 1.43x10* J /g
k Clearance coefficient 0.238 g/week
3 Exponent of body weight in clearance equation 0.58
a Low-routine metabolism 502.8 J week g !
qs Joule equivalent of food 419071 /g
Cw PCB concentration in water 10 ng/1
C; PCB concentration in food 3 mg/kg
W, Asymptotic weight 7.34 kg
K Growth rate coefficient 0.14 per year
F Instantaneous fishing mortality coefficient 0.50 per year
X, Age at recruitment 4 years
M Natural mortality coefficient 0.20 per year
a Constant 1.14
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Fig. 1. Relation between instantaneous fishing mortality coefficient per year ( F') and average
weight of lake trout.

yield equation (Jensen, 1984). As fishing mortality increases the average
weight of individuals in a population decreases exponentially (Fig. 1). The
average level of fishing mortality for lake trout is 0.40 per year (Healey,
1978) and at this level of mortality the average size of a lake trout in the
population is about 50% lower than the average size in an unexploited
population; size decreases from nearly 2500 g in an unexploited population
to about 1200 g. This general pattern of a decrease in size with exploitation
1s well known and was described by Beverton and Holt (1957).

The PCB body burden increases rapidly with increase in average weight
(Fig. 2). The relation between average weight and PCB concentration is
considerably different from that between individual weight and concentra-
tion reported by Jensen et al. (1982). The average weight of an individual in
a population is relatively small because abundance decreases exponentially
with age and there is a large number of younger and smaller fish. The
concentrations of PCBs at values of W are higher than those for individual
weights because even when W is small there are older and larger individuals
in the population with high PCB concentrations. The pattern of increase in
PCB concentration with an increase in W is consistent with that reported by
Jensen et al. (1982).

The change in PCB concentration with increase in fishing mortality can
be compared directly with the result obtained by Jensen (1984) using a
dynamic pool model coupled with the Norstrom et al. (1976) model and the
results obtained by Jensen (1984) are nearly identical to those obtained here
(Fig. 3) with the surplus production model. As the rate of exploitation
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Fig. 2. Relation between average weight of a lake trout and PCB concentration.

increases the concentration of PCBs decreases exponentially because of the
change in size and age composition of the population caused by exploita-
tion. At the average level of exploitation for lake trout of 0.4 the PCB
concentration has decreased from greater than 30 g/g, the concentration in
an unexploited population, to less than 25 g/g.

The yield curve and the curve for transfer of contaminants from fishes to
human for the surplus production model are considerably different from
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Fig. 3. Relation between instantaneous fishing mortality coefficient per year ( F) and average
PCB concentration per individual fish.
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Fig. 4. RElation between instantaneous fishing mortality coefficient per year ( F) and yield
for lake trout.

those of the dynamic pool model reported by Jensen (1984). The logistic
surplus production model predicts that yield and fishing effort are related by
a parabola (Fig. 4) and as fishing effort increases yield from the fishery
increases to a maximum and then begins to decrease. The dynamic pool
model predicts a maximum yield, but it indicates that with overexploitation
yield does not decrease so quickly (Jensen, 1984).

The total amount of contaminant that could be transferred from fish to
humans with increase in exploitation follows a curve very similar to the yield
curve (Fig. 5). The maximum amount that could be transferred occurs at a
fishing mortality slightly less than the fishing mortality at which the maxi-

20 T T T

TOTAL PCB TRANSFERRED (kg)

Fig. 5. Relation between instantaneous fishing mortality coefficient per year (F) and total
amount of PCB transferred from fish to humans.
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mum yield occurs and the contaminant transfer curve is slightly to the left of
the yield curve because of the decreasing number of older and more highly
contaminated fish as exploitation increases. At the average level of exploita-
tion reported for lake trout the amount of contaminant that could be
transferred is considerably less than the amount that could be transferred at
the maximum sustainable yield.
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