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ABSTRACT

A mathematical model for contaminant uptake from food and water by
fishes is combined with a model for yield as a function of fishing mortality
in order to examine both the contaminant concentration in fishes and the
amount of contaminant transferred to humans from fishes as functions
of fishing mortality. The models are fitted to lake trout Salvelinus
namaycush data from Lake Michigan, where there has been a persistent
problem of PCB contamination. Transfer of contaminants from fishes to
humans can be regulated through control of fishing. The concentration of
contaminant decreases exponentially as fishing mortality increases
because fishing reduces the number of older individuals in the population
and concentration is a function of age. The amount of contaminant
transferred from a fish population to humans increases to a maximum and
then begins to decrease as fishing effort increases. The maximum rate of
transfer occurs at a relatively low level of fishing.

INTRODUCTION

Concern with contamination of fishes has resulted in modelling efforts to
describe and understand contaminant transfer, biomagnification and
fate. Considerable progress has been made and models have been
successfully developed and applied (Norstrom et al., 1976; Neely, 1977,
Schnoor, 1981; Thomann, 1981; Jensen et al., 1982). One important
aspect of the dynamics of contaminants that has not been examined is the
impact of fishing on the contaminant concentration in fish consumed by
humans and on the amount transferred to humans.
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The concentration of contaminants in fishes such as lake trout
Salvelinus namaycush is a function of age, and fishing has a large impact
on the age structure and therefore on the average concentration of
contaminants in lake trout. In this study the Norstrom et al. (1976)
bioenergetic model for uptake of contaminants and the Beverton & Holt
(1957) dynamic pool yield model are combined to simulate the mean
concentrations of PCBs in lake trout of Lake Michigan and to simulate
the amounts transferred to humans as a function of fishing effort. It is
shown that increased fishing can reduce both the contaminant
concentration in fish and the amount transferred from fish to humans.
These results are important for design of controls on fishing that are
intended to reduce exposure to contaminants and for design and
interpretation of results from monitoring programmes when there is
variation in fishing effort.

THE MODEL

The quantity of contaminant transferred annually from a contaminated
fish population to humans is

T= J " CY(x) dx (1)

Xp

where

T = total amount transferred (grams or kilograms per year)
C(x) = concentration of contaminant in fish of age x
Y(x) =yield from fishery of fish of age x

x, = age at recruitment into the fishery

x, = oldest age attainable by fish

The average concentration of the contaminant in the catch, C, is

C= J " C)Y(x) dx / j " Y(x) dx Q)

X, X,

Tt T

and the concentration in an average fish of age x is
C(x) = P(x)/W(x) (3)

where P(x) is the average body burden of an individual of age x and W(x)
is the average weight of an individual of age x.
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To apply these equations, body burden, yield and individual weight
must be determined as functions of age. Norstrom et al. (1976) modelled
change in body burden as a function of age with the bioenergetics-based
mass balance equation

dP/dt=eCR +e,,C,V—kP wt 4

pw W

where

P = body burden of pollutant in fish (g)

W = wet weight of fish (g)
e, = efficiency of assimilation of pollutant from food
e, = efficiency of assimilation of pollutant from water
C; = concentration of pollutant in food (gg~!)
C,, = concentration of pollutant in water (g g~ ')

R = ration, rate of consumption (g week ~!)

V =rate of water flow past the gills (g week ~?)

k = clearance coefficient (g~ ¢ week ™)

& =exponent of body weight in the clearance term

An expression for ration was developed from the energy balance
equation

eqiR=Q +q,dW/dt (5)

where

e; = efficiency of assimilation of metabolisable energy from food
g; = joule equivalent of food (J g™")

g, = joule equivalent of animal accumulating pollutant (J g~ 1)
Q = total metabolic rate (J week ~ 1)

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
utilisation of food, Q.. Application of the conventional metabolic
expressions Q,, =aW?” and Q, = g, dW/dt for these components gives

R= g!— [aW7 + g, (1 + B)dW/dt] (6)

U

An expression for the volume of water passing the gills is found from the
relation between the amount of oxygen necessary to satisfy metabolic
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demand and the volume of water containing this quantity of oxygen,
which is
Q = enCodorV (7
where
e, = efficiency of assimilation of oxygen by the gills

C,, = concentration of oxygen in the water (gg™!)
4., = joule equivalent of oxygen (Jg~ ')

Application of the expression for Q given above (eqn. (7)) gives
oW+ Bq, dW/dt
B e,,C

ox qOX

Vv

8)

Substitution of the expressions for V' and R into the mass balance
equation gives

dP/dt = ";f—fpi [+ g(1 + ) dW/ds]

fef

eprw y _ 4 9
o [aW? + Bg, dW/dt — kPW?] )

oxX T ox10x

Yield is modelled using the Beverton & Holt (1957) dynamic pool yield
equation:

dY/dt = FN(t)W(t) (10)

dN/dt = —(F+ M)N(1), 1>t (11

where

Y =yield from the fishery
F = fishing mortality coefficient
M =natural mortality coefficient
N(t) = abundance of individuals of age ¢
W(t) = weight of individuals of age ¢

Growth in both the yield and contaminant uptake models was
described with von Bertalanffy’s equation:

W(t) =W, (1 —e Xy (12)
dWwjdt =bkW e X1 — e K1b—1 (13)
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The Norstrom et al. (1976) model was fitted to the lake trout PCB data
for the Wisconsin waters of Lake Michigan by Jensen et al. (1982). For
completeness some details of the model fitting and calculations are
described here.

Measurements of PCBs and total lengths of lake trout collected from
Wisconsin waters of Lake Michigan were reported by the Wisconsin
Department of Natural Resources (Scheffy, 1977). Observations were for
the years 1974 to 1977 when PCB concentrations were relatively constant;
a regression of PCBs against time was not significant. Eighty-nine PCB
and length measurements were available.

Growth parameters were initially estimated with data summarised by
Carlander (1969) but his observations were made before the increase in
alewife abundance that occurred in the late 1960s; and the growth rates
were too low so the growth parameters were therefore adjusted slightly to
predict weights that have been observed more recently in Lake Michigan
(Bails & Patriarche, 1974). The length-weight relation was log,, W =
—5-39 4+ 3-12log, oL and the estimates of the growth parameters were
W,=734kg and K=0-14yr~ 1.

Estimates of PCB concentrations in the waters of Lake Michigan vary
from 1 to 13 ng litre " (Neely, 1977); 10 ng litre "' was used. Alewife
Alosa pseudoharengus is the principal food of larger lake trout; lake trout
feed mainly on alewife after reaching about 500 to 600 g (Wright,
1968). The PCB concentration of alewife in Lake Michigan averaged
3mgkg~! (Scheffy, 1977).

Estimates of the parameters §, e, 4., ¢, e,,, %, and e; were obtained
from Norstrom et al. (1976, Table 1) and Jensen ez al. (1982, Table 1). The
(1969).
parameter y was set at 0-92, which is the average reported by Glass

Age atrecruitment into the fishery was set at age 4 and for simulations it
was assumed that there were one million recruits. The results apply per
recruitment of one million fish and not to the Lake Michigan fishery. The
fishing mortality coefficient was set at 0-50 for simulations in which fishing
mortality was assumed constant.

The integrals in eqns. (1), (2) and (3) were calculated with the
trapezoidal rule with an interval size of 0-25 years. Yield and PCB body
burdens were calculated from the differential equations by first replacing
them with difference equations; calculations were made at intervals of
0-25 years. '
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RESULTS AND DISCUSSION

The Norstrom et al. (1976) model predicts that contaminant con-
centration increases with age (Fig. 1), and this is the uptake pattern
observed for fishes of the Great Lakes and for lake trout of Cayuga Lake
(Bache et al., 1972; Jensen et al., 1982). The body burden increases with
age but the rate of change in body burden with age decreases until about
age 9, then the rate of change in body burden begins to increase. This
uptake pattern results from the growth dynamics of fishes. At younger
ages the rate of growth in size is rapid and biomass accumulation
maintains a lower concentration of contamination; at older ages the size
of individuals begins to approach the asymptotic size and the rate of
growth slows. The increasing PCB body burden of older fish is not
accompanied by a corresponding increase in weight and the rate of
increase in the concentration of PCBs begins to increase.

The impact of fishing on age structure and on the relation between
yield per recruitment and fishing mortality are well known but they are
presented here because they determine both the average concentration of
contaminants in the catch of fish and the amount transferred from fish to
humans. A fishery has a large impact on the age structure of a population
(Fig. 2) and for long-lived species such as lake trout even a modest level
of fishing causes a severe reduction in abundance of the older age
groups. A fishing mortality of 0-40 nearly eliminates the older age groups
from the population and this is an average level of exploitation for lake
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Fig. 1. PCB concentration as a function of age for lake trout in Lake Michigan.
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Fig. 2. Number of individuals as a function of age with a recruitment of one million and
fishing mortality coefficients, F, of 0 and 0-40. The natural mortality coefficient is 0-20
which gives total mortality coefficients, Z, of 0-20 and 0-60.
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Fig. 3. Yield from the fishery as a function of fishing mortality.
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Fig. 4. PCB concentration of lake trout catch as a function of fishing mortality.

trout (Healey, 1978). If fishing mortality is high an exploited population
consists mainly of newly recruited individuals. Yield from the lake trout
fishery increases to a maximum at a fishing mortality coefficient of 0-2 and
then slowly decreases as fishing mortality increases (Fig. 3).

The average concentration of PCBs in fish decreases exponentially with
increase in the level of exploitation (Fig. 4). For an unexploited
population the PCB concentration is 36 x 10~ g g~ !. The decrease in
PCB concentration with increased fishing occurs because fish are caught
before they attain older ages and their exposure to PCBs is reduced. With
a high level of fishing all fish are caught soon after recruitment and the
PCB level is close to that for recruits which is 3 x 107 ¢gg™!.

The amount of PCBs transferred from the lake trout population to
humans increases to a maximum and then begins to decrease as fishing
mortality increases (Fig. 5). The maximum amount transferred occurs at
a fishing mortality of 0-1, which is lower than the fishing mortality of 0-2
that produces the maximum yield per recruitment. Initially the transfer of
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Fig. 5. Totalamount of PCBs transferred from the lake trout population to humans as a
function of fishing mortality.

contaminants increases as fishing mortality increases because more fish
are caught, but at higher levels of fishing the change in age structure of the
exploited stock results in a lower average concentration in the population
and this results in a smaller amount transferred. At high levels of fishing
the yield decreases and this further decreases the amount of PCBs
transferred; the transfer curve (Fig. 5) decreases more rapidly than the
yield curve at high levels of fishing.

The above results indicate that when a recommendation is made to
reduce fish consumption in order to reduce exposure, a decrease in fishing
mortality may occur, but that this could result in a higher contaminant
concentration and a higher level of contaminant transfer from fish to
people. Closure of a fishery can result in a build-up of contaminants.

Contaminant levels in areas where fish populations have been
contaminated are often monitored. In the Great Lakes a decrease in
lake trout PCB concentrations has been reported but the sampling
programme is limited because of severe budgetary constraints, and
adjustments for age of fish and for the impact of a changing fishery have
not been made. There has been a large increase in both the sport and
commercial fishery for lake trout in the Great Lakes with serious
depletion of the stocks in many areas. The observed decrease in PCBs
could result largely from an increase in fishing effort.
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