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Abstract — A model is presented describing the kinetics of uptake and release of nonmetabolizing
organic chemicals by fish from water. The model contains three parameters: a bioconcentration
factor which is specific to the chemical (and can be characterized by the octanol/water partition
coefficient and fish lipid content), a water-phase resistance term and a lipid-phase resistance term
which are specific to the fish. These parameters can be estimated from uptake-clearance experi-
ments. Part of the water-phase resistance term can be attributed to gill ventilation rate as estimated
from gill uptake efficiencies and part is an “internal” resistance. Procedures are suggested for scaling
these parameters to different fish sizes. The dependence of these resistances, and uptake and clear-
ance rate constants, on chemical hydrophobicity is discussed and quantified.
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INTRODUCTION

It is generally accepted that the bioconcentration
process in which hydrophobic organic compounds
are absorbed by fish from water and accumulated
in fat tissue is basically one of physical-chemical
partitioning controlled by the relative affinities of
the compound for the water and fat tissue. If met-
abolic transformation of the absorbed compound
is insignificant a simple two-compartment (water-
fish) model with first-order rate constants usually
gives a satisfactory description of the kinetics [1}.
The ratio of the concentrations in the fish and the
water under steady-state conditions (i.e., the bio-
concentration factor Kg) reflects these relative af-
finities [2], and can be related to the l-octanol/
water partition coefficient, K,, [3-5]. Elimination
rate constants (k,) generajly decrease with in-
creasing K,. [3,6-11} and correlating equations
have been proposed. Uptake rate constants (k,),
however, show a less clear dependence on X,,,. It
has been reported that &, can either increase (3},
remain constant [9], decrease, or show a parabolic
relationship [6,8,12,13} with increasing X, .

To make reliable predictions about the kinetics
of the bioconcentration process it is necessary to
clarify how uptake and release kinetics are con-
trolled and to elucidate which parameters are in-
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volved. For this purpose we develop a model which
is an extension of one presented earlier by Mackay
and Hughes [14] and is based on principles de-
scribed by Yalkowsky [15,16]. The Mackay-Hughes
model was derived entirely from elimination-rate
data and no uptake-rate data were considered or
tested. It has therefore not been demonstrated if or
how the principles applicable to elimination apply
to the uptake process.

Independently, Gobas et al. {17} derived simi-
lar equations relating bioconcentration kinetics to
the process of passive diffusion of chemicals
through biological barriers as described by Flynn
and Yalkowsky [18]. It was shown that the behav-
ior of both uptake and elimination rate constants
with respect to hydrophobicity can be explained by
diffusion through membranes and aqueous diffu-
sion layers. A similar mechanism was proposed by
McKim et al. [19] for gill uptake in rainbow trout.

The objective of this article is to determine and
quantify the transport resistances controlling uptake
and elimination of organic chemicals by fish from
water and thus improve methods of predicting bio-
concentration parameters. We do not consider
uptake from food, nor do we treat metabolizing
chemicals. This limits the scope ¢¥ the model, but
we believe that it is best to model the simplest
situations first and then to introduce these com-
plexities in later models which will then be more
soundly based.
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of ¥, K,.. Qw and Q, . Generally ¥, and K.
can be obtained from either simple measurements
or caiculations. However, no general procedures
exisi 10 predict the parameters Oy, and Q, , which
are presumably specific to a particular fish species,
its size, and its physiological condition.

Since relationships exist between the oxygen
uptake capacity and body weight, similar relation-
ships may exist between Qw or Q, and body
weight (M). In order to investigate how Q,, and
Q, are related 10 body weight, elimination raie
constants for several fish species were gathered
from the literature {8,10,11,19,22). For illustrative
purposes, 1/k, data for all fish species are plotted
versus K, in Figure 2, showing that 1/k; and
thus ¥, /Qw vary with size and species, and tend
to increase with increasing fish size. Figure 3 dem-
onstrales that 1/¥ k, and hence Qw varies from
fish to fish. Apparently as fish weight M increases,
Qw increases but not in proportion. Examination
of the data suggests that Q.. is proportional to M
raised to a power of 0.6 + 0.20, namely

0‘ = _4&2=>u=~

where the confidence interval has a 95%
probabibity.

Unfortunately Q, cannot be calculated accu-
rately from these data because the elimination rate
constants are primarily dependent on Qw rather
than on ;. It can be speculated from Figure 2
that for McKim's daia set at low K, values, k,
may approach a value of approximately 10 d '
corresponding to a half-time of 100 min. If this is
the case Q; would be approximately 10 ¥, L/d.
More experimental data for low K,. substances
are needed before any reliable relationship between
Q1 and fish body weight can be established.

Further justification for derived values of Quw
and information about the relationship between
Qw and body weighl can be obtained by using a
correlation for gill ventilation rate as it affects oxy-
gen uptake. Norstrom et al. [21] and later Neely
[3) and Bruggeman [8) expressed the ventilation
volumetric rate as a function of the oxygen con-
centration in tbe water C,,, (m! of O,/m! of water),
the total energy metabolism of the fish 7 (ml
O,-h" "), and the efficiency of oxygen transfer
across the gills E_, according to

Gy =THELC) 22

T has been shown 10 be related (o the fish's body
weight, M, according o
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Fig. 2. Observed elimination rate constants in various fish
species.
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3. Observed elimination rate constants corrected for
lipid volume in various fish species.

T = AMOS [¥3))

where A is the metabolic rate coefficient (ml of
0,-h _..-,o.v‘0< can be estimated by Equation
24, which is a combination of Equations 22 and
13

Gy = AM°*/(E,,C,.) (#2))

Neely [3] reported values for 4 for the rain-
bow trout and goldfish of 0.i4 and 0.24 ml
0,-87°%.d "', respectively. For guppies we deter-
mined A 0 be 0.16 + 0.02 ml O,-g°*.d~' by
measuring the decrease in oxygen concentration in
closed bottles containing |-yr-old male guppies. M
and C,, were reported in the respective articles or
could be estimated and E,, and was estimated to
be 0.62 [19] for all fish species. Values for Gy
could thus be calculated as listed in Table 2, and
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Table 2. Observed and calculsied transport paramerers for hydrophobic organic chemicals
in different fish species showing relationship of Qu and Q, to body weighi

Fish species @l;v v, (L)Y

Qw (1.7d) Q (L/d) G, (calc)
Ratnbow troul [19] 7%0 82x10 ' 94 1.2 143
Rainbow frout {22] 900 98 x 10 * 89 0.98 165
Goldfish (8] 45 0.18x% 10 ° 54 24
Guppy [6} 0.62 0.037 x 10 ° 0.5 0.49
Guppy (9] 0.3s 0026x 10 ° 1.0 0.3

shown 1o be similar in magnitude (o Qw . In prin-
ciple it is impossible for Q. 10 exceed Gy since
this would imply that the total resistance (1/Qw)
is less than the gill ventilation resistance (1/Gy).
The large experimental error made in these calcu-
lations is believed to cause the somewhat higher
values of Qy, compared to Gy for the guppy and
goldfish. 1t seems that Qy and Gy are similar for
these species, thus demonstrating that gilt ventila-
tion has a major influence on uptake kinetics in
small fish. For larger fish, however, like the rain-
bow trout, ventilation rate seems 10 have less effect
on uptake and elimination kinetics. Other water-
phase resistances thus become more important.

DISCUSSION

The model presented gives a good correlation
of the experimental kinetic data and provides an
insight into the parameters controlling the Irans-
fer of chemicals between the water and the fish,
An increase in the lipid content of the fish leads
to a proportional decrease in both &, and &,,
which has been observed experimentally by Brug-
geman et al. [8].

We believe that it is worthwhile discussing the
significance of the model equations in some detail,
especially 10 explain the relative roles of the vari-
ous resistances.

Figure 4 is a schematic diagram of the biocon-
centration system in which chemical is transported
from water through the gills, through a second
internal water resisiance, and finally through a
lipid resistance to a lipid storage. Each resistance
is characterized by a Q or G term which could be
an actual fMuid Mow (G) or s diffusion process
characierized by a mass transfer coefficient or a
diffusivity. In reality these resisiances may be in a
different order and may be split into several com-
ponents. The two water resistances (gill ventilation
and internal) may be combined as shown in one
resistance characierized by Qw. In each case the
resistance is proportional to 1/Q; thus Q is a
conduclivity.

Numerical examples with K, values of 100
and 1,000 illustrate the roles of the resistances. In
the uptake cases transfer is from water to lipid and
a1 the conditions described has reached 1% of the
final equilibrium value, the lipid concentrations (in
arbitrary units) being 100 in both cases. The water
concentrations for K, of 100 is thus 100, and for
K, Of 1,000 is 10, the equilibrium lipid concen-
trations thus being 10,000 in both cases. The val-
ues of Qu. Qi. Gv, ¥, and L. which are common
to both sysiems and independent of the chemical
are given, as are the values of &, k3, Eqand E,
which are chemical-specific. Furthermore, if Z of
1,000 is arbitrarily assigned 10 both chemicals in
the lipid phase, then Z in water is 10 for K, of
100 and 1.0 for K, of 1,000. The corresponding
fugacities and D values can then be calculated as
shown.

The Nuxes and concentration and fugacity pro-
files through the system can be calculated using
the equations presented earlier. At the interfaces
between the resistances where equilibrium is
assumed (o be achieved, fugacities are equal, and
the lipid/water concentration ratios are the K,
values,

In the case of A',. of 100, the fugacity drops
from 10 in water 10 7.525 at the gill surface A, to
$.05 at the water/lipid interface B, and to 0.1 in
the lipid. Half of the total resistance thus lies in
the water phases, the relative resistance values
being K,./Gy of 0.5, K../Q, of 0.5, and 1/Q,
of 1.0, totalling 2.0. The total water resistance
Kow/Qw is 1.0. The flux is 4,950 units/d.

When K, is increased to 1,000, more resis-
tance is added 10 the water phase because the
water concentrations are lower and the water can
only transport a smaller amount of chemical at
these fixed flow rates. The fux is reduced to 900
units/d, the resistances being respectively 3, 5 and
1, totalling 11 (i.e., an increase by a factor of §.5).
The fugacities drop from 10to 5.510 1.0 10 0.1.

For K,,, of 100, kyis 5.0 and &, is 50, whereas
for X, of 1,000, &, is reduced to 0.909 and %,



498 F. A. P.C. Gosas aND D. Macxay

A similar equation was proposed by Norstrom
et al. (21} to describe uptake of chemicals from
walter in fish. However, in Norstrom's model £
was considered 10 describe permeation across the
gitl membrane and thus to be independent of the
ventilation rate of the fish. Equations 13 and 15
show that efficiency varies with Gy.

By experimental measurement of Ky, k,, k,
and £ for a series of chemnicals of varying K, it
is possible 10 “probe” the fish and determine the
fundamental kinetic terms Qw, Q, and Gy.
Assuming that the ventilation resistance 1/Gy
applies 1n series with another “internal” water
resistance, which we designate as 1/Q,, we can
quantify the contributions of each 1o the total
water resistance 1/Q., namely

1/Qw = 1/G, + 170, (an

For those who prefer to avoid using the fugac-
ity approach, a conventional derivation can also be
undertaken, Starting with the weil-established
Equation 5, one can postulate that k, can be cor-
related by Equation 11 (following Flynn and Yal-
kowsky [I181), and since Kg is k,/k; or LK.,
Equation 12 can be derived. Finally, if Equation 17
is postulated the uptake efficiency can be expressed
as Equalions 15 and 16. Although SI units have
been used in this derivation it is more convenient
1o use (raditional units in the comparison with

experimental data. For example, all Q and G terms
are expressed in L/d.

COMPARISON WITH EYPERIMENTAL DATA

Uptake efficiency (E) data reported by McKim
et al. {19] for a number of organic substances in
rainbow trout (fish weight: 660-840 g) were fitted
to Equation 15 as summarized in Table §. Linear
regression of the data (i.e., 1/E vs. 1/K,.) is not
desirable because 17K, varies over several orders
of magnitude and would thus weigh heavily in
favor of the data points with low K .. In addi-
tion, errors in K,, generally involve similar fac-
tors rather than similar absolule amounts. The
mosi appropriate regression is believed to be on a
semilogarithmic basis of 1/E versus log K., but
using the lincar equation. A trial-and-error selec-
tion of the parameters Qw and Q,, using the
reported G, of 170 L/d with repeated plotting of
L/E versus log K,., was used 10 fit the data.
Assuming a fish density of 1.0 kg/L and a lipid
density of 0.90 kg/L, values for Qw of 94 L/d
and Q, of 1.2 L./d gave the best fit of the exper-
imental data. Q, is thus 210 L/d.

To test il the parameters Qy,, O, , and Q, also
give a reasonable description of the elimination
kinetics of rainbow trout, we used data on biolog-
ical haif-lives of PCBs reported by Niimi and
Oliver {22] for rainbow trout of approximately the
same weight and kept under similar conditions to

Table 1. Experimental (esp) and calculated (cal) kinetic pavameters for a series of 18 hydrophobic organic
chemicals in rainbow trom*®

Compound k... [ k, (cal)* Ky lexp) k) (cal)
Cihytacerate 0 [iX1)] 0.0 7 — 8]

7 -Butanol 0.88 0.08 0.04 9 — 12
Nurobenzene 1.8 0.26 028 56 — 1.2

p Cresol 2.00 024 029 65 — 6.1
Monochlorobenzene 184 056 0.48 109 — 1.4
2.4-Dichlorophenol 2.93 0.52 049 111 — 1.2
Decanal 309 0.59 0.51 134 - 0.8%
Pentachlorophenol in 0.52 0.52 118 — 0.51
2,4.5 Tetrachiorophenol 3.70 0.50 0.54 120 - 0.22
Dodecanot s.10 0.33 054 122 - 0.0089
2.3.2°.3 -Tetrachlorobiphenyt 6.00 0.50 0.54 122 — 0.0011
Hexachlorobenzene 618 0.60 0.54 122 - 0.00074
Fenvaleraie 1.2 0.30 0.%4 122 - 0.000071
Mirex 18 0.20 0.54 122 — 0.000036
2.2° Dichlorohiphenyl 49 — 054 122 0.014 0.014
2.V Dachlorohiphenyl 5.0 — 0.54 122 0.0079 0.0n
2.5 Dichlorobiphenyl 5.1 — 0.34 122 0.0047 0.0049
2.0.2°.3 Tetrachlorobiphenyl 56 - 0.54 122 0.0030 0.0028

‘Lo L4 from ref 19, 1% 10 IR from ref. 22.
"Calculated from E,

*Calculnted from Equation [9 with p, = 090 kg-{. ',

i, (170 1 /8) and V, (730 g) withp, = | Okg I '

Hydrophobic organic chemical bioconcentration in fish a9

those used by McKim et al. [19]. Unfortunately,
only 4 of 31 reported half-lives of the PCBs were
considered 10 reflect accurately the elimination
process. For the other PCBs decreasing lipid levels
in the fish or metabolic transformation contributed
more to the depuration of the chemicals than pure
elimination itself. The biological half-lives of the
four PCBs, summarized in Table 1, were corrected
for decreasing lipid levels in the fishes as indicated
by the authors and then converted into elimination
rate constants by equating &, to 0.693/(half-life).
Values for Q. and Q, of 89.1 L./d and 0.98 L./d
respeclively resulted in the best fit of these elimi-
nation data. Since the Qy and Q, values are sim-
ilar as deduced from both studies it appears that
the same transport processes apply to uptake and
elimination.

In summary, for rainbow trout investigated in
these studies, Lthe following parameters apply in
units of L and days:

=
i

0.750 (L)
0.082 (L)

L =0.109 (L/L)
Qw =92 £ 3(L/d)
200 + 10 (L/d)
170 £ 40 (L/d)
1.1 £0.2 (L/d)

=
]

S e
] 1]

)

The following equations thus describe the
uptake and elimination kinetics, representing the
substitution of these values into Equations 11, 12
and 15 and equating the bioconcentration factor
Ky to k,/k;.

Ky = 0.082K,. (s
1/ky = 8.9 x 107 *K,. + 7.5 % 1072 (d) (19)
17k, = 8.2 X 107 + 0.68/K,. (d) 0
1/Ey = 1.85 £ 1585/K,. Qn

The fraction of the total resistance in the water
phase is 8.9 x 107K, /(8.9 x 107K, + 7.5 x
10-7),

Figure | and Table t present the experimental
and correlated values of these quantities using
these equations applied to the data from McKim
et al. [19] and Niimi and Oliver (23]. The agree-
ment is clearly sausfactory.

These plots illustrate the relative contributions
of the water- and the lipid-phase transport to up-
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Fig. ). Experimental and correlaied upiake and elimina-
tion rate constants, initial gill uptake efficiency and per-
cent resistance in the water phasc for rainbow trout. The
dols are k, and the crosses E, data.

take by the fish. For compounds of low hydropho-
bicity (i.c., K. = 10) uptake is primarily controlied
by transport processes in the lipid phases of the
fish (i.c., 1/Q 2 K./ Qw). For these compounds
uptake rate constanis and gill uptake efficien-
cies increase with increasing hydrophobicity. For
compounds of higher hydrophobicity (i.¢.. K,. =
1,000) uptake kinetics are primarily controlled by
transport in aqueous phases of the fish (i.c.,
Kow/Qw 2 1/Q,) and uptake rate constants and
gill uprake efficiencies are independent of the com-
pound’s hydrophobicity. Equal water and lipid
resistances are encountered when X is 84.

The ventilation volumetric rate contributes 55%
of the total resistance to solute transfer in the
water phase. The other 45% of the water-phase
resi phase is pr bly due to other water-
phase transport processes between the gill com-
partment and the final storage sites in the fish.
These processes may involve diffusion through
aqueous diffusion layers (in the gills or elsewhere
in the fish) or Mlow-controlled transport, for exam-
ple in blood.

TRANSPORT PARAMFTERS

AND FISH BODY WFIGHT
To predict the bioconcentration rate constants
Tor organic chemicals in a fish requires estimates
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(which can be obtained from uptake/clearance
experiments), and if desired Gy, the gill ventila-
tion rate. From these data the bioconcentration
factor, the uptake and clearance rate constants,
and the uptake efficiency can be deduced. The
model ciearly shows the roles of water- and lipid-
phase resistances in controlling exchange kinetics,
lipid-phase resistance controlling at low K, and
water-phase resistance at high K, . It is suggested
that Qw, @, and Gy are related to fish size and
tentative relationships are proposed, but more
experimental data are needed before a validated
relationship can be established. We believe, how-
ever, that the general form of the relationships is
correct.

Acknowledgemenis — The authors gratefully acknowledge
the financial support of NSERC. the Ontario Ministry
of Environment and the Wildlife Toxicology Fund.

REFERENCES

I. Braoson, D.R., G.E. Blau, H.C. Alexander and
W.B. Neely. 1975. Bioconcentration of 2,2°,4,4’-
tetrachlorobiphenyl in rainbow trout as measured by
an accelerated test. Trans. Am. Fish Soc. 104:785-
792.

2. Mackay, D. 1982. Correlation of bioconcentration
factors. Environ. Sci. Technol. 16:274-278,

3. Neely, W_B. 1979. Estimating rate constants for the
uptake and clearance of chemicals by fish. Environ.
Sci. Technol. 13:1506-1510.

4. Veith, G.D., D.L. DeFoe and B.Y. Bergstedt. 1979,
Measuring and estimating the bioconcentration fac-
tor of chemicals in fish. J. Fish Res. Board Can.
36:1040-1048.

S. Tulp, M. and O. Hutzinger. 1978. Some thoughts on
aqueous solubility and partition coefficients of PCB,
and the mathematical correlation between bioac-
cumulation and physicochemical properties. Che-
mosphere 10:849-860.

6. Konemann, H. and K. Van Leeuwen. 1980. Tox-
icokinetics in fish: Accumulation and elimination of
six chlorobenzenes by guppies. Chemosphere 9:3-19.

7. Elgehausen, H., J.A. Garth and H.O. Esser. 1980.
Factors determining the bioaccumulation potential
of pesticides in the individual compartments of
aquatic food chains. Ecotox. Environ. Safety
4:134-157.

8. Bruggeman, W.A., L.B.J.M. Matron, D. Kooiman
and O. Hutzinger. 1981. Accumulation and elimina-
uon kinetics of di-, tri- and tetra<chlorobiphenyls by
goldfish after dietary and aqueous exposure. Cherno-
sphere 10:811-832.

9. Opperhuizen, A., E.W. van den Velde, F.A.P.C.
Gobas, D.A.K. Liem, J.M.D. van den Steen and O.
Hutzinger. 1985. Relationship between bioconcentra-
tion in fish and steric factors of hydrophobic chem-
icals. Chemosphere 14:1871-1896.

10. Spacie, A. and J.L. Hamelink. 1982. Alternative
models for describing the bioconcentration of
organics in fish. Enviroa. Toxicol. Chem. 1:309-320.

11. Hawker, D.W. and D.W. Conell. 1985. Relation-

20.
21.

22.

23.

24,

25.

26.

F. A. P. C. Gobas aND D. Macxay

ships between partition coefficient, uptake rate con-
stant, clearance rate constant and time to equilibrium
for bioaccumulation. Chemosphere 14:1205-12

. Muir, D.C.G., W K. Marshall and G.R.B. Web

1985. Bioconcentration of PCDD’s by fish: Elfec.,
of molecular structure and water chemistry. Chemo-
sphere 14:829-833.

. Bruggeman, W.A., A. Opperhuizen, A. Wybenga

and O. Hutzinger. 1984. Bioaccumulation of super-
lipophilic chemicals in fish. Toxicol. Environ. Chem.
7:173-189..

. Mackay, D. and A.l. Hughes. 1984. Three-param-

eter equation describing the uptake of organic com-
pounds by fish. Environ. Sci. Technol. 18:439-444.

. Yalkowsky, S.H., O.S. Carpenter and G.L. Flyan.

1973. Drug absorption kinetics in goldfish. J.
Pharm. Sci. 62:1949-1954,

. Yalkowsky, S.H., T.G. Slunick and G.L. Flynn.

1974. Effects of alkyl chain length on biological
activity: Alkyl p-aminobenzoate-induced narcosis in
goldfish. J. Pharm. Sci. 63:691-695.

. Gobas, F.A.P.C., A. Opperhuizen and 0. Hut-

zinger. 1986. Bioconcentration in fish related to
membrane permeation of hydrophobic chemicals.
Environ. Toxicol. Chem. 5:637-646.

. Flynn, G.L. and S.H. Yalkowsky. 1972. Correlation

and prediction of mass transport across membranes.
1. Influence of alkyl chain length on flux-determining
properties of barrier and diffusant. J. Pharm. Sci.
61:838-851.

. McKim, J., P. Schnieder and G. Veith. 1985.

Absorption dynamics of organic chemical transport
across trout gills as related to octanol/water parti-
tion coefficient. Toxicol. Appl. Pharmacol. T1:1-10.
Mackay, D. and S. Paterson. 1982. Fugacity
revisited. Environ. Sci. Technol. 16:654A-660A
Norstrom, R.J., A.E. McKinnon and A.S
deFreitas. 1976. A bioenergetics based model ..
pollutant accumulation by fish. Simulation of PCB
and methyl mercury residue level in Ottawa River
yellow perch (Perca flavescens). J. Fish Res. Board
Can. 28:815-819.

Niimi, A.J. and B.G. Oliver. 1983. Biological half-
lives of polychlorinated biphenyl (PCB) congeners in
whole fish and muscle of rainbow trout (Saimo
gairdneri). Can. J. Fish Aquat. Sci. 40:1388-1394.
McKim, J.M. and H.M. Goeden. 1982. A direct
measure of a xenobiotic chemical across the gills of
brook trout (Saluetinus fontinaiis) under normoxic
and hypoxic conditions. Comp. Biochem. Physiol.
72C:65-74.

McCarthy, J.F. 1983. Role of particulate organic
matter in decreasing accumulation of polynuclear
aromatic hydrocarbons by Daphnia magna. Arch.
Environ. Contam. Toxicol. 12:559-568.
Landrum, P.F., M.D. Reinhold, S.R. Nihart and
B.J. Eadie. 1985. Predicting the bioavailability of
organic xenobiotics to Pontoporeia hoyi in the pres-
ence of humic and fulvic materials and natural dis-
solved organic matter. Environ. Toxicol. Chem.
4:459-467.

Opperhuizen, A., F.A.P.C. Gobas and O. Hut-
zinger, 1984. Unmetabolized compounds; their prop-
erties and implications. In J. Caldwell and G.D.
Paulson, eds., Foreign Compound Metabolism. Tay-
lor and Francis, London, pp. 109-117.






