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Abstract

In this paper a method is developed which can be used to estimate
the body burden of organic hydrophobic chemicals in earthworms.
In contrast to the equilibrium partitioning theory, two routes of up-
take are incorporated: uptake from interstitial water and dietary up-
take. Although many uncertainties still remain, calculations show
that for earthworms steady state body burdens are mainly determined
by uptake from interstitial water. Under most circumstances, the
contribution of dietary uptake is small, except for hydrophobic
chemicals (log Koy > 5) in soils with 2 high organic matter (OM)
content of = 20 %. Under those conditions, estimates of the steady
state body burden calculated with the equilibrium partitioning model,
in which only uptake from interstitial water is taken into account,
might result in a small underestimation of the real body burden of
chemicals in earthworms.
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1 Introduction

Earthworms are able to accumulate numerous different
hydrophobic organic chemicals from soil, which may affect
their survival, reproduction and development. The accumula-
tion of chemicals in earthworms also implies a risk for
various vertebrate species feeding on earthworms (COOKE et
al. 1992). To assess the potential risk of chemicals for soil
ecosystemns and for the establishment of soil quality criteria,
single species toxicity tests are carried out. This strategy is
followed for several new and existing chemicals. However,
as the number of existing chemicals on the European Inven-
tory (EINECS) is estimated at around 100,000, it is
unrealistic to expect that necessary data for risk assessment
will become available in the near future. Estimation methods,
such as by Quantitative Structure Activity Relationships
(QSARs), may be used to fill these data gaps if they are used
with great care and within their limitations (HERMENS 1990;
VERHAAR et al. 1992; Van LEEUWEN et al. 1992).
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The equilibrium partitioning method (SHEA 1988; DiToORO
et al. 1991; Van Der Koorj et al. 1991; OECD 1992) has
been developed to estimate the steady state body burdens of
organic hydrophobic chemicals in organisms in sediment.
The model assumes that the concentration of a chemical in
an organism, and therefore toxicity, is solely determined by
the concentration in the pore- or interstitial water. Using the
concentration in the interstitial water calculated from adsorp-
tion data, the concentration in the organism can be predicted.
Since adsorption to sediment particles is strongly determin-
ed by the hydrophobicity (log Kqy) of the compound, the
estimation of the concentration in the organism is largely bas-
ed on log Kqy-

The equilibrium partitioning model is based on the assump-
tion that only the dissolved fraction of the chemical in in-
terstitial water is available for uptake by passive diffusion.
In soil, this hypothesis is supported by results of Van
GESTEL and Ma (1988, 1990). They observed a con-
siderable variation in LCy, values of a chemical in the earth-
worms Eisenia andrei and Lumbricus rubellus after exposure
in different types of soil. This variation could be reduced by
normalization of the LCy, values to the concentration in
interstitial water. This result indicates that the concentra-
tion of chemicals in soil interstitial water determines the
toxicity for earthworms, suggesting that this route of uptake
is of major importance. The relevance of the equilibrium
partitioning model was also shown in the sediment water
system for Chironomus tentans, Daphnia magna, oligochaete
worms and several other organisms (DERR and ZABIK 1974;
ZIEGENFUSS et al. 1986; KNEzovicH and HARRISON 1988;
OLIVER 1987; DiTORO et al. 1991).

However, our results showed that earthworms are able to
accumulate chemicals from food indicating the existence of
dictary uptake as another route of exposure (BELFROID et al.
1994a). For a few aquatic species, as the oligochaete worm
Lumbriculus variegatus and the polychaete Abarenicola
pacifica, it was even shown that dietary uptake of hexa-
chlorobenzene and benzo(a)pyrene, respectively, is of ma-
jor importance (SCHUYTEMA et al. 1988; WESTON 1990). It
is not known whether dietary uptake is an important route
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of exposure for earthworms. Consequently, to evaluate the
applicability of the equilibrium partitioning theory for the
estimation of body burdens in earthworms, it is important
to determine and quantify the role of dietary uptake in the
uptake process.

In this paper a model for the prediction of the accumulation
of inert hydrophobic organic chemicals in earthworms is
presented. Although the estimation of the parameters
necessary for the model is based on only few experimental
data, we believe that this approach can be a valuable tool
for the evaluation of the equilibrium partitioning model.
Unlike the equilibrium partitioning model, two routes of up-
take are incorporated: 1) uptake by passive diffusion from
the interstitial water and 2) dietary uptake. The model can
be used to estimate steady state concentrations of chemicals
in earthworms, but also to determine the relative contribu-
tion of the two routes of uptake to the total body burden.
It is shown that the relative contribution depends on the
hydrophobicity of the chemical and on the type of soil.

2 Modelling of Accumulation

2.1 Model

Terrestrial species like earthworms are able to accumulate
and eliminate hydrophobic organic chemicals from soil. Two
main routes of uptake exist:

1. Uptake of chemicals may take place by passive diffusion
through the body wall of the earthworm (LORD et al. 1980;
Van GESTEL and MA 1988, 1990 and BELFROID et al.
1993a). Only the dissolved fraction of the chemical in the
interstitial water layer of the soil is taken up via this route.
2. Hydrophobic chemicals are also taken up through the gut
wall when soil (particles) pass the gut (BELFROID et al.
1994a, b), which is called dietary uptake.

Several elimination routes exist:

— Most important, probably, is the elimination of chemicals
by passive diffusion through the body wall and the gut
of the earthworm.

— Another important route of elimination is biotransforma-
tion. Many chemicals are subject to biotransformation
in earthworms (STENERSEN 1984), resulting in 2 loss of
the original chemical.

— Growth dilution also accounts for a decrease in body
burden. Young and subadult worms, but sometimes also
adult worms, can grow. Growth results in a dilution and
therefore in a decrease of the concentration of the com-
pound in the worm.

~ The last route of elimination discussed here is elimina-
tion because of reproduction. As all species, earthworms
reproduce, resulting in offspring. In fish, transfer of PCBs
from parent guppies to their offspring was observed by
SyM et al. (1992). To our best knowledge, however, the
possible transfer of hydrophobic chemicals from the
parent earthworm to the offspring has not been in-
vestigated.

It is assumed that all these uptake and elimination processes
follow first-order one-compartment kinetics, except for the
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Fig. 1: Schematic representation of the relations between soil particles,
soil interstitial water and the earthworm. (kg is the desorption
rate constant, k, is the adsorption rate constant, k, the dietary
uptake rate constant, k,; the uptake rate constant from in-
terstitial water, k; the elimination rate constant, k, the
metabolic rate constant, k, the growth rate constant and k, the
reproduction rate constant)

reproduction. The several uptake and elimination routes are
visualized in Fig. 1 and can be described with Equation 1:

dcC,

[;tom=kscp+klciw—(kg+k2+km)cworm_er (1)
in which C, ., is the concentration in the worm (g.g!), k,

the uptake rate constant from soil particles (g.g?.day”), C,
the concentration in the interstitial water (g.ml?), k, the
growth rate constant (day!), k, the elimination rate
constant (day?!), k,, the metabolic rate constant (day!), R a
trigger value which is 1 or 0, depending on the occurrence
of reproduction and k, the zero order reproduction rate.
Reproduction will not be taken into consideration in this
model and R is assumed to be zero.

The uptake rate constant from soil particles k; is determined
by the amount of soil consumed by the animal per time span,
the feeding rate (f in g.g?.day™), and by the efficiency of the
extraction of the compound from the food, the uptake effi-
ciency (E):

k,=E=f (2)
Substituting Equation 2 in Equation 1 results in:

d(:;;/;)m = Epr + klciw - (kg + kZ + km)cworm (3)

When steady state is reached, dC,,,,/dt = 0 and uptake
from the soil and interstitial water equals elimination:

Efcp + klciw = (kg + kZ + km)Cworm (4)

which can also be described as:

EfC, k.C,,

Cuom(ss) = U +E,+E,) @ (RTE+k,)

(5)
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Assuming an one compartment model and first order
kinetics, the three elimination rate constants (k, +k, + k)
can be substituted by the total elimination rate constant k,
resulting in Equation 6:

EfC, N k,C..
k k
The distribution of a chemical in soil between interstitial

water and soil particles at steady state is described with the
soil water partition coefficient K.

Coomlss) = (6)

(4 e

C (7)
K, = 6:’7
Substituting Equation 7 in Equation 6 results in:
_EfC,  k,C,
Cworm(ss) - ke + kae (8)

The parameter C, is calculated from the concentration in
soil C, minus the amount in the interstitial water C,,. For
hydrophobic compounds with log K, >2, the C,,, will be
small compared to C, (BRIGGS 1990). Therefore it is stated
that C, = C;:

EfC, | kC

kO Kk,

Cooml(ss) =

- )

first term describes dietary uptake of the chemical from soil
while the second term describes uptake from interstitial
water. When all parameters in Equation 10 are known, in-
cluding C,, it is possible to estimate body burdens of the
chemical in the earthworm. When C, is unknown, the
relative contribution of the two routes of uptake to the total
body burden can be calculated, since C, appears in both
terms of Equation 10.

2.2 Bioconcentration Factor

The bioconcentration factors on a wet weight basis (BCF,,)
are calculated by dividing the concentration of the chemical
in the organism by the concentration of the chemical in water.
BELFROID et al. (1993a) studied the bioconcentration of
chlorobenzenes in earthworms in water (— Table 1) and
calculated a QSAR describing the relationship between
BCF,, and log K,,:

logBCF = 1.05 (+£0.15) logK,,, — 2.36 (+0.20)
(n =5,r=0.97) (11)

This QSAR applies for the log K, range between 4.2 and
5.7. As was already shown by BELFROID et al. (1993a), the
regression coefficient of this QSAR is comparable to that of
other QSARs describing the relationship between BCF,, and

Table 1: Bioconcentration factors (BCF,,), uptake efficiencies (E) and elimination rate constants (k,) determined for several chemicals in the

earthworm Eisenia andrei

Chemical log Kow? BCF +se(ml - g)P E + se(%)° ke se(day")d
1,3,5-trichiorobenzene 4.19 72 + 11 n.d.e n.d.
1,2,3-trichiorobenzene 4.14 132 = 16 n.d. n.d.
1,2,3,4-tetrachiorobenzene 4.64 567 + 62 25+ 0.5 3.4 + 0.6
pentachloroobenzene 5.18 1733 + 253 122+ 15 131 £ 0.39
116 = 0.49
hexachlorobenzene 5.73 4085 + 415 151 1.6 0.479 =+ 0.034
0.372 =+ 0.050
PCB153 7.53 n.d. 8.4 + 1.1 0.044 = 0.011
0.0364 + 0.0077f
octachlioronaphthalene >8 n.d. 47 + 0.6 n.d.

a2 DE BrUIN et al. {1989)
b Data from BELFROID et al. (1993a)
¢ Data from BELFRODD et al. (1994a)

d All values shown are derived from the initial rapid elimination phase of the bi-phasic curves observed for the elimination from earthworms in soil, unless stated other-
wise. For PCB153 the mono-phasic elimination rate constant is shown, because no bi-phasic elimination was observed during the experiment. Data from BELFROID

et al. (1994b, 1995b)
€ Not determined

f Elimination rate constant of PCB153 from earthworms in soil observed after exposure to contaminated food. Data from BELFROID et al. (1995a)

In aquatic ecotoxicology, k;/k, in the second term is also
described as the bioconcentration factor BCF. So, Equation
9 can be written as:
E BCF
Cworm(ss) = _sz + — Cs (10)
k K,
Equation 10 can be used to calculate the steady state con-
centration of organic hydrophobic chemicals in earthworms.
Both routes of uptake are represented in the equation. The

e
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log K, in aquatic species like fish, molluscs, daphnids and
oligochaetes (— Table 2). The log K., range for which
these QSARs apply ranges from 2 to 6 or 7. The intercept
of the QSAR established for earthworms is different from
the other QSARs. However, the intercept of a log BCF,-log
K., relationship is determined by the lipid content of the
organism (1 % in case of earthworms) and therefore the dif-
ference in intercept is no indication of dissimilar log BCF -
log K, relationships.



Hydrophobic Organic Chemicals in Earthworms

Research Articles

Table 2: Characteristics of Quantitative Structure Activity Relationships (QSARs) between the bioconcentration factor of a chemical in organisms

(log BCF) and log K,,,: log BCF = alog K, + b

Organism a b na r log Kow Reference

Fish 1.00 -1.32 36 0.97 1 -6 Mackay 1982

Fish 0.98 -1.30 20 0.90 1 -64 Davies and Doess 1984

Molluscs 0.86 -0.81 16 0.96 15-55 GEYER et al. 1982

Molluscs 0.84 -1.23 34 0.83 34-78 HAwker and CONNELL 1986

Daphnids 0.90 -1.32 22 0.96 2 -62 Hawker and CONNELL 1986

Daphnids 0.85 -1.10 52 0.96 09 - 6.7 GEYER et al. 1991

Earthworms 1.05 -2.36 5 0.97 42 - 57 BELFROID et al. 1993a

Earthworms 1.26 -1.9 40 0.92 1.0 - 64 ConNELL and MARKWELL
1990

2 Number of tested chemicals used for the QSAR

For the estimation of BCF,, values of chemicals in earth-
worms, a QSAR developed for earthworms is most ap-
propiate. However, the log K,,, range from 4.2 to 5.7 is
only small and an extension to the log K, range 2 to 7 is
preferrable. Since the small-range QSAR calculated for earth-
worms (Equation 11) corresponds with the larger-range
QSARs computed for aquatic species (— Table 2), it is
assumed that extending the log K, range of Equation 11
to the range 2 — 7 will not result in large deviations of the
relationship between BCF,, and log K,,,. In this way BCF,
values for organic chemicals in earthworms can be calculated
using Equation 11 that was developed for earthworms while
a large log K, range is maintained.

BCF,, values will be overestimated for chemicals that are
subject to biotransformation and for superhydrophobic large-
sized chemicals. Biotransformation results in lower BCF,,
values than expected based on the log K, value (DE WOLF
et al. 1992; SiM et al. 1989). For some superhydrophobic
chemicals, it has been suggested that the uptake may be
limited by its molecular size. For fish, indications are that
chemicals with a cross section of >0.95 mm cannot pass the
gill membrane (OPPERHUIZEN et al. 1985), although discus-
sion on this point is still going on (GEYER et all, 1994). It
is not known whether a similar limit on molecular size is rele-
vant for uptake in earthworms. BELFROID et al. (1994a,
1995a) showed that two large sized chemicals (hexa-
bromobenzene with a cross section of 0.96 nm and oc-
tachloronaphthalene with 0.98 nm) were taken up in earth-
worms after dietary exposure. The uptake efficiencies,
however, were smaller than for the other text chemicals.

In conclusion, Equation 11 does apply for chemicals that are
not subject to biotransformation and for which a limited up-
take because of its molecular size is not to be expected.

2.3 Soil Adsorption Coefficient

The soil adsorption coefficient K, describes the distribution
of a chemical between soil particles and soil pore water or
interstitial water. Theoretically, K, can be calculated by
dividing the concentration of the chemical in soil by the con-
centration in interstitial water. However, experimentally the
determination of K is difficult, especially in case of strong
sorption or low water solubility of the chemical. The in-

terstitial water fraction in soil is small and can not be
separated from the soil particles in sufficient quantities to
allow analysis. This means that the concentration of a
chemical in interstitial water can not be determined.

To overcome this practical problem, K, is measured with
the shake-method, in which the ratio interstitial water/soil
particles is increased compared to natural soil and in which
high concentrations of the chemical, that bear no relation
with concentrations in the soil, are used. In this system the
interstitial water layer can be separated from the soil par-
ticles and the concentration of the chemical can be deter-
mined. The influence of the increased solid/liquid ratio on
K, is not yet clear. BOESTEN (1990) discussed that the in-
fluence of this ratio will be negligible for chemicals with log
K, > 1, which, according to BRIGGS (1990) correspond to
log K., > 2 in soils with an organic matter content >
2,6 %. However, the discussion of BRiGGS was based on
natural fluctuations in soil moisture content and not represen-
tative for the large differences in water/soil ratios. A second
problem when determining K|, is the influence of the “third
phase”. For the adsorption of organic hydrophobic chemicals
to soil, the organic matter fraction is of major importance.
Part of this fraction is dissolved in the interstitial water and
this fraction is.generally referred to as the third phase
(ScHRAP et al. 1992). Until now, no techniques are
available to separate the third phase completely from the in-
terstitial water. Because of adsorption to the third phase, the
concentration of the chemical in interstitial water is
overestimated resulting in an underestimation of the K,
(GscHWEND and WU 1985; ScHRAP and OPPERHUIZEN 1992).
An additional problem is the influence of the third phase in
the shake-method compared to soil, which is unlikely to be
similar.

In spite of all these drawbacks, K, values are generally
determined with the shake-method, because no alternatives
are available at this moment.

VAN GESTEL et al. (1991) determined K, values for several
chlorobenzenes, chlorophenols and 1,4-dichoroaniline in 3
different types of natural soil and in OECD artificial soil
(OECD 1984), assuming a linear adsorption process. The
determined K, values were normalized to the organic mat-
ter content (% OM) in soil (K_,) using Equation 12:
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K,. = K, * 100/(%0OM) (12)

A QSAR describing the relationship between K, and log
K,, was established:

logK,, = 0.89 (+0.06) logK,, — 0.32 (+0.24)
(n = 34,7 = 0.93) (13)

which applies for chemicals with log K, between 2.4 and
5.2 in soil with an organic matter content between 3.7 and
15.6 %. Several QSARs describing the partitioning of
chemicals in soil and sediment have been established for a
much larger log K, range. These QSARs, including Equa-
tion 13 normalized to organic carbon, are summarized in
Table 3. The regression coefficients of all these relationships
are more or less similar. This implies that for all these types
of soils and sediments and for all these different chemicals,
the adsorption coefficients increase in the same degree with
increasing K .. Therefore we anticipate that extending the
log K., range of Equation 13 to the range 2 to 7 will not
generate the introduction of large errors.

For the conversion of K, into K, values necessary for the
model calculations, assumptions have to be made with
respect to the organic matter content of soils. An overview
of Dutch soil types shows that organic matter contents range
from 1-5 % in sandy soils to > 45 % in peaty soils
(Kurpers 1977). As earthworms are rarely found in such
high organic soils (EDWARDs and Lorry 1977), for the
model calculations organic matter contents between 3 and
20 % are used.

2.4 Uptake Efficiency and Feeding Rate

Dietary uptake of organic chemicals was observed in different
species living in sediment and soil (BELFROID et al. 1994a;
SCHUYTEMA et al. 1988; WEesTON 1990). For the earth-
worm Eisenia andrei uptake efficiencies (E), defined as the
fraction of the ingested chemical passing the gut that is taken
up into the organism, have been determined (BELFROID et al.
1994a) and the results are presented in Table 1. No rela-
tionship with log K, was observed. E values for penta- and
bexachlorobenzene and 2,2°,4,4,5,5’-hexachlorobiphenyl
(PCB153) varied between 8 and 15 %, while E values for
octachloronaphthalene and 1,2,3,4-tetrachlorobenzene were
lower. For octachloronaphthalene, a decreased E was ex-
pected, because the uptake and membrane passage of this
compound is probably limited by its large molecular size
(BRUGGEMAN et al. 1984; OPPERHUIZEN et al. 1985, Op-
PERHUIZEN and SyM 1990). For 1,23 ,4-tetrachlorobenzene,
no explanation for the low E value could be furnished,
although an experimental artefact can not be ruled out. For
the model calculations, E values of penta- and hexa-
chlorobenzene and PCB153 will be used.

The feeding rate (f) also determines dietary uptake.
BELFROID et al. (1994a) observed a feeding rate of 0.288
(£0.015 s.e.) g.gl.day! in the earthworm Eisenia andrei
when studying the dietary uptake of chemicals. This rate is
not very different from feeding rates determined for earth-
worms in the field situation. HENDRIKSEN (1991) observed
feeding rates of 0.08 and 0.15 g.g'.day? for Lumbricus
festivus and Lumbricus castaneus, respectively.

Table 3: Characteristics of Quantitative Structure Activity Relationships (QSARs) between the adsorption coefficient of a chemical in soil or sedi-
ment normalized to organic carbon content (log K, ) and log K ,: log K,. = alog K, + b

Chemicals a b na r log Kyw Reference

Triazines and 0,94 -0.01 9 0.97 2 -5 Brown and FLacG 1979

subst. dinitrotoluenes

Hydrophobic chemicals 1.00 -0.21 10 1 15 -65 KaRickHoFF et al. 1979

Hydrophobic chemicals 0.54 1.38 45 0.86 0 -6 Kenaga and Goring 1980

Substituted aromatic 1.00 0.32 13 0.99 15 -65 HasseT et al. 1980
hydrocarbons

Hydrophobic chemicals 0.99 -0.35 5 1 15 -65 KARICKHOFF 1981

Hydrocarbons 0.72 0.49 13 0.97 0 -6 SCHWARZENBACH & WESTALL

1981

Hydroph. hydrocarbons 1.00 -0.32 22 0.99 1.5 - 6.5 Means et al. 1982

Hydrophobic chemicals 1.04 -0.88 33 0.95 1 -65 ABDUL et al. 1987

Hydrophobic chemicals 0.83 0.29 20 0.95 156 -6 HopsoNn & WiLLiams 1988

(Halogenated) aromatic 0.90 0.82 5 0.97 4 -7 EADIE et al. 1990
hydrocarbons

Chlorophenols and 0.89 -0.09 34 0.92 1.5 -55 recalculated from Van
chlorobenzenes GESTEL et al. 1991P

2 Number of tested chemicals used for the QSAR
b1% OM = 0.58 % OC
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The total amount of a chemical taken up from food is deter-
mined by the feeding rate f and the uptake efficiency E. These
two parameters, however, are not completely independent.
OPPERHUIZEN (1991) suggested that the uptake efficiency of
a chemical from food is mainly dictated by the digestibility
of the food. When the digestibility of food is high, E will
be high and the feeding rate f will be low. However, when
food is poorly digested, E is low and the feeding rate f will
be high to satisfy the nutrient and energy requirement of the
animal. Results of CLARK and MAckaY (1991) confirm this
hypothesis. They studied dietary uptake of four hydrophobic
chemicals in fish varying the feeding rate f by feeding dif-
ferent amounts of food. They observed that fisch fed with
twice the amount of food, accumulated less than twice as
much chemical compared to control fish. This result shows
that E and f are not completely independent of each other.
On the other hand, it is not expected that E and f are com-
pletely inversely related. Since no information about the rela-
tion between E and f is available, we presume that for our
model calculations E and f must be derived from the same
experiment.

For the model calculations a mean E * f of 0.034 + 0.006
(s.e.) g.gl.day? was used based on results with penta- and
hexachlorobenzene and PCB153 in the earthworm Eisenia
andrei (BELFROID et al. 1994a). It is assumed that this value
accounts for the log K., range of 2 to 7. For less
hydrophobic chemicals, like 1,2,3,4-tetrachlorobenzene, this
might imply an overestimation of the dietary uptake route.
However, by selecting relatively high E values a worst case
situation concerning the contribution of dietary uptake is
represented.

2.5 Elimination Rate Constant

In earthworms in soil, a bi-phasic elimination was observed
for chlorobenzenes (BELFROD et al. 1993a, 1995b), sug-
gesting two-compartment elimination. When elimination
follows a bi-phasic pattern, mathematical contants 8, and
B, are calculated instead of elimination rate constants. For
the calculation of elimination rate constants it is important
to have a complete understanding of the relation and rate
constants between the compartments causing the bi-phasic
elimination (SCHRAP et al. 1994; D WOLF et al. 1994,
BELFROD et al. 1994b). Therefore, no elimination rate con-
stants could be calculated. However it was argued that the
initial rapid phase of the elimination is of major importance,
because this phase is responsible for the larger part
{90-99 %) of decrease in the body burden of the worms
(BELFROID et al. 1995b). Therefore, elimination rate con-
stants were calculated assuming one-compartment kinetics
using data of the first elimination phase, ignoring the biphasic
appearance of the curves (— Table 1).

A QSAR was calculated based on mono-phasic elimination
rate constants (PCBs) and ‘initial phase’ elimination rate con-
stants (chlorobenzenes) determined in earthworms:

logk, = -0.662logK,,, (+0.036) + 3.47 (+0.15)
(n =13, r = 0.98) (14)

This QSAR applies for the log K, range between 4.6 and
8.1. For the model calculations this QSAR is extrapolated

10

to log K, of 2. It is assumed that this extrapolation to
chemicals with low log K, values will not result in large
deviations between the calculated and actual elimination rate
constant. Equation 14 does not apply for chemicals that are
subject to biotransformation.

3 Testing of the Model

All parameters necessary for the model calculations can be
estimated. However, as is already discussed, the parameter
estimation is based on only few experimental results and
some uncertainties remain. In summary, these concern the
extension of the log K,,, range of the QSARs for BCF,, K,
and k., the relevance of the K, determination for the soil en-
vironment, and the relationship between E and f. Because
of these uncertainties, it is important to assess the cor-
respondence between calculated and observed concentrations
of chemicals in worms.

The mode] was tested by comparing calculated (according
to Equation 10) and observed steady state concentrations of
three chlorobenzenes in earthworms in OECD artificial soil.
BELFROID et al. (1994b) studied the accumulation of
1,2,3,4-tetra-, penta- and hexachlorobenzene. The mean
concentrations ( +s.e.) in artificial soil were 10.05+0.28,
12.08 £0.29 and 13.15 £ 0.34 mg/kg, respectively, while
the organic matter content in artificial soil is determined at
8.1 % (VAN GESTEL and Ma, 1990). Based on the log K,
of these compounds of 4.64, 5.18 and 5.73 (DE BRUIN et
al., 1989), the parameters of Equation 10 are estimated and
the steady state concentrations in the earthworm calculated.
The standard error in the parameters and the propagation
of the errors was calculated according to SOKAL and ROHLF
(1981). Results of the calculations are shown in Table 4,
together with the observed steady state concentrations. It can
be concluded that in spite of all uncertainties in the parameter
calculations, the model gives a fair estimation of the steady
state concentrations to be expected in earthworms. For more
hydrophobic chemicals, like hexachlorobenzene, the devia-
tion between the calculated and observed concentration in-
creases, but the discrepancy between these two is still smaller
than a factor 2. The difference between calculated and
measured values increases with increasing log K,,,-

Table 4: Calculated and observed steady state concentrations of
1,2,3,4-tetra-, penta- and hexachlorobenzene in the earthworm
Eisenia andrei in OECD artificial soil in ng/mg (data from
BELFROID et al., 1994b)

Chemical Calculated C,,,2 | Observed C,om
1,2,3,4-tetrachlorobenzene| 6.4 = 0.3° 8.9 + 0.3b
pentachlorobenzene 9.6 + 0.5 16.1 £ 0.6
hexachlorobenzene 13.2 + 0.7 241 + 0.8

2 Calculations based on the model presented in this paper
b 4 Standard error

The model testing was also carried out with LCj, values,
the concentration in soil resulting in death among 50 % of
the population, of four chlorobenzenes (log K, 3.4~ 5.2)
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in earthworms. LC,, values for earthworms were deter-
mined in 14-day acute toxicity tests in 4 different soils {VAN
GESTEL et al. 1991), and are shown in Table 5. Based on
these concentrations in soil, the steady state concentration
in earthworms was calculated. The results of the calculation
are compared with lethal body burdens (LBBs) of the same
chemicals measured in artificial soil, in water, after feeding
and on filter paper (BELFROID et al. 1993b). Details of this
validation are summarized in Table 6. Predicting LBB values
with measured LCs, values using the model presented in

this paper shows that a fair estimation of the concentration
in earthworms can be made. An exact estimation is not to
be expected, because the model presumes steady state. It is
not unlikely that steady state was not reached in all LC,
toxicity tests. Also the time until death differs. LCs, values
were determined in 14-day acute toxicity tests, while for two
chlorobenzenes the LBB was determined in short-term ex-
periments. As was already discussed (BELFROID et al.
1993b), LBB can be influenced by time, especially for the
less hydrophobic chemicals.

Table 5: LC50 values for the toxicity of four chlorobenzenes to Eisenia andrei in four different types of soil (data from VAN GESTEL et al. 1991}

LC50 (in mg/kg)
Chemical Sandy soil | Sandy soil Il Peaty soil OECD attificial soil
% OMa 3.7 6.1 15.6 8.1
1,4-dichlorobenzene 128 n.d.b n.d. 229
1,2,3-trichlorobenzene 134 240 596 134
1,2,3,4-tetrachlorobenzene 75 n.d. n.d. 223
pentachlorobenzene 134 n.d. n.d. 238

4 Organic matter
b Not determined

Table 6: Calculated steady state body burdens in earthworms at soil
concentrations equal to LC50 values (— Table 5) and observed
lethal body burdens (LBB) (data from BELFROID et al. 1993b),
both in umol/g

Chemical Calculated C,,n2 | Observed LBB

1,4-dichlorobenzene |0.63 — 0.76 (0.33p
1,2,3-trichlorobenzene | 0.39 — 0.92 051 - 069 (2.1)
1,2,3,4-tetrachlorobenz.| 0.48 — 0.66 (3.2)
pentachiorobenzene |[0.75 — 0.91 146 - 234 (1.29)

4 Calculations based on the model presented in this paper
b Values in parenthesis represent LBBs observed in earthworms that died within
2 days in the contact paper test, other LBBs are from experiments in water, soil

and with food

4 Model Calculations

4.1 Experimental Data

In the previous section a model is described that can be used
to calculate the absolute and relative contribution of two
routes of uptake, uptake from interstitial water and dietary
uptake, to the total steady state concentration of a
hydrophobic organic chemical in the earthworm. The
calculations can be based both on estimated data and on ex-
perimental data. However, experimentally determined
parameters that could be used for the model calculations are
scarce. Only for penta- and hexachlorobenzene, all
parameters necessary are known (— Table 1). With these
data, and K, values calculated using Equation 12 and 13,
the relative contribution of both routes of uptake to the total

ESPR — Environ. Sci. & Pollut. Res. 2 (1) 1995

body burden is calculated. The standard error in K, and the
propagation of the errors was calculated according to SokaL
and ROHLF (1981). The results are summarized in Table 7.
Bioconcentration of chemicals from interstitial water is the
most important route of uptake. The contribution of dietary
uptake to the total body burden is comparatively small for
both penta- and hexachlorobenzene in OECD artificial soil.
This seems to be in contrast with observations of BELFROID
et al. (1994a). They conluded that for hexachlorobenzene
dietary uptake is important, because the bioaccumulation fac-
tor BAF measured in soil was 2 -3 times higher than the
bioconcentration factor BCF measured in water. However,
als already stated, such a comparison between BAF and
BCF,, should not be made, since the kinetics of the com-
pounds tested in both test systems were proven to be dif-
ferent, while they should be equal to allow for a comparison.
In conclusion, these experimental data show that the con-
tribution of dietary uptake to the total body burden for these
two compounds is small compared to the contribution of up-
take by passive diffusion from interstitial water.

Table 7: Relative contribution of two routes of uptake to the total body
burden of the contaminant in the earthworm Eisenia andrei
in OECD artifical soil. Calculations based on the model
presented in this paper

Chemical dietary uptake |uptake from interstitial water

2.7% (1.2)a
12.2 % (2.2)

97,3 % (14.4)
87.8 % (9.2)

pentachiorobenzene
hexachlorobenzene

2 Standard error in parenthesis
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4.2 Estimated Data (log K,,, 2-7)

The model can also be used to predict the relative contribu-
tion of the two routes of uptake to the total steady state con-
centration for hydrophobic organic chemicals based on an
estimation of the necessary parameters. Three chemicals with
log K, of 2, 4.5 and 7 and three different types of soil, a
sandy soil with 3 % organic matter, an average soil with 8 %
organic matter and a soil with a high organic matter con-
tent of 20 %, are selected for the calculations. The standard
error in the parameters and the propagation of the errors
was calculated according to SokAL and ROHLF (1981).
Results are shown in Table 8. In Fig. 2 this is visualized for
the complete K, range. Both from the table and the figure
it can be concluded that the major route of uptake is by
passive diffusion from the interstitial water. Under most cir-
cumstances, dietary uptake contributes for less than 10 %.
In soils with a high organic matter content the contribution

of this route becomes more important. Especially for ex-
tremely hydrophobic chemicals, the contribution of dietary
uptake can increase up to = 50 % in soils with a high
organic matter content, while in a sandy soil this is only =
10 %. This increased contribution is not due to an increased
dietary uptake, but to the decreased uptake from interstitial
water. The availability of a chemical in interstitial water,
which is mainly determined by the organic matter content
in soil, is reduced in these high organic soils. On the other
hand, the availability of a chemical in soil with a low organic
matter content, will be high, resulting in a diminished con-
tribution of the dietary uptake route. In summary, with
decreasing organic matter contents, the significance of the
interstitial water route increases, while, on the other hand,
with increasing organic matter contents, the contribution of
dietary uptake increases because of decreasing interstitial
water uptake.

Table 8: Relative contribution of two routes of uptake to the total body burden of three contaminants with log K, = 2, 5 or 7 in the earthworm
Eisenia andrei in soil with a low and high organic matter content (3 and 20 % ). Calculations based on the model presented in this paper

log K, of Accumulation in sandy soil Accumulation in ,,rich* soil
chemical
dietary interstial water dietary interstitial water
2 0.0 % (0.0)2 100 % (160) 0.25 % (0.05) 99.7 % (159.6)
5 1.2 % (0.2) 98.8 % (3.9) 7.6% (1.4) 92.4 % (3.7)
7 11.0 % (2.0) 89.0 % (6.8) 45.2% (8.3) 54.8 % (4.2)

a Standard error in parenthesis

% contribution to total uptake

4
log Kow

Fig. 2: Calculated relative contribution of uptake from interstitial water
to the total uptake in earthworms for organic hydrophobic
chemicals with log K, between 2 and 7 in three different types
of soil with A) 20 %, B) 8 % and C) 3 % organic matter

Extrapolation of the model to log K, > 7 may not be
allowed. With increasing log K, both E and k, decrease,
until E is zero at log K, 8 —9 (GoBAs et al. 1988; Op-.
PERHUIZEN et al. 1985). For these chemicals dietary uptake
is completely inhibited. Because of the low solubility in in-
terstitial water and the high adsorption to soil of these
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chemicals, uptake from interstitial water will also be very
small.

5 Discussion

5.1 Application of the Equilibrium Partitioning Theory

The equilibrium partitioning model (VAN GESTEL and Ma
1988, 1990; DiTorO et al. 1991; ZIEGENFUSS 1986) is
based on the hypothesis that only the fraction of the chemical
dissolved in interstitial water is available and that only this
fraction determines the concentration of the chemical in the
worm. Dietary uptake is assumed to be absent, or a least
to be negligible. Calculations based on our model clearly
show that the contribution of dietary uptake can be signifi-
cant under certain circumstances. However, for most
chemicals in most soils, the relative contribution of dietary
uptake is only small. This small contribution of the dietary
route might explain why experiments meant to study the
suitability of the equilibrium partitioning model, such as car-
ried out by VAN GESTEL and Ma (1988, 1990) and OLIVER
(1987) for terrestrial and aquatic worms, always resulted in
a confirmation of the model. As our approach shows, scien-
tifically this is incorrect, especially for the more hydrophobic
chemicals in soils with a high organic matter content.
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5.2 Uncertainties

Some uncertainties still remain. For example, the feeding
behaviour of earthworms might influence the exposure. For
benthic organisms it is known that fine sediment particles
are favoured above bulk sediment. Since hydrophobic
chemicals preferably sorb to this fine organic fraction, the
dietary exposure concentration may be higher than the bulk
concentration (LANDRUM and ROBBINS 1990).

The extrapolation of lab results to the field situation also
involves uncertainties. With increasing contact time between
soil and chemical the bioavailability decreases, probably
because during time the chemical will penetrate deeper into
soil particles. The chemical can become available only after
diffusion, which is a very slow process because of the small
concentration difference within the soil particle. VERMA and
PiLLar (1991) showed that accumulation of hexachlorocyclo-
hexane (HCH) in worms in one-year exposed soil was lower
than in freshly contaminated soil. BELFROID et al. (1995b)
observed that accumulation in worms of chemicals from
Volgermeerpolder soil, in which the chemicals have been in
contact with the soil for several decades, was also less than
anticipated. This means that the model presented here would
overestimate the chemical concentration in the earthworm
in soils contaminated several years ago.

Another uncertainty is the conversion of k;/k, in BCF
(Equation 10). It can be argued that the interstitial water
fraction will be depleted from its chemicals within hours.
Evidence for this depletion is given by BRriGGs and LorD
(1983) who showed that initial uptake of a compound in soil
with a water content of 22 % was larger than in a soil con-
taining 8 % water. Results of LANDRUM (1989) also sug-
gested that uptake from interstitial water is kinetically con-
trolled by desorption from sediment particles. To assess the
consequences of this phenomenom, it is important to know
in what form the chemical is present in soil: For example,
sorbed to soil particles or in crystalline form. In the first case,
since desorption is a slow process, this step will be rate
limiting and BCF is determined by ky/k, which is smaller
than k;/k,. This means that uptake from interstitial water
is smaller than anticipated based on the estimation of the
model. When the chemical is present in crystalline form, the
uptake process will be limited by the rate of solubilization
of the chemical, or, when this is a rapid process, by the dif-
fusion across the membranes of the earthworm. All these
uncertainties which apply for this model, but partially also
for the equilibrium partitioning theory, might involve a risk
when applying the model.

6 Conclusion

In this paper a model is presented which can be used to
estimate body burdens of a range of inert chemicals with log
K,., 2-7 in earthworms. The model incorporates two
routes of uptake: uptake from interstitial water and dietary
uptake. Although many uncertainties still remain, calcula-
tions show that under most circumstances the contribution
of dietary uptake to the total body burden is small. Steady
state body burdens are mainly determined by uptake from

ESPR - Environ. Sci. & Pollut. Res. 2 (1) 1995

interstitial water. In conclusion, estimates of the steady state
body burden calculated with the equilibrium partitioning
model, in which only uptake from interstitial water is taken
into account, might result in a small underestimation of the
real body burden of a chemical in the earthworm.
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Monitoring Behavioural Responses to Metals
in Gammarus pulex (L.) (Crustacea) with Impedance Conversion

Almut Gerhardt

Lund University, Dept. of Chemical Ecology and Ecotoxicology, Ecology Building, S-223 62 Lund, Sweden

Abstract

An impedance conversion technique was used to study the behaviour
of Gammarus pulex (1..) exposed to acutely toxic concentrations of
Pb (0.01, 0.05, 0.1 and 0.5 mg Pb I!) and to field concentrations
of Cu (= 0.05 mg Cu I'). Initial stress responses were studied dur-
ing short-term exposure (1 h) and sublethal toxic effects were mon-
itored during 7 (Pb) and 35 days (Cu), respectively.

Exposure to Pb caused 30 % mortality and resulted in a biocon-
centration factor (BCF) of 2700 at 0.5 mg Pb I'! after 168 h. Ex-
posure to Cu polluted stream water caused no mortality within 35
days and uptake was low (BCF 5.8).

Gammarus pulex reacted with initial stress responses to metal ex-
posure within 30 min. (Cu) or 1 h (Pb). The reactions consisted of
increased ventilation and decreased locomotion.

Sublethal concentrations of Pb and Cu caused toxic effects on the
behaviour of G. pulex after several days of exposure, consisting of
increased ventilation and decreased locomotion.

Impedance conversion is an appropriate method for detecting stress
responses to metals and can be used in “early warning” biomonitor-
ing systems as well as for acute and chronic behavioural toxicity
testing.

Key words: Biomonitoring; exposition; Gammarus pulex; crusta-
cea; metals: Cu, Pb; impedance-conversion technique; Pb (NO3),

1 Introduction

Behaviour is the final outcome of a sequence of neurophys-
iological events including stimulation of sensory and mo-
tor neurons, muscular contractions and release of chemical
messages (LAGADIC et al. 1994). According to the Stimulus-
Integration-Response model (SIR) any overt behavioural re-
sponse may be seen as a result of integrating external abio-
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tic and biotic stimuli (SCHERER 1992). Behavioural respon-
ses integrate many cellular processes vital to an organism’s
survival and reproduction, thus reflecting both biochemical
and ecological consequences of toxic impact (JANSSEN et al.
1994). Changes in behaviour appear to be among the most
sensitive indicators of environmental alterations (WARNER
1967; ATCHISON et al. 1987; BEITINGER 1990).

Behavioural responses to pollutants can generally be of two
different characters:

1) A trial to maintain homeostasis in the body by compen-
satory responses due to “loading stress”, which increases
the cost of maintenance,

2) an overt effect at toxic concentrations above the regula-
tive capacity, caused by “limiting” stress.

These two categories of environmental stress have been de-
fined in terms of oxygen transport and aerobic metabolism
(WILSON et al. 1994), but might be used in a broader sense.
This makes behavioural parameters to come into focus in
aquatic toxicity testing (toxic effects) and biomonitoring of
water pollution (compensatory initial stress responses).

Biomonitoring has several advantages over chemical moni-
toring in the continuous survey of pollutants in streams. Bio-
monitoring results are more relevant than chemical monitor-
ing because

(1) it takes the whole mixture of toxicants into account, in-
cluding synergistic or antagonistic effects,

(2) it puts the organism in focus instead of giving concen-
tration levels, which do not say anything about toxic
effects at the organism-, population- or ecosystem level
and
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