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a b s t r a c t
The aim of the present study was to elucidate consistent patterns in chronic polycyclic aromatic compound
(PAC) toxicity to soil and sediment inhabiting invertebrates. Therefore we examined our experimental
dataset, consisting of twenty-one chronic effect concentrations for two soil invertebrates (Folsomia candida
and Enchytraeus cripticus) and two sediment invertebrates (Lumbriculus variegatus and Chironomus riparius)
exposed to six PACs (two homocyclic isomers, anthracene and phenanthrene; two azaarene isomers: acridine
and phenanthridine; and two azaarene transformation products, acridone and phenanthridone). In order to
determine if effect concentrations were accurately predicted by existing toxicity-Kow relationships describing
narcosis, chronic pore water effect concentrations were plotted jointly against logKow. Fifteen of the twentyone effect concentrations (71%) were above the lower limit for narcosis, showing that narcosis was the main
mode of action for the majority of the tested homo- and heterocyclic PACs during chronic exposure. Toxicity
of all tested compounds to soil organisms was accurately described by the toxicity-Kow relationship. However,
for the sediment invertebrates exposed to some of the tested heterocyclic PACs deviations from narcosis were
identiﬁed, related to speciﬁc physicochemical properties of the test compounds and/or species speciﬁc
sensitivities. It is concluded that existing toxicity-Kow relationships describing narcosis in some cases
underestimate chronic PAC toxicity to sediment inhabiting invertebrates.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Invertebrates inhabiting PAC contaminated soils and sediments
are chronically exposed to a variety of homocyclic and heterocyclic
compounds (Lahr et al., 2003; Liu et al., 2004; Uhler et al., 2005). Until
now, risk assessment for PACs is based on only a limited set of homocyclic compounds, ignoring the vast number of substituted heterocyclic compounds and transformation products. This omission has
gradually been recognized, and consequently heterocycles are receiving a growing scientiﬁc attention (Bleeker et al., 1999a; Wiegman
et al., 2001; Sverdrup et al., 2002a; Feldmannova et al., 2006). For
some groups of heterocyclic compounds, enough data have now
become available to answer the urgent question if standards for the
limited set of homocyclic PACs also sufﬁciently protect against heterocyclic PACs.

⁎ Corresponding author. Tel.: +31 20 525 7717.
E-mail address: M.H.S.Kraak@uva.nl (M.H.S. Kraak).
0048-9697/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2009.04.039

All organic toxicants, including PACs, induce narcosis to some
extent. Many studies have shown that narcosis is strongly related to
the lipophilicity of the compound, often expressed as the n-octanol–
water partition coefﬁcient (Kow) (Könemann, 1981; De Voogt et al.,
1988; Swartz et al., 1995; Chen et al., 1997; Schultz and Bearden, 1998).
However, speciﬁc modes of action (i.e. other than narcosis) cause
deviations from such relationships (Bearden and Schultz, 1998; Escher
and Hermens, 2002). Hence, the relationship between toxicity and
logKow can be used in search for generalizations as well as for identifying exceptions. Bleeker et al. (2002a) applied this approach to
azaarenes, heterocyclic compounds in which a single carbon atom has
been substituted by a nitrogen atom. Previously, azaarene concentrations were thought to be lower (1–10%) than those of the homocyclic
analogues, but recently De Voogt and Laane (in press) reported that
the sum of the concentrations of azaarenes and azaarene transformation products in marine sediments ranged from almost equal to up to
one order of magnitude higher than that of their homocyclic
analogues. Bleeker et al. (2002a) compared the acute toxicity of
azaarenes to the midge Chironomus riparius to that of homocyclic
compounds by plotting the 96 h LC50 values of both groups of
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Table 1
Polycyclic aromatic compounds (PACs) selected for this study and some of their
properties: molecular weight (MW), octanol–water partitioning coefﬁcient (log KOW),
soil/sediment–water partitioning coefﬁcient (log Koc), and water solubility (Sw).
MW

log KOW

Homocyclic PACs
Anthracene

Compound

Structure

178.23

4.53

a

4.3

b

0.37 c

Phenanthrene

178.23

4.48 a

4.2

b

7.20 c

Heterocyclic PACs (azaarenes)
Acridine

179.22

3.27 a

4.1 b

Phenanthridine

179.22

3.44 a

3.8

b

Azaarene transformation products
Acridone (enol)

195.22

2.95

e

3.9

b

logKoc

Sw (µM)

260

c

25.7

d

670 d

that PACs can exert sublethal effects during long-term exposure,
therewith affecting different biological endpoints (Droge et al., 2006;
Feldmannova et al., 2006; León Paumen et al., 2008a). Hence, a
reliable hazard assessment for PACs requires the inclusion of biological endpoints other than mortality, such as chronic effects on
growth and reproduction. This motivated us to assess life cycle effects of homocyclic compounds, azaarenes and stable azaarene transformation products on soil and sediment inhabiting invertebrates
(Droge et al., 2006; León Paumen et al., 2008a,b). Six compounds
were tested: two homocyclic compounds (anthracene and phenanthrene), two azaarenes (acridine and phenanthridine) and the
two main stable transformation products of the azaarenes (acridone
and phenanthridone) (Table 1). We obtained 28 d LC50 and/or
EC50reproduction values for the terrestrial springtail Folsomia candida
and the enchytraeid Enchytraeus crypticus (Droge et al., 2006), the
benthic oligochaete Lumbriculus variegatus (León Paumen et al.
2008b) and the midge Chironomus riparius (León Paumen et al.,
2008a). In each of these studies some generalizations regarding
chronic sublethal effects of homocyclic compounds, azaarenes and
stable azaarene transformation products could be made, but many
exceptions occurred, and these differed between the individual
studies. Therefore, the aim of the present study was to elucidate
consistent patterns in chronic PAC toxicity to soil and sediment
inhabiting invertebrates. To this purpose we compared obtained
chronic effect concentrations to an acute LC50-logKow relationship
describing narcosis, in order to identify both the generalizations and
the exceptions. The exceptions will be examined in more detail using
other physicochemical properties than logKow.
2. Materials and methods

Phenanthridone (keto)

a
b
c
d
e
f

195.22

2.70 f

4.3

b

1428

d

Experimental values from (Helweg et al., 1997).
Values from (Jonassen et al., 2003).
Values from (Pearlman et al., 1984).
Calculated with WSKOW, version 1.40.
Experimental values from (Thomsen, 2002).
Values from (Bleeker et al., 2002b).

compounds against logKow. This comparison revealed that logKow was
accurately describing the acute toxicity of both homo- and heterocyclic compounds (Bleeker et al., 2002a). This generalization is
obviously a big step forward, but the same study demonstrated that
speciﬁc modes of action other than narcosis caused strong deviations
from the relationship between toxicity and logKow (Bleeker et al.,
2002a). Such speciﬁc modes of action may even cause closely related
compounds, such as isomers, to differ several orders of magnitude in
toxicity (Walton et al., 1983; Wood et al., 1983; Kraak et al., 1997;
Wiegman et al., 2001; Bleeker et al., 2002a; Droge et al., 2006; León
Paumen et al., 2008a). Comparative toxicity is further complicated by
the repeated observations that transformation products, generated
with the aim to detoxify the parent compound, may have an
unexpected and sometimes even exceptionally high toxicity. An
intriguing example is the azaarene metabolite acridone, being orders
of magnitude more genotoxic than its parent compound acridine and
its isomer phenanthridone (Bleeker et al., 1999b).
In many short-term high-dose PAC toxicity studies, including
those mentioned above, mortality was used as endpoint. This ignores

This study used life-cycle toxicity data obtained from studies
with the terrestrial springtail Folsomia candida and the enchytraeid
Enchytraeus crypticus (Droge et al., 2006), the benthic oligochaete
Lumbriculus variegatus (León Paumen et al. 2008b) and the midge
Chironomus riparius (León Paumen et al. 2008a) performed earlier
in our laboratories. These studies followed international guidelines
(ISO, 1997; OECD, 2004a,b, 2006) with slight modiﬁcations.
From these life cycle toxicity tests we obtained 28-day LC50 and/or
EC50reproduction values for 4 test species and 6 compounds, which were
used in the present study. Since for the tested compounds, having a
logKow value b5, porewater exposure of the test organisms was
assumed (Belfroid et al., 1996), chronic pore water LC50/EC50 values
(μM) were calculated from the chronic soil/sediment LC50/EC50
values (μmol/kg soil/sediment D.W.), using experimentally determined organic carbon–water partitioning coefﬁcients (Koc values,
Table 1) and the organic carbon content of the reference soil (LUFA 2.2,
a sandy loam soil from Speyer, Germany; 2.2%) and the Dutch reference
sediment (Lake Drontermeer; 8.1%). The calculated porewater LC50

Table 2
Calculated pore water effect concentrations (µM) for the effect of six polycyclic aromatic
compounds (PACs) on survival (LC50) and reproduction (EC50) of terrestrial and
benthic invertebrates (Folsomia candida, Enchytraeus crypticus, Chironomus riparius and
Lumbriculus variegatus).
log
Kow

Soil

Sediment

F. candida
Homoc. Anthracene
Phenanthrene
Azaar.
Acridine
phenanthridine
Tr. pr.
Acridone
Phenanthridone

4.53
4.48
3.27
3.44
2.95
2.70

E. crypticus

C. riparius L.variegatus

LC50 EC50 LC50 EC50 LC50

EC50

–
1.08
14.9
8.9
–
–

0.3
0.4
1.2
0.6
0.5
–

–
0.8
9.8
3.7
–
–

–
10.9
18.3
23.9
–
–

–
1.1
15.4
7.3
–
–

–
0.5
1.4
0.9
4.2
–
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organisms and two endpoints, survival and reproduction, for the
terrestrial organisms, resulting in thirty-six potential effect concentrations. In twenty-one of the thirty-six cases a reliable effect
concentration was obtained (Table 2), in all other cases no toxic
effects were observed. We plotted these chronic LC50 (Fig. 1A) and
EC50 (Fig. 1B) values on the relationship between acute aquatic
LC50 data and logKow by Bleeker et al. (2002a), which describes
narcosis. Fig. 1 shows that all possible outcomes were actually
observed: some compounds were less toxic (e.g. anthracene and
phenanthridone) while others were more toxic than expected (e.g.
phenanthridine). To aid the discussion on generalizations and
exceptions, the results of the comparisons made in Fig. 1 are
summarized in Table 3. Generalizations will be discussed ﬁrst,
followed by the ﬁve different types of exceptions that were found.
3.1. Generalizations

Fig. 1. Effect concentrations for the effect of six polycyclic aromatic compounds (PACs)
on survival (LC50, A) and reproduction (EC50, B) of terrestrial and benthic invertebrates
(♦ Folsomia candida, ■ Enchytraeus crypticus, ▲ Chironomus riparius/Lumbriculus
variegatus), as a function of logKow. Solid line: linear logLC50-logKow relationship for
Chironomus riparius exposed for 96 h to similar PACs (y = − 0.8162x + 3.4936,
r2 = 0.986, (Bleeker et al. 2002a). Dashed line: ratio LC50 from Bleeker et al. (2002a)/
3, lower limit for narcosis.

and EC50reproduction values were plotted against the logKow values of
the tested compounds.
3. Results and discussion
Our experimental matrix consisted of six compounds tested on
four invertebrates, with one (sub)lethal endpoint for the benthic

The main purpose of the present study was to answer the question
if chronic effect concentrations for homo- and heterocyclic compounds and transformation products were accurately predicted by
existing toxicity-Kow relationships. To this purpose the lower limit for
narcosis was estimated by dividing the acute LC50 values from the
LC50-logKow relationship by a factor of 3, because in previous studies
on soil invertebrates a LC50/EC50 ratio larger than 3 suggested sublethal effects of the tested compounds on reproduction, deviating
from narcosis (Droge et al., 2006). Fifteen of the twenty-one effect
concentrations (71%) were above this lower limit for narcosis (Fig. 1
and ‘=’ marks in Table 3), meaning that narcosis was the main effect
for the majority of the tested homo- and heterocyclic compounds
during chronic exposure. Nevertheless, phenanthrene was the only
compound for which nearly all effect concentrations did not deviate
from the acute LC50-logKow relationship, except for the LC50 for E.
crypticus, which was higher than expected (Table 3). The homocyclic
compound phenanthrene is a well-known narcotic compound, and
the results from this study are in agreement with the available literature (Landrum et al., 1992; Neilson, 1998; Sverdrup et al., 2002b).
For the two heterocyclic compounds, the eight effect concentrations
for the two terrestrial invertebrates did not deviate from the acute
LC50-logKow relationship, except for the phenanthridine LC50 for E.
crypticus, which was higher than expected (Table 3). Hence, in agreement with Sverdrup et al. (2002b), it can be concluded that chronic
soil toxicity for homo- and heterocyclic PACs could be accurately
explained by an acute effect-logKow relationship describing narcosis.
For the transformation products only two effect concentrations
were obtained, one agreeing with the relationship (acridone LC50
for C. riparius) and one being lower than expected (acridone EC50 for
L. variegatus) (Table 3). Due to the limited number of effect concentrations (only 2 out of 12 potential effect concentrations) a reliable
comparison with toxicity of their heterocyclic parent compounds and
homocyclic analogues cannot be made. On the other hand, this result
shows that PAC metabolism generally results in transformation

Table 3
Summary of the comparison between chronic effect concentrations for soil and sediment invertebrates and acute LC50s (narcosis) from (Bleeker et al., 2002a).
log Kow

Homoc.
Azaar.
Tr. pr.

Anthracene
Phenanthrene
Acridine
Phenanthridine
Acridone
Phenanthridone

4.53
4.48
3.27
3.44
2.95
2.7

Acute LC50
(µM, Bleeker
et al. 2002a)
0.62
1.16
6.67
4.85
12.18
19.5

Soil

Sediment

F. candida

LC50/EC50

C. riparius

L. variegatus

LC50

EC50

LC50

EC50

LC50

EC50

w
=
=
=
n
c

w
=
=
=
n
c

w
–
=
–
n
c

w
=
=
=
n
c

c
=
=
+
=
c

=
=
+
+
+
c

1.4
1.6
3.6

E. crypticus

LC50/EC50

3.8
1.5
3.0

w: not toxic at highest tested concentration, which was above water solubility; c not toxic at highest tested concentration, which was below the acute LC50; n not toxic at the highest
tested concentration, which was above the acute LC50; − chronic effect concentration higher than acute LC50, = chronic effect concentration similar to acute LC50 (narcosis),
+ chronic effect concentration lower than acute LC50 (speciﬁc effects besides narcosis).
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products that are harmless for most organisms, although unexpected
high metabolite toxicity may be observed occasionally (see below).

risk, it is still hard to ﬁnd reliable values for their physicochemical
properties and accurately estimate their availability in soil and
sediment.

3.2. Exceptions
3.2.1. Compounds for which the predicted effect concentration was above
maximal water solubility
For the homocyclic compound anthracene the predicted effect
concentration (0.62 μM, Table 3) is above maximal water solubility
(0.37 μM, Table 1). Hence, no adverse effects of anthracene at maximal
water solubility were expected, which was indeed the case for the two
terrestrial invertebrates (Table 3). In the experiments with the midge
C. riparius, anthracene was dissolved in acetone and added to wet
sediment, but due to its low water solubility crystallization of anthracene occurred at higher concentrations in the sediment (León Paumen
et al., 2008a). Therefore, the highest reliable test concentration
(0.15 μM) was too low to observe any adverse effects. In contrast, in
the experiments with the benthic oligochaete L. variegatus a different spiking method using dry sediment was applied, and reproduction was affected at a concentration (0.33 μM, (León Paumen et al.
2008b)) similar to the maximal water solubility (0.37 μM). The
similarity between expected effect concentrations and water solubility makes the toxicity of anthracene rather unpredictable: due to
species speciﬁc sensitivities, for some species effect concentrations
may be above maximal water solubility and no effects will be observed. In contrast, for other species (L. variegatus in the present
study) effect concentrations are below maximal water solubility, and
because of high hydrophobicity of anthracene this results in the
lowest effect concentration of the six tested compounds. Likewise, low
reproduction EC10 values for anthracene compared to EC10s for other
PACs were observed for the springtail F. ﬁmetaria (Sverdrup et al.,
2001), while the model used in that study predicted that no chronic
toxicity of anthracene would be observed due its low water solubility.
3.2.2. Compounds for which the highest tested concentration was below
the predicted effect concentration
Phenanthridone has the lowest lipophilicity (Kow) and the highest
water solubility (Sw) of all tested compounds (Table 1). Therefore,
expected effect concentrations were highest (Table 3). Because of the
low solubility of phenanthridone in acetone, the high expected pore
water effect concentration was not achieved with the spiking method
used, and phenanthridone did not exert adverse effects on survival,
emergence or reproduction of any of the test organisms (Table 3).
3.2.3. Compounds which were not toxic at the highest tested concentration,
although this concentration was above the predicted effect concentration
The transformation product acridone did not affect survival and
reproduction of the terrestrial invertebrates, although the highest
tested pore water concentration was far above the acute LC50. Hence,
effects of acridone were expected, but not observed. In contrast,
acridone affected survival or reproduction of the two benthic
invertebrates at or even below expected concentrations (Table 3).
Since narcosis is the minimal toxicity that a compound exerts,
explanations have to be found for the lack of narcotic effects of
acridone to the two terrestrial invertebrates. One reason could be the
experimental Koc value used for the calculation of pore water
concentrations ((Jonassen et al., 2003) (Table 1)), which was much
lower than the value for its isomer phenanthridone. This, together
with the low organic carbon content of the soil, could lead to an
overestimation of the pore water concentration in the soil. Another
explanation could be the faster depletion in the soil compared to
water-saturated sediment, which could limit the availability of the
compounds to the test organisms (Jager et al., 2000). These
considerations underline the fundamental problems in research on
scarcely studied heterocyclic PAC and PAC transformation products:
although there is an urgent need for insight in their fate, effects and

3.2.4. Compounds for which the observed effect concentration was above
the predicted effect concentration
Two of the 21 observed effect concentrations were above the
predicted effect concentration, i.e. effect concentrations for the homocyclic compound phenanthrene and its azaarene analogue phenanthridine on survival of the terrestrial oligochaete E. crypticus. E. crypticus is
known for its low sensitivity to organic compounds compared to the
springtail F. candida (Sverdrup et al., 2002a; Droge et al., 2006; Krogh
et al., 2007; Kolar et al., 2008;), while toxic effects of heavy metals occur
at the same range of concentrations for these two soil invertebrates
(Lock and Janssen, 2003; Kuperman et al., 2004, 2006).
3.2.5. Compounds which were more toxic than predicted
Four of the twenty-one observed effect concentrations (19%)
were lower than expected (Table 3). Since these were all sediment
effect concentrations for heterocyclic compounds, this means that for
benthic organisms, toxicity of heterocyclic PACs is underestimated
using effect-Kow relationships describing narcosis. Three out of the
four exceptions were observed for reproduction of the oligochaete
L. variegatus (EC50s for acridine, phenanthridine and acridone), and
two out of the four exceptions were observed for the two benthic
invertebrates exposed to phenanthridine.
The high sensitivity of L. variegatus reproduction to three of the
four tested heterocyclic PACs could be related to its asexual mode
of reproduction. The soil organisms used in this study and the midge
C. riparius are oviparous, but the oligochaete L. variegatus reproduces
via asexual fragmentation (architomy) under laboratory conditions.
In the architomic ﬁssion process two fragments are formed and the
missing segments are generated during a regeneration period that
lasts more than a week (Leppanen and Kukkonen, 1998; Martinez
et al., 2005). During this period the newly generated worms do not
feed, and high sensitivity to toxicants in the sediment might be related
to the high energy demands for segment regeneration, which could
inﬂuence energy allocation to detoxiﬁcation mechanisms (Penttinen
and Kukkonen, 1998).
The high toxicity observed for the benthic organisms exposed to
phenanthridine compared to its isomer acridine illustrates the drawback of using Kow as a descriptor in studies dealing with isomers. Kow
is a macroscopic property, and therefore differences between Kow
values of isomers will be minimal. Hence, other more speciﬁc physicochemical properties are needed to explain toxicity differences
between closely related compounds. Therefore, several physicochemical properties of the six compounds analyzed in this study were
calculated using ChemProgPro™ and ClogP™ (i.e. charge of the N atom,
charge of the O atom, dipole, HOMO-LUMO gap). For the tested
azaarene isomers the dipole of the molecule, which deﬁnes its
electronic conformation, differed by a factor of 2.5. This difference
may have implications for toxicant-membrane interaction and
receptor binding. In agreement, higher toxicity to mussels of
phenanthridine compared to its isomers has been related to a
combination of physicochemical properties describing the attractive
and repulsive forces governing toxicant-membrane interaction (Kraak
et al., 1997). However, at the moment too little information is available
to link observed effects of PACs to physicochemical properties other
than Kow in a quantitative way.
4. Conclusions
Narcosis was the main mode of action of the tested homo- and
heterocyclic PACs during chronic exposure of soil and sediment invertebrates. However, exceptions related to speciﬁc physicochemical
properties of the compounds and/or species speciﬁc sensitivities were
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also identiﬁed. Particularly benthic invertebrates were sometimes
more sensitive to the tested heterocyclic PACs than expected, meaning
that PAC sediment risk assessment based solely on a small set of
homocyclic structures could be underprotective.
Acknowledgements
This research was supported by the Technology Foundation (STW),
Applied Science Division of The Netherlands Organization for Scientiﬁc
Research (NWO) (project AEB 06364).
References
Bearden AP, Schultz TW. Comparison of tetrahymena and pimephales toxicity based on
mechanism of action. SAR QSAR Environ Res 1998;9:127–53.
Belfroid AC, Sijm DTHM, van Gestel CAM. Bioavailability and toxicokinetics of hydrophobic aromatic compounds in benthic and terrestrial invertebrates. Environ Rev
1996;4:276–99.
Bleeker EAJ, Leslie HA, Groenendijk D, Plans M, Admiraal W. Effects of exposure to
azaarenes on emergence and mouthpart development in the midge Chironomus
riparius (Diptera: Chironomidae). Environ Toxicol Chem 1999a;18:1829–34.
Bleeker EAJ, Van der Geest HG, Klamer HJC, De Voogt P, Wind E, Kraak MHS. Toxic and
genotoxic effects of azaarenes: isomers and metabolites. Polycycl Aromat Compd
1999b;13:191–203.
Bleeker EAJ, Pieters BJ, Wiegman S, Kraak MHS. Comparative (photoenhanced) toxicity
of homocyclic and heterocyclic PACs. Polycycl Aromat Compd 2002a;22:601–10.
Bleeker EAJ, Wiegman S, de Voogt P, Kraak MHS, Leslie HA, de Haas E, et al. Toxicity of
azaarenes. Rev Environ Contam Toxicol 2002b;173:39–83.
Chen J, Wang L, Lu G, Zhao T. Quantitative structure-activity relationship studies of selected
heterocyclic nitrogen compounds. Bull Environ Contam Toxicol 1997;58:372–9.
De Voogt, P., Laane, RWPM. Assessment of azaarenes and azaarones (oxidized azaarene
derivatives) in the Dutch Coastal Zone of the North Sea. Chemosphere. (in press).
doi:10.1016/j.chemosphere.2009.04.029.
De Voogt P, Wegener JWM, Klamer JC, Zijl GAV, Govers H. Prediction of environmental fate
and effects of heteroatomic polycyclic aromatics by QSARs: the position of n-octanol/
water partition coefﬁcients. Biomed Environ Sci 1988;1:194–209.
Droge STJ, Leon Paumen M, Bleeker EAJ, Kraak MHS, van Gestel CAM. Chronic toxicity of
polycyclic aromatic compounds to the springtail Folsomia candida and the enchytraeid
Enchytraeus crypticus. Environ Toxicol Chem 2006;25:2423–31.
Escher BI, Hermens JLM. Modes of action in ecotoxicology: their role in body burdens,
species sensitivity, QSARs, and mixture effects. Environ Sci Technol 2002;36:4201–17.
Feldmannova M, Hilscherova K, Marsalek B, Blaha L. Effects of N-heterocyclic polyaromatic hydrocarbons on survival, reproduction, and biochemical parameters in
Daphnia magna. Environ Toxicol 2006;21:425–31.
Helweg C, Nielsen T, Hansen PE. Determination of octanol-water partition coefﬁcients of
polar polycyclic aromatic compounds (N-PAC) by high performance liquid chromatography. Chemosphere 1997;34:1673–84.
ISO. Soil quality — inhibition of reproduction of Collembola (Folsomia candida) by soil
pollutants. International Organization for Standardization; 1997. p. 1-16.
Jager T, Sanchez FAA, Muijs B, van der Velde EG, Posthuma L. Toxicokinetics of polycyclic
aromatic hydrocarbons in Eisenia andrei (Oligochaeta) using spiked soil. Environ
Toxicol Chem 2000;19:953–61.
Jonassen KEN, Nielsen T, Hansen PE. The application of high-performance liquid
chromatography humic acid columns in determination of K-oc of polycyclic aromatic
compounds. Environ Toxicol Chem 2003;22:741–5.
Kolar L, Erzen NK, Hogerwerf L, van Gestel CAM. Toxicity of abamectin and doramectin
to soil invertebrates. Environ Pollut 2008;151:182–9.
Könemann H. Quantitative structure-activity relationships in ﬁsh toxicity studies. I.
Relationship for 50 industrial pollutants. Toxicology 1981;19:209–21.
Kraak MHS, Wijnands P, Govers HAJ, Admiraal W, de Voogt P. Structural-based differences in ecotoxicity of benzoquinoline isomers to the zebra mussel (Dreissena
polymorpha). Environ Toxicol Chem 1997;16:2158–63.
Krogh PH, Lopez CV, Cassani G, Jensen J, Holmstrup M, Schraepen N, et al. Risk assessment
of linear alkylbenzene sulphonates, LAS, in agricultural soil revisited: robust chronic
toxicity tests for Folsomia candida (Collembola), Aporrectodea caliginosa (Oligochaeta)
and Enchytraeus crypticus (Enchytraeidae). Chemosphere 2007;69:872–9.
Kuperman RG, Checkai RT, Simini M, Phillips CT. Manganese toxicity in soil for Eisenia fetida,
Enchytraeus crypticus (Oligochaeta), and Folsomia candida (Collembola). Ecotoxicol
Environ Saf 2004;57:48–53.

4609

Kuperman RG, Checkai RT, Simini M, Phillips CI, Speicher JA, Barclift DJ. Toxicity
benchmarks for antimony, barium, and beryllium determined using reproduction
endpoints for Folsomia candida, Eisenia fetida, and Enchytraeus crypticus. Environ
Toxicol Chem 2006;25:754–62.
Lahr J, Maas-Diepeveen JL, Stuijfzand SC, Leonards PEG, Druke JM, Lücker S, et al. Responses
in sediment bioassays used in the Netherlands: can observed toxicity be explained by
routinely monitored priority pollutants? Water Res 2003;37:1691–710.
Landrum PF, Eadie BJ, Faust WR. Variation in the bioavailability of polycyclic aromatichydrocarbons to the amphipod Diporeia (spp) with sediment aging. Environ Toxicol
Chem 1992;11:1197–208.
León Paumen M, Borgman E, Kraak MHS, van Gestel CAM, Admiraal W. Life cycle responses
of the midge Chironomus riparius to polycyclic aromatic compound exposure. Environ
Pollut 2008a;152:225–32.
León Paumen M, Stol P, Kraak MHS, van Gestel CAM, Admiraal W. Chronic exposure of
the Oligochaete Lumbriculus variegatus to polycyclic aromatic compounds (PACs):
bioavailability and effects on reproduction. Environ Sci Technol 2008b;42:3434–40.
Leppanen MT, Kukkonen JVK. Relative importance of ingested sediment and pore water as
bioaccumulation routes for pyrene to oligochaete (Lumbriculus variegatus, Muller).
Environ Sci Technol 1998;32:1503–8.
Liu M, Yang Y, Xu S, Hou L, Liu Q, Ou D, et al. Persistent organic pollutants (POPS)
in intertidal surface sediments from the Yangtze estuarine and coastal areas, China.
J Coast Res 2004;43:162–70.
Lock K, Janssen CR. Comparative toxicity of a zinc salt, zinc powder and zinc oxide to Eisenia
fetida, Enchytraeus albidus and Folsomia candida. Chemosphere 2003;53:851–6.
Martinez VG, Menger GJ, Zoran MJ. Regeneration and asexual reproduction share common
molecular changes: upregulation of a neural glycoepitope during morphallaxis in
Lumbriculus. Mech Dev 2005;122:721–32.
Neilson AH. The Handbook of Environmental Chemistry: PAHs and Related Compounds,
vol. 3. Springer Verlag; 1998.
OECD. Guideline 218: sediment-water chironomid toxicity test using spiked sediment.
Paris, France: Organisation for Economic Co-operation and Development; 2004a.
OECD. Guideline 220: enchytraeid reproduction test. Paris, France: Organisation for
Economic Co-operation and Development; 2004b.
OECD. Guideline 225: sediment-water Lumbriculus toxicity test using spiked sediment.
Paris, France: Organisation for Economic Co-operation and Development; 2006.
Pearlman RS, Yalkowsky SH, Banerjee S. Water solubility of polynuclear aromatic and
heteroaromatic compounds. J Phys Chem Ref Data 1984;13:555–62.
Penttinen OP, Kukkonen J. Chemical stress and metabolic rate in aquatic invertebrates:
threshold, dose–response relationships, and mode of toxic action. Environ Toxicol
Chem 1998;17:883–90.
Schultz TW, Bearden AP. Structure-toxicity relationships for selected naphthoquinones
to Tetrahymena pyriformis. Bull Environ Contam Toxicol 1998;61:405–10.
Sverdrup LE, Kelley AE, Krogh PH, Nielsen T, Jensen J, Scott-Fordsmand JJ, et al. Effects
of eight polycyclic aromatic compounds on the survival and reproduction of the
springtail Folsomia ﬁmetaria L. (Collembola, Isotomidae). Environ Toxicol Chem
2001;20:1332–8.
Sverdrup LE, Jensen J, Kelley AE, Krogh PH, Stenersen J. Effects of eight polycyclic
aromatic compounds on the survival and reproduction of Enchytraeus crypticus
(Oligochaeta, Clitellata). Environ Toxicol Chem 2002a;21:109–14.
Sverdrup LE, Nielsen T, Krogh PH. Soil ecotoxicity of polycyclic aromatic hydrocarbons
in relation to soil sorption, lipophilicity, and water solubility. Environ Sci Technol
2002b;36:2429–35.
Swartz RC, Schults DW, Ozretich RJ, Lamberson JO, Cole FA, Dewitt TH, et al. Sigma-PAH — a
model to predict the toxicity of polynuclear aromatic hydrocarbon mixtures in ﬁeldcollected sediments. Environ Toxicol Chem 1995;14:1977–87.
Thomsen, M.,. QSARs in environmental risk assessment. PhD thesis. Roskilde University,
Roskilde, Denmark, 2002.
Uhler AD, Emsbo-Mattingly S, Liu B, Hall LW, Burton DT. An integrated case study for
evaluating the impacts of an oil reﬁnery efﬂuent on aquatic biota in the Delaware River:
advanced chemical ﬁngerprinting of PAHs. Hum Ecol Risk Assess 2005;11:771–836.
Walton BT, Ho CH, Ma CY, O'Neill EG, Kao GL. Benzoquinolinediones: activity as insect
teratogens. Science 1983;222:422–3.
Wiegman S, van Vlaardingen PLA, Bleeker EAJ, de Voogt P, Kraak MHS. Phototoxicity
of azaarene isomers to the marine ﬂagellate Dunaliella tertiolecta. Environ Toxicol
Chem 2001;20:1544–50.
Wood AW, Chang RL, Levin W, Ryan DE, Thomas PE, Lehr RE, et al. Mutagenicity of diolepoxides and tetrahydro-epoxides of benz[a]acridine and benz[c]acridine in bacteria
and in mammalian cells. Cancer Res 1983;43:1656–62.

