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The aim of this study was to compare the toxic effects of selected two- and three-ringed PAHs

(naphthalene, phenanthrene, and anthracene) and their N-heterocyclic analogs with one (quinoline,

acridine, and phenanthridine) or two (quinoxaline, phenazine, and 1,10-phenanthroline) nitrogen

atoms on the survival and reproduction of Enchytraeus crypticus in artificial soil. Toxicity of compounds

was recalculated to soil pore-water concentrations using the data of chemical analyses of 0.01 M CaCl2

extracts of spiked soils. When toxicity was based on molar concentrations in pore water (mmol/L), it

significantly increased with increasing Kow value. This relationship indicates nonpolar narcosis as the

general toxicity mechanism of the tested compounds. In addition, significant correlation between the

toxicity of PACs and their ionization potential has been identified by multidimensional QSAR models.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Polycyclic aromatic compounds (PACs) are ubiquitous envir-
onmental pollutants, which are released into the environment
mainly from incomplete combustion of organic matter, waste,
and fossil fuels (e.g. vehicle emissions, heat and energy produc-
tion). Other sources are crude oil, coal, creosote, and tar proces-
sing; gasworks; oil drilling; chemical manufacturing; wood
treatment; accidental spills or old stocks leakages; and the use
of pesticides. Soils, due to their large retention capacity, serve
frequently as a sink and also as an important source of PACs in the
environment. Background levels of total PACs in soil samples are
usually in the range of 10–1000 mg/kg (Douben, 2003; Hofman
et al., 2004; Wild and Jones, 1995). On the other hand, their
concentrations at contaminated sites can be found to be between
10 000 and 100 000 mg/kg (Hofman et al., 2004; Wild and Jones,
1995; WHO, 2004).

Significant fractions of PACs are homocyclic polyaromatic
hydrocarbons (PAHs) and heterocyclic compounds, for example
NPAHs with one or more in-ring carbons replaced with nitrogen.
NPAHs, other heterocyclic PACs, and PACs transformation
products are usually present in the environment in amounts up
to 1–10% of total PACs content (Leon Paumen et al., 2008a;
ll rights reserved.

an).
Bleeker et al., 2003). Despite NPAHs exhibiting lower levels than
PAHs, specific properties make NPAHs comparatively hazardous
in the environment. Due to C–N in-ring substitutions, they are
more polar, water soluble and consequently more mobile and
bioavailable in the environment than the corresponding PAH
analogs (WHO, 2004; Bleeker et al., 2002a, 2003). NPAHs are also
more reactive, which may result in their higher specific toxicity
compared to PAHs (Bleeker et al., 2002a, 2003). However, the
validity of these conclusions with respect to the soil environment
should be verified because the studies performed so far have been
limited to azaarenes (NPAHs with only one C–N substitution).

The prevalent mode of the toxic action of PACs without
functional groups is the interference with biological membrane
fluidity and functions, i.e. nonpolar narcosis (baseline toxicity).
However, many PACs have also shown other, more specific modes
of actions such as genotoxicity, mutagenity, carcinogenity, ter-
atogenity, endocrine disruption, etc. Besides the effects on verte-
brates, the toxic effects of PAHs and NPAHs on aquatic organisms
(acute toxicity, effects on reproduction, growth, and metabolism,
morphological changes, and induction of biochemical markers)
have been intensively studied (Bleeker et al., 1998, 2002a, 2002b;
Van Vlaardingen et al., 1996; Feldmannová et al., 2006). Com-
pared to aquatic ecotoxicology, few data are available on the
effects of PACs in soil.

There has been an increasing trend in recent years to address
the soil or sediment toxicity not only for PAHs but also for
heterocyclic aromatic compounds and transformation products
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of PAHs. The effects of eight PACs (including phenanthrene and
acridine selected in our study) on soil microorganisms (Sverdrup
et al., 2002a), terrestrial plants (Sverdrup et al., 2003), springtails
(Sverdrup et al., 2001), enchytraeids (Sverdrup et al., 2002b),
earthworms (Sverdrup et al., 2002c), and snails (Sverdrup et al.,
2006) have been investigated. The same authors also tested the
toxicity of a large list of PAHs (including naphthalene, anthracene,
and phenanthrene selected in our study) on the springtail
Folsomia fimetaria (Sverdrup et al., 2002d). The toxicity of nine
PACs (including naphthalene, anthracene, phenanthrene, quino-
line, acridine, and phenanthridine selected in our study) and two
transformation products (Droge et al., 2006) was tested on
Enchytraeus crypticus and Folsomia candida. Recently, the effects
of four NPAHs (quinoline, acridine, phenazine, and 1,10-phenan-
throline) including those with two C–N substitutions were stu-
died on earthworms, enchytraeids, springtails, and nematodes
(Kobetičová et al., 2008). The potential of NPAHs to modulate the
biomarkers of detoxification and oxidative stress in enchytraeids
(Šuteková et al., 2007) or terrestrial plants (Pašková et al., 2006)
has also been investigated. Several studies have been published
about the toxicity of PAHs and NPAHs to sediment organisms
(Bleeker et al., 1998, 2002b, 2003), and Leon Paumen et al.
(2008a) addressed the similar issues as the published soil studies.

The persistence, bioavailability, and toxicity of PACs in soils
are mainly influenced by their structure and chemical properties,
physico-chemical properties of soils, and by the individual sensi-
tivities of exposed organisms. To improve PACs risk assessment,
to enable extrapolation and modeling, and to prevent the need for
testing every single compound, an understanding of the relation-
ships between chemical properties and their fate and toxic effects
in soils is needed. In aquatic studies, the relationship between
toxicity per se and other factors can be directly studied. However,
in soil studies, the bioavailability of chemicals must be considered
first, because it determines the exposure concentration. In soil, a
three-phase model was proposed involving soil to pore-water and
pore-water to organism partitioning as a part of quantitative soil
structure–activity relationships (QSARs) (Van Gestel and Ma,
1990; Van Gestel et al., 1991; Belfroid et al., 1996). Because these
two partitioning processes counteract each other in soils, soil
toxicities (expressed as soil concentrations) of organic chemicals
tend to be relatively similar and independent of the octanol–
water partitioning coefficient (Kow). If the toxicity values
are converted to soil pore-water concentrations according to
equilibrium partitioning theory (Di Toro et al., 1991; Van Beelen
et al., 2003), the relationship between toxicity and lipophilicity
(Kow) is clearly revealed (Bleeker et al., 2003; Sverdrup et al.,
2002a, 2002d; Van Gestel and Ma, 1990; Van Gestel et al., 1991;
Leon Paumen et al., 2009). Not only the relationship between
toxicity and Kow, but also the other parameters such as steric,
electronic, structural, or topological indices of PACs have been
studied in aquatic studies (Van Vlaardingen et al., 1996; Bleeker
et al., 1998, 2002b; Feldmannová et al., 2006; Leon Paumen et al.,
2009). However, other parameters besides Kow have never been
employed in soil studies.

The main objectives of this study were
1)
 to compare the toxicity of selected two- and three-ringed
PAHs (naphthalene, phenanthrene, and anthracene) and their
N-heterocyclic analogs containing one (quinoline, acridine,
and phenanthridine) and two (quinoxaline, phenazine, and
1,10-phenanthroline) nitrogen atoms on the survival and
reproduction of E. crypticus in the standard OECD artificial soil
test and
2)
 to investigate the relationships between the observed toxici-
ties and properties of the tested compounds using the recal-
culation to soil pore-water concentrations.
2. Materials and methods

2.1. Test organisms

E. crypticus was permanently cultured in the laboratory of soil ecotoxicology

at the Research Centre for Toxic Compounds in the Environment—RECETOX

(Masaryk University, CR). Enchytraeids were bred in OECD artificial soil moistened

to 50% of water holding capacity (WHC) and fed weekly with autoclaved rolled

oatmeal.

2.2. Experimental soil

Standard artificial soil (OECD, 2004) was used in this study, which consisted of

69.5% fine quartz sand, 10% sphagnum peat (Agro CS, CR; dried and sieved through

a 2 mm sieve), 20% clay (Sigma-Aldrich, CR; no. 18672), and 0.5% calcium

carbonate. The content of organic carbon was 4.85%, cation exchange capacity

was 14.9 meq/100 g, and soil pHKCl and pHH2O were 5.8 and 6.5, respectively.

2.3. Tested compounds

Naphthalene, phenanthrene, anthracene, quinoline, phenanthridine, acridine,

quinoxaline, 1,10-phenanthroline, and phenazine were purchased from Sigma-

Aldrich, CR. The purity of each test compound was more than 97%. Their structural

formulas and their relevant physical–chemical properties are given in Table 1.

Molecular structures of each of the tested compounds were prepared employing

quantum mechanical methods (parametric method number 5) implemented in the

computational chemistry program CAChe 7.5 (Fujitsu Limited, Japan). Eighteen

descriptors were then calculated for each of the tested compounds.

2.4. Preparation of tested chemicals and spiking

The tested substances were dissolved in acetone (99.8% purity, Chromservis

Ltd., CR) in a stock solution corresponding to the highest test concentration

(2500 mg/kg soil dry weight). The stock solutions were diluted with acetone to get

desired concentration ranges. Solvent control, water control (without solvent and

chemical), and six concentrations (100, 500, 1000, 1500, 2000, and 2500 mg/kg

soil dry weight) were used for each compound. Concentrations of 200, 400, 800,

and 1600 mg/kg soil dry weight were added for naphthalene and quinoxaline for

the expression of a dose–response curve because toxicity could not be calculated

from the original concentration rate. Pure acetone was used for the control

samples. Five replicates were used for the control and for each test concentration.

Ten grams (Sverdrup et al., 2002b) of dry artificial soil was weighed into each test

vessel. The soil was spiked with 1 ml of the appropriate spiking solution on the

soil surface. The solvent was allowed to evaporate from the soil under a fume hood

for 24 h. On the following day, distilled water (3 ml) was added to the soil in each

test vessel to adjust soil moisture to 50% WHC and the soil was thoroughly mixed.

The test vessels were covered by lids and stored at 20 1C for the next day when

tests were started.

2.5. Toxicity test

Tests with E. crypticus were performed according to OECD guideline 220

(OECD, 2004). Ten adult worms with clitellum were added to each vessel with

spiked or control soil. Animals were exposed to soil for 28 days at 20 1C under 16/8

light–dark cycles. Approximately 25 mg of dry rolled autoclaved oatmeal per

container was added and the moisture loss was checked weekly. Moisture was

controlled by reweighing each test vessel once a week. An appropriate decrease in

humidity was replenished by adding distilled water. At the end of the exposure

period, enchytraeids were killed by 5 ml of ethanol applied to the soil and colored

by Bengal red. The numbers of surviving adults and juveniles were manually

counted in each vessel.

2.6. Pore-water concentrations

Pore-water concentrations of all compounds were analyzed at the beginning

of the test (1 day after soil spiking) and at the end of the test (28 days after soil

spiking) using 0.01 M CaCl2 extractions. The concentration of 1000 mg/kg soil dry

weight was used for the extraction because this concentration was close to the

majority of LC50 and EC50 values of tested compounds. Spiked soil (2 g wet weight)

was mixed with 40 ml of 0.01 M CaCl2 in 50 ml Teflon centrifugation tubes

(Nalgene Oak Ridge) and permanently shaken for 12 h. The tubes were centrifuged

for 30 min at 4000 rpm. The supernatant was filtered through a 0.42 mm nylon

syringe filter into a 1.8 ml high performance liquid chromatography (HPLC) vial,

which was subjected to the automated HPLC analysis. An Agilent 1100 series

liquid chromatograph (Agilent Technologies, Inc., Palo Alto, CA) with a DAD and

FLD detector and Zorbax Eclipse XDB-C18 column (5, 150, and 4.6 mm ID; Agilent



Table 1
Molecular structure and selected properties of nine tested PACs: molecular weight (Mw), water solubility (Sw), octanol–water partitioning coefficients (log Kow).

Structure CAS number Mw Sw
a (lmol/L) pKa

a Log Kow
b

Naphthalene 91-20-3 128.17 247 – 3.30

Quinoline N 91-22-5 129.16 47 306 4.90 2.03

Quinoxaline

N

N 91-19-0 130.15 507 107 0.58 1.32

Anthracene 120-12-7 178.23 0.24 – 4.45

Acridine N 260-94-6 179.22 214 5.45 3.40

Phenazine

N

N 92-82-0 180.21 89 1.19 2.84

Phenanthrene 85-01-8 178.23 6.45 – 4.46

Phenanthridine

N

229-87-8 179.22 1683 4.61 3.48

1,10-Phenanthroline N
N

66-71-7 180.21 14927 4.27 1.78

a Sw (converted from mg/L units) and pKa were found in the Syracuse Research Corporation PhysProp Database www.syrres.com/esc/physdemo.htm.
b Experimentally determined log Kow values from Hansch et al. (1995).
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Technologies, US) was used for the chromatographic analyses. The water/acetoni-

trile mobile phase was used for gradient elution of a mixture of used analytes. The

mobile phase flow was 0.5 ml/min and column temperature was 15 1C. Chroma-

tograms were recorded at 220, 224, 234, 248, and 280 nm if DAD detection was

used; lex of 250 nm and lem of 370 nm were used for the fluorescence detection.

Quantitative measurements were performed on the basis of the absolute calibra-

tion curve method within the range of 0.2–200 ng per injection of each analyte.

Limits of detection (LOD) were calculated as a signal to noise ratio of 3.

Toxicities of PACs were recalculated to equilibrium pore-water concentrations as

LC50 ðmmol=LÞ ¼ ðLC50 ðmg=kgÞCextract-1 day ðmg=mlÞ=1000 ðmg=kgÞ=Mw ðg=molÞ=1000

where LC50 (mg/kg) is the nominal concentration of the compound, 1000 (mg/kg)

is the soil concentration of the compound prepared for 0.01 M CaCl2 extraction,

Cextract-1 day (mg/ml) is the concentration of the compound in 0.01 M CaCl2 solution

when soil was extracted 1 day after spiking, and Mw is the molecular weight of the

compound (g/mol).

The same equation was used for EC50 values.

2.7. Data analysis

The concentration at which 50% of adult survival (LC50) and 50% inhibition of

the reproductive output (EC50) were observed was calculated by logistic regres-

sion analysis with least squares method according to Haanstra et al. (1985) and

Sverdrup et al. (2001). The relationships between the properties of compounds

and their toxicities were analyzed by the Pearson correlation. All statistical

analyses were done using STATISTICA 8.0 software. The multivariate statistical

method, Partial Least Squares (PLS) modeling implemented in SIMCA-Pþ12

(Umetrics AB, Sweden), was employed to identify additional relationships

between physico-chemical descriptors and the toxicity data. All data were

centered and scaled to unit variance, and toxicity data were logarithmically

transformed for the purpose of PLS modeling. The multiple regression coefficient

(R2) and cross-validated regression coefficient (Q2) were used as criteria for QSAR

model development. QSAR models were validated by permutation testing, where

the tested model is rebuilt 200 times with dependent variables randomly

reordered. The tested model is assumed to be valid if significantly lower values

of R2 and Q2 are obtained for models with permutated dependent variables.
3. Results

All performed toxicity tests were valid, because the average
survival was higher than 80% and the number of juveniles was
higher than 100 per test vessel in the controls. Dose–response
curves are shown in Fig. 1. The most tested compounds revealed
full dose–response curves in the tested range of concentrations,
but anthracene and its heterocyclic analogs still showed 35–45%
survival at the highest concentration tested (2500 mg/kg). Results
expressed as LC50 and EC50 in nominal soil concentrations with
95% confidence intervals are shown in the first columns of Table 2
for comparison to other studies (e.g. Sverdrup et al., 2002b; Droge
et al., 2006; Kobetičová et al., 2008). However, they cannot be
used to analyze the relationships between toxicity and properties
of compounds, because they do not separate toxicity per se and
changes in the exposure concentrations due to different bioavail-
abilities of the compounds.

Therefore, PACs concentrations in 0.01 M CaCl2 extracts 1 day
after spiking and at the end of the test (28 days after spiking)
were analyzed and are shown in Table 2. These concentrations
increased with increase in the number of nitrogen atoms in the
molecule and were substantially lower for three-ringed PACs.
PAC concentrations in 0.01 M CaCl2 extracts at the end of the test
(28 days after spiking) were generally lower than those obtained
1 day after spiking, which indicated stronger binding of PACs on
soil or their loss during the test.

When the toxic effects of nine PACs were expressed as pore-
water concentrations on a molar base (the last two columns in
Table 2), a clearly different ranking in the toxicity was observed
than when the soil concentrations were considered. Due to large
differences in extractability to 0.01 M CaCl2 (i.e. differences in soil
sorption), toxicities expressed as pore-water concentrations
spread over several orders of magnitude.

Dependence of the PACs toxicity expressed as soil pore-water
concentrations on their structure and properties is apparent.
Toxicity decreased with increase in the number of N atoms in
the molecule and that two-ringed compounds were less toxic
than the three-ringed ones. The toxicity decreased significantly
with increase in lipophilicity (Fig. 2)—Pearson correlation showed
r¼�0.87 (po0.05) for LC50 and r¼�0.86 (po0.05) for EC50.

www.syrres.com/esc/physdemo.htm
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Fig. 1. Dose–response curves for survival (number of adults) and reproduction (number of juveniles) of Enchytraeus crypticus exposed to nine PACs. Full squares (survival)

and empty circles (reproduction) show mean7standard errors (n¼5). Dose shows soil concentrations in mg/kg soil dry weight.

Table 2
Results of the toxicity tests of nine tested PACs expressed as LC50 and EC50 in nominal concentrations (mg/kg), concentrations (mean7S.E., n¼3) of compounds in 0.01 M

CaCl2 solution (Cextract) when soil was extracted 1 day or 28 days after spiking with 1000 mg/kg of individual compounds, and toxicity values LC50 and EC50 expressed as

soil pore-water concentrations (mmol/L) recalculated from nominal concentrations using the extracted concentrations Cextract-1 day. In parentheses, 95% confidence intervals

are shown.

LC50 (mg/kg) EC50 (mg/kg) Cextract-1 day (lg/ml) Cextract-28 days (lg/ml) LC50 (lmol/L) EC50 (lmol/L)

Naphthalene 1025 (978–1071) 587 (527–648) 5.4070.47 0.003a 43.2 (41.2–45.2) 24.8 (22.2–27.3)

Quinoline 2093 (2012–2173) 990 (744–1237) 14.870.58 8.6770.13 240 (231–249) 114 (86–141)

Quinoxaline 787 (716–857) 397 (307–487) 33.072.18 31.170.15 199 (182–218) 101 (77.8–124)

Anthracene 2303 (1743–2862) 1113 (918–1308) 0.002a 0.002a 29.1�10�3b 12.1�10�3b

Acridine 2610 (2189–3031) 1412 (1187–1638) 0.1270.01 0.0970.02 1.7 (1.4–1.9) 0.9 (0.8–1)

Phenazine 2488 (2377–2599) 1073 (916–1229) 7.6270.19 5.4770.43 105 (101–110) 45.4 (38.9–51.8)

Phenanthrene 1708 (1495–1920) 869 (627–1110) 0.0570.03 0.002a 0.4 (0.39–0.49) 0.2 (0.16–0.28)

Phenanthridine 2000 (1888–2112) 846 (678–1015) 0.7970.19 0.8570.26 8.9 (8.4–9.4) 3.8 (3–4.5)

1,10-Phenanthroline 1692 (1433–1951) 796 (653–939) 2.7170.02 2.6970.003 25.4 (21.6–29.3) 12.0 (9.9–14.1)

a Concentration was below the limit of detection, which is used here as the result.
b Effective concentrations calculated from the limit of detection.
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PLS modeling was applied to identify other physico-chemical
properties of PACs contributing to their toxicity besides Kow. QSAR
models explained about 80% of the quantitative variance in
toxicity data (Fig. 3). Two significant molecular descriptors were
identified in the following QSAR models for all nine tested PACs:
log LC50¼�0.53log Kowþ1.52IP�10.76 (R2

¼0.80, Q2
¼0.67, and

po0.05) and log EC50¼�0.55log Kowþ1.58IP�11.53 (R2
¼0.81,

Q2
¼0.72, and po0.05). Descriptor IP stands for the ionization

potential (in eV) of the investigated PACs. Both QSAR models were
successfully validated by permutation test and no outliers from
these models were found.

4. Discussion

Enchytraeids are most probably exposed via soil pore water in
the case of PACs with log Kowo5.5 (Belfroid et al., 1996; Ma et al.,
1998; Jager et al., 2000). Also, Jager et al. (2003) demonstrated
that the exposure of oligochaetes to PACs was closely related to
freely dissolved concentrations in soil pore water. Based on these
indications, toxicity values obtained in the soil toxicity test with
E. crypticus should be recalculated to pore-water concentrations
before making any attempt to study the relationships between
toxicity per se and properties of the compounds.

To recalculate the soil toxicity values to soil pore-water
concentrations, we determined the amount of compounds in
0.01 M CaCl2 solution extract (Table 2). This method was also
used for the pore-water concentration determination in other
studies (e.g. Van Gestel and Ma, 1990; Van Gestel et al., 1991;
Sverdrup et al., 2001). It is difficult to say when the relevant
concentration should be determined in the 28-day test with
E. crypticus (i.e. when adults and produced juveniles are mainly
exposed during the 28-day test period). Therefore, concentrations
were determined both at the start and at the end of the test. The
recovery of PACs extracted 1 day after spiking was probably



Fig. 3. Comparison of the experimentally observed toxicity of tested PACs to the toxicity predicted by derived QSAR models on the basis of their log Kow and IP values.

Toxicity is displayed as LC50 and EC50 values (logarithmic values) expressed as pore-water concentrations (log mmol/L) calculated from 0.01 M CaCl2 extraction 1 day after

spiking. Solid line is the PLS model between logarithmed toxicity values and log Kow and IP values.
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calculated from 0.01 M CaCl2 extraction 1 day after spiking. Solid line is the linear regression model between logarithmed toxicity values and log Kow values. Dashed lines

show 95% confidence intervals for the regression model.
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affected mainly by evaporation during spiking and initial fast
sorption, while extraction recovery after 28 days was probably
affected by the PACs degradation, volatilization, and slow seques-
tration into the soil matrix during the test period. Therefore, only
compound concentrations in CaCl2 extract at the start of the test
were used for the expression of molar effective concentrations
(Table 2).

Clear ranks of toxicity were revealed after the recalculation to
soil pore-water concentrations (Table 2). It is apparent that toxicity
decreased with the increasing number of N atoms in the molecule
and that two-ringed compounds were less toxic than the three-
ringed ones. Similar findings on NPAHs toxicity compared to PAHs
were also found in other studies (Sverdrup et al., 2001, 2002a,
2002b; Droge et al., 2006). It seems that expression of the toxicity
as soil pore-water concentrations enables the comparison of
different studies, although the results expressed as soil concentra-
tions are not fully comparable due to different soils used, etc.

Our findings (Table 2) did not confirm the expectations based on
some studies (Bleeker et al., 1998, 2002a, 2003) that NPAHs are
more toxic per se than homocyclic PAHs. Our results showed that
although NPAHs were present in soil pore water at several orders of
magnitude higher concentrations than PAHs (i.e. they were much
more bioavailable to enchytraeids), they showed similar toxicity to
E. crypticus in soil (compare LC50, EC50 in nominal concentrations
and concentrations extracted with 0.01 M CaCl2 in Table 2). On the
other hand, despite a high pore-water concentration, the uptake of
NPAHs into an organism could be expected to be less than the
adsorption of PAHs due to lower lipophilicity, which could lead
finally to similar body burdens and a similar intensity of effects.
Analysis of the body burdens would be helpful to uncover the whole
process, but unfortunately this is almost impossible to perform for
these compounds. Another issue is that in studies of Bleeker et al.
(1998, 2002a, 2003), when toxicity of PACs was tested in aquatic
tests, there was probability that NPAHs toxicity was affected by
light. UV light was supposed to increase the toxicity of some
compounds in these studies (Bleeker et al., 1998).

A significant relationship between toxicity and lipophilicity
(Kow), as apparent from Fig. 2, suggests nonpolar narcosis as the
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prevalent mode of toxic action for the tested PACs. This is due to
the fact that toxicity to biological membranes (i.e. nonpolar
narcosis) depends mostly on the amount of the compound
accumulated in the membranes, which is directly related to
lipophilicity. Using the regression displayed in Fig. 2, the relative
toxicity of individual compounds can be compared with the
general toxicity—Kow model. Then, compounds can be identified,
which deviate from this model. This might indicate their more
specific mode of action than nonpolar narcosis. In our study, this is
the case for 1,10-phenanthroline, which had higher toxicity than
expected from its Kow. This could be attributed to two nitrogen
atoms and their positions around ‘‘bay region’’ in its structure.
Moreover, biotransformation of these compounds may modify
their toxicities and can be the reason of these deviations from
the model. Anthracene as an outlier could be explained by very low
pore-water concentration. This indicated the highest toxicity of all
compounds, which is higher than would be expected from Kow of
anthracene (Fig. 2). This might also indicate that Kow of anthracene
is higher than the value taken from Hansch et al. (1995).

Some studies showed that lethality was better correlated to
Kow than the effects on reproduction (Droge et al., 2006; Leon
Paumen et al., 2008a). It might be interpreted that lethality is
more likely to be related to narcosis than reproduction. Repro-
duction is affected, rather by sub-lethal effects of compounds
with a specific mode of action or through the organism energy
budget, when there is lower energy for reproduction while
organisms face some specific toxicity. More specific effects are
also related to chronic exposure (Leon Paumen et al., 2008a,
2008b). Similar relationships of LC50 and EC50 with Kow were
observed in our study, which might be related to the fact that
exposure was the same for lethal and sublethal effects. Leon
Paumen et al. (2008a) suggested the ratio LC50/EC50 with a value
of 3 and higher as an indicator of specific sublethal effects
deviating from narcosis. However, if calculated on the basis of
our results, the ratio showed consistent values from 1.2 to 2.4.

In soil ecotoxicology, studies relating toxic effects to other
chemical properties than Kow are missing. We tried to find out if
the deviations from the narcosis model could be explained by
other chemical properties of the studied compounds. Developed
QSAR models (Fig. 3) revealed that the ionization potential of
tested PACs is as important for the explanation of their toxic
effects as their log Kow. For the group of compounds used in our
study (i.e. 3 PAHs and 6 NPAHs), this parameter seems rational to
be included in QSAR models, because for NPAHs, dissociation
(dependent on their ionization potential) affects not only their
behavior in soils but also their toxicity.
5. Conclusions

The toxicity of nine PACs expressed as soil concentrations
showed relatively similar values with the exception of the more
toxic naphthalene and quinoxaline. However, these findings do
not address the toxicity per se of the compounds but rather their
bioavailability. To unravel the differences in the PACs toxicity and
the reasons for such differences, the toxicity was recalculated to
pore-water concentration. Then, we found a significant relation-
ship with the lipophilicity of the compounds, as found in several
studies published previously. Some NPAHs fitted the model,
which means their toxicity is probably comparable with that of
homocyclic PAHs. Some NPAHs deviated from the general trend,
which indicated their specific toxicity actions. In addition, we also
found a significant correlation between the toxicity of PAHs and
their ionization potentials, which can partially explain the
observed deviations from the narcosis model. This kind of model
could be the basis for future toxicity extrapolations.
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