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Chapter 1
General introduction

Chapter 1

Do you realise how many of the things we say are just echoes?
Doris Lessing, the Golden Notebook

Polycyclic Aromatic Compounds (PACs) have been classified as priority toxic
substances by the European Commission (European Commission, 2006), and
frequently determine the need for soil and sediment remediation (Lahr et al., 2003).
These organic toxicants, generated mainly by incomplete combustion of organic
materials, have always been present at background concentrations in soils and
sediments around the world (Nam et al., 2008; Neilson, 1998). Recently, PACs have
also been detected throughout
space, and emission of infrared
radiation by large heterocyclic
PACs containing nitrogen is now
being used as tracer of star
formation (Figure 1, Hudgins,
2005). Some astronomists even
consider complex PACs possible
multi-tasking molecules in the
origin of life (Ehrenfreund and
Foing, 1995; Ehrenfreund et al.,
2007), since their stable and
radiation-resistant structure could
Fig 1. NASA Spitzer Space Telescope image of the spiral
have been the primitive building
galaxy M81, located some 12 million light years from
material of bacterial-like memEarth. The infrared radiation emitted by nitrogencontaining PAC molecules is shown in red. Taken from the
branes and metabolic pathways
NASA Ames research Center website.
(http://proto-cells.lanl.gov/). Due
to their omnipresence in the environment, degradation and biotransformation
mechanisms for organic substances have evolved, allowing bacteria and higher
organisms to cope with background PAC concentrations (Van Herwijnen et al., 2003;
Van Straalen and Roelofs, 2006).
Natural emission sources of PACs include volcanism and forest fires, but the
dramatic concentration increase that started at the end of the 19th century is mainly of
anthropogenic origin (Prevedouros et al., 2004; Van Metre and Mahler, 2005). Due to
coal burning in manufactured gas plants, industrial activities, oil drilling and refining
(Lima et al., 2003; Lu et al., 2005; Nam et al., 2008; Srogi, 2007), concentrations of
8
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PACs in soils and sediments have greatly increased (Osborne et al., 1997; Wild and
Jones, 1995). Current background
concentrations of individual PACs in
soil are around 1-10 µg/kg dry soil,
while average concentrations of the
Σ16EPA-PACs (the 16 homocyclic
PACs for which risk assessment is
performed by the US EPA) can reach
4 mg/kg dry soil in urban soils
(Wilcke, 2000), and even 1000 mg/kg
dry soil have been measured at highly
contaminated sites (data from
Bioclear, a Dutch remediation
company).
In the second half of the 20th century,
ecosystem degradation due to
increased concentrations of PACs and
other toxicants (e.g. pesticides,
dioxins,
PCBs,
metals)
was
acknowledged, and measures were
adopted in western countries to reduce
or ban PAC emissions (Hellmann,
2003). Thanks to these measures,
industrial emissions have decreased
and for some PACs even ceased, but
contrary to other contaminants, total
PAC
concen-trations
in
the
environment remain far above
background levels and in some cases
Figure 2. Trends in three groups of contaminant
concentrations in USA lake sediment cores from 1970
are still increasing (Figure 2; Lima,
to 2001 (from Van Metre and Mahler 2005). ΣDDT:
2003, Van Metre, 2005). Thus,
sum of DDT, DDD and DDD; ΣPCBs: sum of Aroclors
although the release of PACs from
1016/1242, 1254, and 1260; ΣPAH: sum of the main
Polycyclic Aromatic Hydrocarbon fractions.
point sources in western countries is
diminishing, diffuse emission sources
persist and hamper reduction of PAC concentrations in the environment. Meanwhile,
the economic globa-lization process started in the end of last century is resulting in
incredibly fast growth and uncontrolled industrialization in eastern countries like
9
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China and India, with a tremendous increase in the use of fossil fuels (e.g. coal, oil,
Figure 3). Due to this increase, a coupled increase in PAC concentrations in air, soil
and sediment is taking place (Liu et al., 2005; Xu et al., 2006). Hence, it can be stated
that industrial PAC emissions are not decreasing, only moving eastwards with
unknown implications for global environmental quality.

Figure 3. Relationship between the development in time of total PAH concentrations in a sediment core and
socioeconomic indicator data (gross domestic product (GDP), power generation and vehicle numbers) of the
Pearl River Delta region (from Liu et al. 2005).

Heterocyclic PACs

Because of their origin, diffuse emission sources and long-range transport, PACs
accumulated in soils and sediments usually occur as a complex mixture. The main
components of this mixture are homocyclic hydrocarbons, fused aromatic rings of
carbon and hydrogen atoms only. Due to their high hydrophobicity, homocyclic PACs
bind to organic matter and their availability in soils and sediments is usually lowered
(Cornelissen et al., 2005; Jonker et al., 2007; Landrum et al., 1992; Moermond et al.,
2007; Xiao et al., 2004). In smaller fractions than homocyclic PACs, a myriad of
heterocyclic structures with in ring substitutions of e.g. nitrogen, oxygen, sulfur and
chlorine atoms occur in the mixture (Neilson, 1998). Due to these substitutions,
heterocyclic PACs are more water soluble than their homocyclic analogues, and
therefore more available in pore water (Chen and Preston, 2004). Although they are
present in fairly high concentrations and their availability is higher compared to their
homocyclic analogues, heterocycles are not included in PAC risk assessment, and are
rarely included in ecotoxicological test schemes. Hence, little information is available
about their occurrence, fate and effects (Chen and Preston, 1998; Chen and Preston,
2004; Kozin et al., 1997; Hogenboom et al., 2008; Osborne, 1997; Wilhelm et al.,

10
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2000). Heterocycles deserve therefore much more scientific attention than they have
received so far.
Azaarenes (heterocyclic PACs with an in ring nitrogen substitution of a carbon
atom) are the most ubiquitous group of heterocycles, comprising up to 10% of the
total PAC concentration (Chen and Preston, 1998; Chen and Preston, 2004; Neilson,
1998; Osborne et al., 1997; Preston et al., 1997). Like their homocyclic analogues, they
are mainly generated by partial combustion of N-containing organic materials
(Wilhelm et al., 2000), but they are also released in the environment from additional
sources, like wood preservation activities using tar oils and, in smaller amounts,
pharmaceutical moieties (Pereira, 1983; Reineke et al., 2007; Westerhoff et al., 2005).
Because of their fairly high environmental concentrations and widespread occurrence,
azaarenes have been chosen as ‘model’ heterocyclic toxicants by our research group
(PhD thesis E.A.J. Bleeker, 1999, PhD thesis S. Wiegman, 2002). Results from these
projects showed that short term toxic effects of azaarenes often occur in the same
range as toxicity of their homocyclic analogues, underlining that their toxicity should
certainly not be neglected (Bartos et al., 2006; Bleeker et al., 2002; Feldmannova et al.,
2006; Jung et al., 2001; Kraak et al., 1997b; Wiegman et al., 2001).
Transformation products

When not sorbed to solid surfaces, PACs are degradable (Guerrero et al., 2002;
Johnsen et al., 2005; Lei et al., 2005; Stroomberg et al., 2004; Van Herwijnen et al.,
2004), and stable degradation products are often found at PAC contaminated sites
(Blotevogel et al., 2007; Pereira, 1983; Pereira, 1988). In the biological transformation
process, PACs are made less hydrophobic by incorporating an oxygen atom in the
molecule. In insects and mammals, hydroxylated PACs are subsequently conjugated to
glutathione or sulfate, ‘carrier’ molecules that facilitate excretion (Barreira et al., 2007;
Paskova et al., 2006). This mechanism allows organisms to cope with the presence of a
wide range of organic toxicants, ubiquitous in terrestrial and benthic environments.
However, biotransformation can also result in activation of the molecules, which
become reactive and form adducts with proteins and DNA before they can be
excreted (Xue and Warshawsky, 2005). DNA adducts are eliminated by repair systems
in the cell, but during continuous exposure mutagenic and teratogenic effects of
transformation products have been observed, mainly in mammalian systems, but also
in other organisms (Aouadene et al., 2008; Cronin and Bickham, 1998; Lemieux et al.,
2008; Neilson, 1998; Papa et al., 2008; Warshawsky, 1992; Wood et al., 1983). For
example, the azaarene metabolite acridone has shown high mutagenicity in the
Mutatox® test compared to its parent compound acridine and its isomer
11
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phenanthridone (Bleeker et al., 1999b), demonstrating the unpredictable consequences
of the transformation process even for closely related compounds. This
unpredictability creates great uncertainties in PAC effect prediction.
PAC exposure of soil and sediment inhabiting organisms

Invertebrates are exposed to PACs accumulated in soil and sediment mainly
through the dissolved fraction of the toxicant in pore water (Belfroid et al., 1996).
When taken up by the organism, non-polar organic contaminants commonly exert
direct toxicity via narcosis, a reversible state caused by non-specific interaction of
lipophilic molecules with biological membranes (Escher and Hermens, 2002). Because
of its non-specificity, all compounds that act via narcosis exert toxic effects (in
equilibrium conditions) at a narrow lipid based concentration range in the organism’s
membranes (McCarty and Mackay, 1993). Consequently, effects observed for one test
organism might be extrapolated to other organisms correcting for lipid content
(Hendriks, 1995; Landrum et al., 2003). As a result, research on organic contaminants,
PACs included, has mainly focused on narcotic effects determined in short-time
water-only experiments. Toxicity data for homocyclic PACs obtained from these
short-term high-dose experiments were successfully related to compound lipophilicity,
expressed as the octanol-water partition coefficient (Kow) (Di Toro et al., 2000;
Hermens et al., 1984). In this way, successful effect predictions for PACs and other
organic compounds could be made using quantitative structure-activity relationships
(QSARs) (Bundy et al., 2001; De Voogt et al., 1988; McCarty et al., 1992; McGrath et
al., 2004; Schultz et al., 2003; Van Leeuwen et al., 1992). However, these short-term
experiments also showed that toxicity of closely related compounds, like isomers, can
differ greatly (Bleeker et al., 2002; Kraak et al., 1997a; Wiegman et al., 2001), and
specific effects other than narcosis were found for some PACs, complicating effect
prediction (Bartos et al., 2006; Bleeker et al., 1999a; Bleeker et al., 2002; Bleeker et al.,
1999b; Jung et al., 2001; Machala et al., 2001). Some of these effects, like
phototoxicity, are explained by specific properties of the molecules (in this case the
HOMO-LUMO gap, (Bleeker et al., 2002; Wiegman et al., 2001)), but
physicochemical properties causing teratogenic or mutagenic effects are less well
characterized in invertebrates, because research has focused mainly on carcinogenic
effects of epoxide PAC metabolites in mammals (Neilson, 1998).
During the last years, ecotoxicological research on PACs has slowly moved from
experiments with mortality as the only endpoint to chronic exposure experiments
testing effects of PAC contaminated soils and sediments on sub-lethal parameters (e.g.
growth, reproduction), more relevant for population effects (Bell et al., 2004; Erickson
12
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et al., 1999; Kreitinger et al., 2007; Landrum et al., 2003; Lotufo, 1998; Shor et al.,
2004; Sverdrup et al., 2002a; Sverdrup et al., 2002d; Van Brummelen et al., 1996;
Verrhiest et al., 2001). One of the main questions is, therefore, if effect-Kow
relationships established for acute water exposure also hold for chronic exposure to
PACs in soils and sediments. In a study by Sverdrup et al. (2001), chronic soil toxicity
data for the springtail Folsomia fimetaria were compared to a QSAR for acute effects,
showing that narcosis was also the main mode of action of homo- and heterocyclic
PACs during chronic exposure, although exceptions were observed as well. This
promising approach will be further explored in this thesis.
Multi-generation exposure

It has frequently been stated that specific effects of PACs besides narcosis, leading
to DNA damage, will only become evident after prolonged exposure, which due to
the persistent nature of these contaminants is also frequently occurring in the field
(Musch, 1996; Neilson, 1998; Street et al., 1998; Van Brummelen et al., 1996).
Cumulative effects of PACs at the population level can only be determined if
exposure of the test organisms lasts longer than one generation (Brennan et al., 2006;
Campiche et al., 2007). Still, very few studies dealing with the effects of multigeneration exposure of soil and sediment inhabiting invertebrates have been reported.
The few published studies on organic compounds indicate that damage accumulation
due to successive generations of exposure to toxicant concentrations below the EC50
affects the fitness of invertebrate populations; and contrary to metals, no adaptation
has been observed (Brennan et al., 2006; Campiche et al., 2007; Postma and Davids,
1995; Tominaga et al., 2003; Vogt et al., 2007). The lack of adaptation to organic
compounds is striking, because they are as widespread as metals and organisms
inhabiting soils and sediments have always been exposed to both. Therefore, studies
comparing single and multi-generation effects of PACs are definitely needed to
determine the real threat they pose to exposed populations.
Environmental risk assessment of PACs

Due to the impossibility of assessing the occurrence and toxicity of the vast
amount of aromatic compounds present in the environment, PAC environmental risk
assessment is performed using a limited set of merely homocyclic structures. This set
consists, for example, of 16 PAHs in the U.S. and 10 PAHs in the Netherlands. For
these compounds, total effect concentrations in soil or sediment are used to set quality
standards. Risk assessment neglects the occurrence of heterocyclic structures, while
recent projects aiming to quantify and rank the occurrence of PAC heterocycles have
shown that they are ubiquitous in e.g. groundwater systems (Blotevogel et al., 2007).
13
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Moreover, the available ecotoxicity data on heterocycles show that they are usually as
toxic as their homocyclic analogues (Bartos et al., 2006; Bleeker et al., 2002;
Feldmannova et al., 2006; Jung et al., 2001; Kraak et al., 1997b; Sverdrup et al., 2001),
and cancer risk due to mutagenic activity of polar (heterocyclic) fractions in complex
PAC mixtures could be significant (Lemieux et al., 2008). This underlines the
importance of generating accurate data on scarcely studied compounds and endpoints,
in order to judge if PACs can be considered to some extent a homogeneous group of
toxicants. The uncertainties that complicate effect prediction (e.g. isomer-specific
toxicity, mutagenicity of heterocycles and transformation products, changes in
availability, specific effects due to prolonged exposure) also hinder the reliability of
PAC risk assessment.
Aim and objectives

The aim of this thesis is to diminish the uncertainties that complicate PAC effect
prediction and risk assessment.
To this purpose, the following objectives have been set:
- To determine life cycle effects of homo- and heterocyclic PACs on soil and
sediment inhabiting invertebrates.
- To validate the application of Kow-based effect relationships to describe general
patterns and exceptions in the outcome of life cycle PAC toxicity experiments.
- To establish multi-generation effects of a homocyclic PAC on a soil inhabiting
invertebrate, and compare them to effects of single generation exposure.
- To review the validity of the present PAC risk assessment by examining the
implications of the long-term toxicity data generated in this thesis.
Test compounds

For the experiments described in chapter 2, eleven PACs belonging to three
important structural groups were chosen as test compounds: six homocyclic PACs,
three azaarenes and two Phase I azaarene transformation products (Figure 4). The
homocyclic structures belong to the 16 EPA PAHs, and the azaarenes are analogues
of three of the chosen homocyclic PACs. The two transformation products have been
detected in laboratory experiments with aquatic invertebrates (de Voogt et al., 1999)
and in the field (Blotevogel et al., 2007). For the experiments performed in chapters 3
14
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and 4, a subset of three three-ring PAC isomer pairs (two homocycles, their two
azaarene analogues and the two main azaarene transformation products; grey panel in
Figure 5) was used. In the multi-generation experiment (chapter 6), the homocylic PAC
phenanthrene was used as test compound.

N

naphtalene

quinoline

pyrene

benz(a)pyrene

benz(a)anthracene

O

N

anthracene

acridine

N

phenanthrene

phenanthridine

N
H

acridone

N
H

O

phenanthridone

Figure 4. Test compounds used for the life cycle and multi-generation experiments. All compounds were tested
in the experiments performed in chapter 2. Grey square: compounds tested in chapters 3 and 4. Phenanthrene
was used for the multi-generation experiment performed in chapter 6.

Test organisms

Four test organisms were chosen to perform the life cycle experiments: two soil
inhabiting invertebrates, the springtail Folsomia candida and the oligochaete Enchytraeus
crypticus, and two sediment inhabiting invertebrates, the oligochaete Lumbriculus
variegatus and the non-biting midge Chironomus riparius.
The cosmopolitan springtail Folsomia candida (Collembolla, Isotomidae, Figure 5) is
a unpigmented invertebrate that inhabits soil pores and feeds on fungal hyphae. It is
considered a tramp species, and has been found mainly in caves and mines, but
recently also in forests and rural areas all around the world. It is in contact with its
environment mainly via the ventral tube, which is used for fluid exchange and is
probably the main route of exposure to chemicals dissolved in pore water (Fountain
and Hopkin, 2005). Populations of F. candida consist exclusively of parthenogenetic
females. Their reproductive organs are infected with bacteria of the genus Wolbachia,
which probably cause the parthenogenesis. F. candida has a short generation time, is
15
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easy to culture in the laboratory and its reproduction is a sensitive endpoint, and
therefore it has often been used to determine effects of chemicals in soil. Studies have
shown that F. candida is more sensitive to organic toxicants than to metals (Fountain
and Hopkin, 2005; Herbert et al., 2004; Kolar et al., 2008; Kuperman et al., 2006;
Sverdrup et al., 2002d; Van Gestel and Hensbergen, 1997). An ISO guideline to
determine effects of chemicals on survival and reproduction of F. candida is available
(ISO, 1999).

Figure 5. Adult Folsomia candida (Fountain and Hopkin, 2005).

The potworm Enchytraeus crypticus (Figure 6) belongs to the Enchytraeidae family,
which are highly abundant in acid organic soils with relatively high moisture content
(Kristufek et al., 1999). They contribute to the breakdown of detritus in the soil by
direct consumption of dead organic material and to soil structure by their excrements
and mucus (Bauer et al., 2001). E. crypticus is hermaphroditic and easy to culture in the
laboratory, and therefore often used in toxicity testing (Jensen et al., 2003; Kolar et al.,
2008; Krogh et al., 2007; Kuperman et al., 2006; Kuperman et al., 2004; Sverdrup et
al., 2002a; Sverdrup et al., 2002d). An OECD guideline to determine effects of
chemicals on survival and reproduction of E. crypticus is available (OECD, 2004b).

Figure 6. Adult of Enchytraeus sp. (www.tropicarium.ru).

The non-biting midge Chironomus riparius (Figure 7) is a member of the
Chironomidae family, which are the most widely distributed and often the most
abundant insects in freshwater (Armitage et al., 1995). Consequently, several biological
indices concerning evaluation and monitoring of water quality rely heavily on them
16
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(Armitage et al., 1995). Changes in species composition, dominance of pollution
tolerant species, and frequency of deformities of larval head capsules are some of the
commonly used parameters in these evaluations. In sediments, increasing densities of
Chironomus riparius indicate a heavy load of organic matter. Larvae of C. riparius burrow
tubes in the sediment and feed on detritus particles surrounding the tube. Its life cycle
consists of four larval stages, a pupa stage and a non-feeding adult stage. Three of the
four larval stages are in close contact with the sediment, making C. riparius a suitable
organism for chronic sediment toxicity testing (Bleeker et al., 1999a; de Haas et al.,
2004; Forbes and Cold, 2005; Hatch and Burton, 1999; Kim and Lee, 2004; Meregalli
et al., 2001; Pery et al., 2003; Taylor et al., 1993). An OECD guideline for sediment
testing using C. riparius is available (OECD, 2004a).

Figure 7. Late instar of C. riparius larva (De Pauw and Vannevel, 1990).

The endobenthic oligochaete Lumbriculus variegatus (Figure 8) is found in shallow
marshes and ponds in Europe and North America, where it feeds on decaying plant
material and microorganisms. It burrows in the sediment and also ingests sediment
particles, and is therefore frequently used in bioaccumulation experiments (Kukkonen
et al., 2004; Leppanen and Kukkonen, 2004; Lyytikainen et al., 2007; Schuler et al.,
2004; Wiegand et al., 2007). In the laboratory, L. variegatus reproduces via
fragmentation, which makes it easy to culture. Recently, a standardized protocol to
determine effects of toxicants on reproduction has been developed by the OECD
(OECD, 2006).

Figure 8. Lumbriculus sp. (De Pauw and Vannevel, 1990).
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Outline of the thesis

During acute exposure PACs act mainly by narcosis, but during chronic exposure
the same compounds may exert sub-lethal life cycle effects. At present, however,
chronic PAC toxicity data are scarce. Therefore, in chapter two the effects of PACs on
survival and reproduction of the two soil invertebrates are assessed, and in chapter three
effects of PACs on midge emergence are determined. To evaluate if specific effects
emerge besides narcosis during long-term exposure, the obtained chronic sub-lethal
effect data are compared to an acute effect-Kow relationship.
Chronic toxicity experiments using sediment or soil deal with the uncertainty of
uncontrolled exposure, because in the spiked substrate various processes (e.g.
degradation, sorption) modify the availability of the test substance to the test
organisms and hamper an accurate determination of exposure concentrations. In
order to calculate accurate effect concentrations for reproduction of the oligochaete
Lumbriculus variegatus, Solid Phase Micro-Extraction (SPME, (Hawthorne et al., 2005;
Jonker et al., 2007)) is used in chapter four to estimate the freely dissolved PAC
concentrations in sediment pore water.
In chapter five, results of chapters two to four are combined in order to elucidate
patterns in chronic PAC toxicity to sediment and soil invertebrates. Therefore, pore
water effect concentrations are calculated from the sediment/soil effect
concentrations and compared to an acute effect-Kow relationship, assuming that soil
and sediment inhabiting organisms are exposed primarily via pore water to the type of
compounds tested.
Consequences of prolonged exposure to PACs can only be quantified if test
organisms are exposed for several successive generations. In order to determine
changes in toxicity occurring during multi-generation exposure, chapter six presents a
multi-generation experiment in which the springtail Folsomia candida is exposed for ten
consecutive generations to soil contaminated with the homocyclic PAC phenanthrene.
Due to the lack of chronic toxicity data, risk assessment for homocyclic PACs can
not be performed according to the best available method. Besides, PAC heterocycles
are neglected in actual PAC risk assessment. Therefore, in chapter seven a risk limit
derivation performed with the obtained toxicity data is used to discuss the
implications of our data for the current and future PAC risk assessment.
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Chronic toxicity of PACs to the
springtail Folsomia candida and the
enchytraeid Enchytraeus crypticus

S.T.J. Droge, M. León Paumen, E.A.J. Bleeker, M.H.S. Kraak and C.A.M. van Gestel.
Environmental Toxicology and Chemistry, 25, 2423-2431, 2006.

Chapter 2

Abstract

An urgent need exists for incorporating heterocyclic compounds and
(bio)transformation products in ecotoxicological test schemes and risk assessment of
polycyclic aromatic compounds (PACs). The aim of the present study therefore was
to determine the chronic effects of (heterocyclic) PACs on two terrestrial
invertebrates, the springtail Folsomia candida and the enchytraeid Enchytraeus crypticus.
The effects of 11 PACs were determined in chronic experiments using reproduction
and survival as endpoints. The results demonstrated that as far as narcosis-induced
mortality is concerned, effects of both homocyclic and heterocyclic PACs are well
described by the relationship between estimated porewater 50% lethal concentrations
and logKow. In contrast, specific effects on reproduction varied between species and
between compounds as closely related as isomers, showing up as deviations from the
relationship between porewater 50% effect concentrations and logKow. These
unpredictable specific effects on reproduction force one to test the toxicity of these
PACs to populations of soil invertebrates to obtain reliable effect concentrations for
use in risk assessment of PACs.

20
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Introduction

Contamination with Polycyclic Aromatic Compounds (PACs) often consists of a
variety of different compounds, including hydroxylated, oxygenated, and chlorinated
compounds as well as nitro- and amino-PACs. In addition, many heterocyclic
compounds containing in-ring substitutions of nitrogen, sulfur, and/or oxygen atoms
have been identified in such emissions (Nielsen et al., 1986), yet, current risk
assessment for PACs focuses on homocyclic compounds only. Hence, an urgent need
exists for incorporating heterocyclic PACs and (bio)transformation products
(oxidation products) in ecotoxicological test schemes and risk assessment of PACs.
Therefore, in addition to homocyclic compounds, the present study focused on
azaarene analogues and stable azaarene metabolites. Azaarenes (i.e., PACs in which
one carbon atom has been replaced by a nitrogen atom) are present in the
environment in amounts up to 1 to 10% of those of their homocyclic analogues
(Nielsen et al., 1999). Apart from their natural origin -for example, as alkaloids
(Oshiro et al., 1998)- and the usual sources of PACs, basic azaarene structures occur
as moieties of pharmaceuticals (Oshiro et al., 1998; Siim et al., 2000) and pesticides
(Kuhn and Suflita, 1989; Crommetuijn et al., 2000). Special attention will be paid to
isomerism, because it has been demonstrated that such slight differences in chemical
structure can result in substantial differences in toxicity (Walton et al., 1983; Wood et
al., 1983; Kumar et al., 1989; Kraak et al., 1997; Bleeker et al., 1998; Wiegman et al.,
2001). Because soils and sediments are a major sink of PACs, the biota in these
compartments should be protected by well-defined maximum permissible
concentrations. Moreover, adequate understanding of the environmental risks of
PACs is required, because bioremediation of polluted soils is expensive and the most
affected sites need to be prioritized. Relevant toxicity data for soil organisms are
scarce, though. In a recent review concerning the toxicity of PACs to terrestrial
invertebrates, only 19 literature sources were mentioned (Achazi and Van Gestel,
2003). Comparisons between these few studies are complicated because of the wide
variety of test conditions and experimental setups. The aim of the present study
therefore was to determine the long-term effects of PACs on two terrestrial
invertebrates belonging to different phyla, the springtail Folsomia candida and the
enchytraeid (oligochaete) Enchytraeus crypticus. These two species presumably are
exposed in different ways to PACs, because the springtail inhabits soil pores whereas
the oligochaete perturbates the soil. Springtails also are in close contact with pore
water through their ventral tube. Testing the parthenogenetic springtail F. candida
allowed comparison with a closely related, sexually reproducing species, Folsomia
fimetaria, for which toxicity data have become available (Sverdrup et al. 2001; 2002a;
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2002b; 2002d). The effects of the PACs were determined in chronic experiments
using reproduction and survival as endpoints.
Materials and methods
Test organisms

The parthenogenetic collembolan F. candida is a commonly used test species in soil
toxicity tests (ISO, 1999). Recently, a standardized test method to evaluate effects of
toxicants on enchytraeid survival and reproduction has been developed (OECD,
2000; Römbke and Moser, 2002). Both species are representatives of ecologically
important functional groups and can reach high densities in various soil types (Wiles
and Krogh, 1998; Didden and Römbke, 2001). They have relatively short life cycles,
can be cultured easily in the laboratory, and are suitable for testing in both artificial
and natural soils. Cultures of both species have been maintained at Vrije Universiteit
for several years. The cultures were kept at 16°C under a 16:8-h light: dark
photoperiod.
Test compounds

The selected PACs (Table 1) included six homocyclic compounds: naphthalene,
the isomers phenanthrene and anthracene, benz(a)anthracene, pyrene, and
benzo(a)pyrene. The chosen azaarenes quinoline and the isomers acridine and
phenanthridine are analogues of the two- and three-ringed homocycles. The two
azaarene metabolites 9(10H)-acridone and 6(5H)-phenanthridinone also are isomers.
Several properties of these compounds are listed in Table 1. All compounds were
purchased from Sigma-Aldrich (Steinheim, Germany) except for anthracene and
benz(a)anthracene (Janssen Chimica, Beerse, Belgium).
Test soil

The toxicity tests were performed using a standardized natural soil
(Landwirtschaftliche Untersuchungs- und Forschungsanstalt (LUFA 2.2, Speyer,
Germany) sieved at 2 mm. This soil, characterized as a sandy loam (particle size
distribution: 50-2000 µm, 75.3%; 2-50 µm, 16.6%; and <2 µm, 8.1%), was taken from
a meadow that had been free of pesticide use or organic fertilization for more than
four years. The total organic carbon content was 2.3% ± 0.2%, and soil pH (0.01 M
CaCl2) was 5.6 ± 0.4. Density, water-holding capacity, and cation-exchange capacity
were 1.15 kg/dm3, 46% (w/w), and 11 mval/100 g, respectively. The soil was kept at
room temperature at a moisture content of 5% until used in the tests.
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Table 1. Selected test compounds and some of their properties: Chemical Abstracts Service (CAS)-number,
molecular weight (MW), purity, log KOW, log KOC, water solubility (Sw)

Compound

Structure

log
KOC

MW

Purit.

log
KOW

91-20-3

128.17

99+

3.47

a

2.7

b

249

c

120-12-7

178.23

99+

4.53

a

4.3

b

0.37

c

178.23

99.5

4.48

a

4.2

b

7.20

c

202.26

98

4.84

a

5.0

b

0.72

c

228.29

99

5.54

a

5.1

b

0.048

c

50-32-8

252.31

97

6.02

a

6.27

0.016

e

99-22-5

129.16

98

2.23

a

2.5

b

49000

c

260-94-6

179.22

97

3.27

a

4.1

b

260

c

179.22

99+

3.44

a

3.8

b

25.7

e

229-87-8

578-95-0

195.22

99

2.95

d

670

e

1015-89-0

195.22

97

2.70

f

1428

CAS No.

Sw (µM)

Homocyclic Polycyclic Aromatic Compounds (PACs)
naphthalene
anthracene
phenanthrene

85-01-8

pyrene

129-00-0

benz[a]anthracene

56-55-3

benzo[a]pyrene

d

Heterocyclic PACs (azaarenes)
quinoline
N

acridine
N

phenanthridine
N

Azaarene metabolites
9(10H)-acridone

O

N

6(5H)phenanthridinone
N

e

O

a Experimental values from Helweg et al. 1997; b Experimental values from Jonassen et al. 2003; c Values from Pearlman et al.
1984; d Experimental values from Thomsen 2002; e Calculated with WSKOW, Version 1.40. (Syracuse Research Corporation
North Syracuse, NY, USA) ; f Value from Bleeker 1999.

Soil treatment

The soil was spiked with the following nominal concentration ranges of the
selected compounds: For F. candida: naphthalene, anthracene, benz[a]anthracene,
benzo[a]pyrene, and acridine at 62.5, 125, 250, 500, and 1000 mg/kg; quinoline and
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phenanthridine at 31, 62.5, 125, 250, 500, and 1000 mg/kg; pyrene at 15, 31, 62.5, 125,
250, 500, and 1000 mg/kg; phenanthrene at 12.5, 25, 50, 100, and 200 mg/kg; and
acridone and phenanthridinone at 10, 100, and 500 mg/kg; for E. crypticus:
naphthalene, anthracene, phenanthrene, pyrene, benz[a]anthracene, benzo[a]pyrene,
quinoline, and acridine at 62.5, 125, 250, 500, and 1000 mg/kg; phenanthridine at 31,
62.5, 125, 250, 500, and 1000 mg/kg; and acridone and phenanthridinone at 10, 100,
and 500 mg/kg. Controls and solvent controls were included. Five replicates per
concentration were used for the homocyclic compounds and the azaarenes, and four
replicates per concentration were used for the transformation products. Acetone
(purity, 99.8%; Riedel-de Haën, Seelze, Germany) was used as a carrier solvent, and
equal volumes of acetone were added to all treatments. The PAC solution was added
to a quarter of the soil sample, and the spiked soil was left overnight to allow the
acetone to evaporate. The next day, the rest of the soil was added, water was added up
to 46% ± 2% of the water-holding capacity, and the soil was homogeneously mixed.
Soil PAC concentrations and pH were measured at the start of the experiment, after
10 d, and at the end of the experiment (28 d). To determine actual PAC
concentrations and soil pH after 10 d, one additional replicate was prepared for the
highest and second-lowest test concentrations, and one additional replicate was
prepared for all concentrations to determine actual PAC concentrations and soil pH at
the end of the test. The pH (KCl; average ± standard deviation) was 5.7 ± 0.37 at the
start of the experiment and 5.3 ± 0.34 at the end of the experiment (28 d).
Experimental setup

Slight adaptations of the international guidelines for toxicity tests with F. candida
(Wiles and Krogh, 1998; ISO, 1999) and E. crypticus (OECD, 2000) made it possible to
test these organisms under closely comparable test conditions using the same series of
PAC concentrations. The tests started with either F. candida that were synchronized to
11 to 13 d of age or adults of E. crypticus of approximately 0.4 to 0.6 cm that were
adapted to clean LUFA 2.2 soil for 1 day. Each replicate consisted of 30 g (wet wt)
spiked soil, containing 10 individuals, in 100 ml glass jars. These jars were closed off
with black-plastic screw tops for the springtails and with perforated aluminum foil for
the enchytraeids. All glassware used in the tests and in the PAC analysis, as well as the
screw tops, were cleaned with 99.8% acetone and 96% methanol (both from Riedelde Haën). At the start of the tests, 2 mg of food were added to each replicate on top
of the soil (dried yeast grains for F. candida and crushed oatmeal for E. crypticus). To
control fungal growth, extra food was added only when necessary, and loss of water
through evaporation was compensated for by adding demineralized water once a
week. Test containers were kept at 20°C and 80% humidity under a 16:8-h light:dark
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photoperiod. The animals were extracted from the soil after the 28-d exposure period.
The soils with F. candida were gently stirred with 100 ml of water, causing the
surviving adults and the produced juveniles to float on the surface of the suspension.
A digital photograph from this surface facilitated the counting of individuals with use
of a colony counter (Bel-Arts Products, Pequannock, NJ, USA). Adult and produced
juvenile enchytraeids were fixated by adding 5 ml of 96% ethanol to the soil. After a
few seconds, the soil was rinsed out of the jar and into a plastic cup using 100 ml of
tap water. Another 5 ml of 96% ethanol was added, and the suspension was gently
stirred. A few drops of rose bengal dissolved in ethanol (1%) were added, and the cup,
closed off with a lid, was shaken rigorously for 5 s. After leaving this suspension
overnight at 4°C, the bright pink–colored enchytraeids were sieved over 160 µm and
counted in a white, 80*50 cm photo tray. As a result of using adult, probably eggbearing enchytraeid worms at the start of the test, the first-born juvenile worms
reached the adult stage before the end of the 28-d exposure period. Therefore, adults
with a body length of 8 mm or less were considered to be hatchlings of the original
parents.
PAC analysis

Actual PAC concentrations were determined in single soil samples at the start of
the experiment, after 10 d, and at the end of the experiment (28 d). From these
samples, 5 g of moist soil were mixed with 5 g of anhydrous sodium sulfate (p.a.
Merck, Darmstadt, Germany) and Soxhlet-extracted in hexane (purity, >97%;
Biosolve, Valkenswaard, The Netherlands) or in acetonitrile (in case of the
metabolites; analyzed high-performance liquid chromatography reagent; purity,
>99.9%; J.T. Baker, Deventer, The Netherlands) for 5 h using 33*94 mm cellulose
extraction thimbles (Schleicher & Schuell, Dassel, Germany). Cleanup of the hexane
samples using Bakerbond speTM Columns (Silica gel; J.T. Baker, Phillipsburg, NJ,
USA) was performed in tests with anthracene and benzo(a)pyrene (both with F.
candida and E. crypticus) and phenanthrene and benz(a)anthracene (both with F. candida
only) but was found to be redundant for all other tests, because most PAC
concentrations were sufficiently high. Moreover, azaarenes were not released from the
column packing. Either directly from the Soxhlet flasks or after the cleanup
procedure, 1.5 ml of the hexane extracts was added to 2 ml of acetonitrile (purity,
>99.8%; J.T. Baker, Deventer, The Netherlands). The PAC was collected in the
acetonitrile by blowing off the hexane using a gentle stream of nitrogen. These
samples were then analyzed using a high-performance liquid chromatographic system
consisting of a Vydac 201TP reverse-phase column (C18; length, 250 mm; inner
diameter, 4.6 mm; film thickness, 5 µm) with a Vydac 201GD guard column (R-P
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C18; length, 10 mm; inner diameter, 4.6 mm; film thickness, 10 µm) connected to a
fluorescence detector (model FP-1520; Jasco, Essex, UK) and a UVD320s Ultraviolet
diode-array detector (Gynkotek, Germering, Germany). When peaks were below
detection levels, the hexane samples were concentrated up to 30-fold using KudernaDanish solvent evaporators. All volumes were checked by weighing on a 0.1-mg
microbalance (R160P Sartorius, Göttingen, Germany), and samples were diluted with
acetonitrile when necessary. In a separate experiment, PAC-spiked LUFA 2.2 soil
samples were used to calculate extraction procedure recoveries and correction values
for all tested PACs in the total extraction process.
Statistical analysis

The concentrations at which 50 or 10% mortality was observed (LC50 and LC10,
respectively) and at which the reproductive output was reduced by 50 or 10%
compared to the control (EC50 and EC10, respectively) were calculated according to
the method described by Haanstra et al. (1985). Using SPSS® (Ver 10.0.5; SPSS,
Chicago, IL, USA), the following logistic curve was fitted through the concentration–
response plot using actual initial concentrations:

y = c/(1 + eb*(log(x) - log(a))
where y is the effect parameter (survival or reproduction after 28 d), x is the exposure
concentration (µmol/kg dry soil), a is the LC50 or the EC50 value, b is the maximal
slope of the logistic curve, and c is the average survival or reproduction in the solvent
control. For the LC50 and EC50 values, the corresponding porewater concentrations
were calculated using the carbon content of the LUFA 2.2 soil and averages of
experimentally determined (sorption to humic acids of different origin) organic
carbon-water partitioning coefficients (Koc) as reported by Jonassen et al (2003) and
by Thomsen (2002). Differences between effect concentrations were tested for
significance at the 5% level by comparing the concentration-response plots with a
generalized likelihood ratio test in Systat 5.2 (Systat, Evanston, IL, USA, 1992).
Results and discussion
PAC analysis

The extraction procedure applied in the present study resulted in recoveries
between 80 and 105% for all tested compounds. Concentrations of anthracene,
benz(a)anthracene, pyrene, benzo(a)pyrene, acridine, acridone, and phenanthridinone
after 28 d were still at least 70% of the actual initial concentration. In contrast,
naphthalene and quinoline concentrations at day 10 had dropped to 7 to 20% of the
initial concentrations. All phenanthrene concentrations were still at least 70% of the
26

Chronic toxicity of PACs to soil invertebrates

initial concentration at day 10, but in treatments with less than 1200 µmol/kg, the
concentration dropped to 5 to 35% in the following period (recovery of treatments
with 550, 842, and 1459 µmol/kg was 13, 34, and 96%, respectively, at the end of the
enchytraeid test). A similar pattern was found for tests with phenanthridine (recovery
in the 241, 629, and 2700 µmol/kg treatments was 30, 60, and 81%, respectively, at
the end of the enchytraeid test).
Toxicity tests

Average control survival was greater than 80% for both test species. The average
number of juveniles after 28 d in the control treatments was 683 ± 189 (n = 6) for F.
candida and 983 ± 171 (n = 8) for E. crypticus. The spiking procedure with acetone had
no effects on survival or reproduction of both test organisms. The solvent controls
were used for further analysis. In the toxicity tests, the effects of the 11 selected
compounds on the two endpoints of the two test species were determined. Figure 1
shows the concentration–response relationships for phenanthrene, its heterocyclic
analogue phenanthridine, and its corresponding metabolite phenanthridinone. Both
test species responded differently to the selected PACs, ranging from clear
concentration-response relationships to no effects at the highest concentrations tested
(Figure 1). The calculated LC10, LC50, EC10, and EC50 values for F. candida and E.
crypticus are presented in Table 2. When two consecutive PAC concentrations resulted
in no effect and a complete effect, respectively, no EC50 or LC50 value could be
estimated, and the highest no-effect and the lowest total-effect concentrations are
given instead. When the available concentration-response relationships were
compared with a generalized likelihood ratio test, effect concentrations with
overlapping 95% confidence limits in all cases did not differ significantly (generalized
likelihood ratio test, p < 0.05), whereas nonoverlapping 95% confidence limits
indicated a significant difference (generalized likelihood ratio test, p < 0.05).
Homocyclic PACs

The hydrophobic PACs benz[a]anthracene and benzo[a]pyrene as well as
anthracene did not affect both soil invertebrates at the highest tested concentrations
(Table 2). The relatively low maximum water solubility of hydrophobic PACs in soils
probably is a limiting factor for the induction of effects. With increasing
hydrophobicity, the water solubility of the PACs is decreasing more than the
accumulation in the organism’s lipids is increasing (Sverdrup et al. 2002b). Pearlman et
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Figure 1. Concentration–response relationships for the effects of phenanthrene (PHE), phenanthridine (PHI),
and phenanthridinone (PHO) on survival (black symbols) and reproduction (open symbols) of Folsomia candida
(squares) and Enchytraeus crypticus (triangles) after 28 d of exposure in Landwirtschaftliche Untersuchungsund Forschungsanstalt (LUFA) 2.2 soil. Symbols represent the means, and error bars indicate minimum and
maximum values. On the x-axis, the actual polycyclic aromatic compound concentrations in the soil at the start
of the experiment are plotted. The curve-fitting procedure was performed as described by Mackay et al. (1999).

al. (1984) and Mackay et al. (1999) reported that the water solubility of anthracene is
18- to 20-fold lower than that of phenanthrene, which explains its lower toxicity. For
all three compounds, it would serve no useful purpose to test higher concentrations,
because it is nearly impossible to ensure a homogeneous PAC distribution in the soil
because of the coagulation of the PAC while the acetone evaporates during the
spiking process.
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Heterocyclic PACs

Comparisons of the effects of naphthalene, anthracene, and phenanthrene and their
azaarene-analogues quinoline, acridine, and phenanthridine clearly demonstrate the
impact of the single N in-ring substitution on toxicity. However, no clear pattern
could be observed in the changed toxicity: Anthracene was less toxic than acridine,
most likely for the reasons discussed above. In contrast, naphthalene was more toxic
than quinoline, which matches with its higher logKow. However, although phenanthrene has a higher logKow than its heterocyclic analogue phenanthridine, they were
equally toxic. Hence, the observed differences in toxicity between the homocyclic
PACs and their heterocyclic analogues are not well explained by logKow. Toxicity of
PACs depends on their bioaccumulation from the pore water into the or-ganisms.
The freely dissolved PAC concentrations in the pore water depend on the soil-pore
water partitioning coefficients. These two parameters are not proportionally related to
Kow; therefore, porewater LC50 and EC50 values (µmol/l) were calculated using Koc
values from Table 1 and the organic carbon content of the LUFA 2.2 soil. The
porewater LC50 and EC50 values were then again plotted against logKow (Figure 2).
For both organisms, the inverse logtransformed LC50 values showed a positive
relationship with the logKow of the test compounds. Bleeker et al. (2002) tested a
series of PACs on larvae of the midge Chironomus riparius in a 96-h aquatic toxicity test.
In Figure 2, the relationship between LC50 data and logKow from the acute aquatic
toxicity tests by Bleeker et al. (2002) is presented as a gray line, with the corresponding
95% confidence limits as dotted lines. The plot shows that for those PACs that do
exert toxicity in the present study, the effect concentrations for F. candida generally are
well described by the relationship obtained for the midge C. riparius, whereas E.
crypticus clearly is less sensitive than F. candida and C. riparius (see discussion below).
Similar results were found by Sverdrup et al. (2001): soil-pore water EC10 values for
the springtail F. fimetaria showed a fairly good correlation with no-observed-effect
concentrations for Daphnia magna. This suggests a narcotic mode of action for the
effects of both homocyclic PACs and azaarenes on survival of these widely differing
invertebrates during chronic exposure.
Isomers and metabolites

The present study included three isomer pairs: anthracene and phenanthrene, the
azaarenes acridine and phenanthridine, and the metabolites acridone and
phenanthridone. The two metabolites did not affect both soil invertebrates at the
highest tested concentrations, in contrast to their parent compounds acridine and
phenanthridine. For these two azaarene isomers, a clear difference in effect
concentration was observed, with phenanthridine being more toxic than acridine. This
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log (1/LC50) (µM)

difference disappeared, however, when the effects were expressed as porewater LC50
values (Figure 2). Anthracene did not affect both soil invertebrates at the highest
tested concentrations, whereas for phenanthrene, clear concentration–response
relationships were observed. This difference may be well explained by the low
solubility of anthracene (see above); however, it is not neutralized by expressing
effects as porewater LC50 values. Such strong, isomer-specific toxicities have been
observed previously (Walton et al., 1983; Wood et al., 1983; Kumar et al., 1989; Kraak
et al., 1997; Bleeker et al., 1998; Wiegman et al., 2001), and they clearly require refined
molecular modeling to be explained.
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Figure 2. Calculated pore-water concentrations of polycyclic aromatic compounds (PACs) at 50% effect levels at
the start of the 28-d soil toxicity tests. In the upper graph, the 50% lethal concentrations (LC50 values) for the
polycyclic aromatic compounds are plotted against their Kow values; the lower graph shows a plot of the 50%
effect concentrations (EC50 values). Data for Folsomia candida are represented by squares, and data for
Enchytraeus crypticus are represented by triangles. In both graphs, the solid line and the dotted lines represent
the linear trend between 96-h LC50 data and Kow and the 95% confidence intervals, respectively, obtained from
water-only exposure of midge larvae to similar PACs (Bleeker et al., 2002).
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Reproduction

Deviations from the relationship between effect concentrations and logKow values
may indicate a specific mode of action. To detect if the selected PAC had a specific
effect on reproduction, the graphs of the porewater LC50 and EC50 values plotted
against logKow (Figure 2) were compared. Additional evidence was obtained by
calculating LC50 to EC50 ratios for the PACs that exerted adverse effects (Table 3).
The results indicate a specific effect of phenanthridine on the reproduction of both
species, of phenanthrene on E. crypticus, and especially of pyrene on the
parthenogenetic F. candida. Sverdrup et al. (2001) also found an effect of pyrene on
the sexually reproducing F. fimetaria, demonstrating that the effect of pyrene is
independent of the way the collembolans are reproducing. The specific effect of
pyrene on springtail reproduction may have been caused by toxic metabolites. Hauser
et al. (1997) found that the primary pyrene metabolite, 1-hydroxypyrene, was both
acutely toxic in the MicrotoxTM test (Strategic Diagnostics, Newark, DE, USA; 50%
inhibition of bioluminescence of the luminescent bacteria Vibrio fischeri at 0.68 mg/l)
and genotoxic in the Mutatox test (inducing the ability to produce light in dark
mutants of V. fischeri at 0.313 mg/l). For the isopod Porcellio scaber and the springtail
Orchesella cincta, the primary metabolite 1-hydroxypyrene and the phase-2 metabolites
pyrene-1-glucoside and pyrene-1-conjugate were measured rapidly after the start of
oral exposure or exposure at contaminated field sites (Howsam and Van Straalen
2004; Stroomberg at al., 2004). The rate of PAC metabolism in isopods and springtails
contrasts with that in earthworms, which metabolize PACs relatively slowly (Jager et
al., 2002). Although no direct data are available regarding the biotransformation
capacity of enchytraeids, toxic metabolites likely would not have been formed to the
same extent as in the springtails. This could explain the finding that pyrene was much
less toxic to the enchytraeids than to the springtails. A further agreement between the
present study and that by Sverdrup et al. (Sverdrup et al., 2002a) is the effect of
phenanthrene on enchytraeid reproduction, but remarkable differences also were
observed: in the study by Sverdrup et al. (Sverdrup et al., 2002a), pyrene also affected
enchytraeid reproduction, but this was not the case in the present study. It is
concluded that specific effects on reproduction, which become evident during chronic
exposure, are compound and species specific. The unpredictability of these effects
questions the applicability of quantitative structure-activity relationships and acute to
chronic ratios for predicting chronic sublethal effects of PACs.
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(± 95% CI)
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benzo[a]pyrene

benz[a]anthracene

Pyrene

phenanthrene

anthracene

(244 – 509)

(604 – 877)

> 3690

> 4345

377

(268 – 322)

(337 – 394)
741

295

LC10
(± 95% CI)

366

>3814

Homocyclic PACs
a
naphthalene
88 – 409

Compound

a

> 3690

> 4345

(96 – 112)

104

(201 – 313)

257

> 3814

88 – 409

EC50
(± 95% CI)

Folsomia candida

(48 – 64)

56

(86 – 193)

140

EC10
(± 95% CI)

a

> 3690

> 4070

> 4219

(1437–2780)

2109

> 5038

220 – 2045

LC50
(± 95% CI)

(362 – 1632)

997

LC10
(± 95% CI)

a

> 3690

> 4070

(1864–4854)

3359

(538 – 581)

559

> 5038

220 – 2045

EC50
(± 95% CI)

Enchytraeus crypticus

(349 – 391)

370

EC10
(± 95% CI)

Table 2. Polycyclic aromatic compound (PAC) concentrations in the soil at which 50% and 10% mortality (LC50, LC10) and 50% and 10% diminished
reproduction (EC50, EC10, ± 95% confidence intervals) occurred for the springtail Folsomia candida and the enchytraeid Enchytraeus crypticus after 28 d of
exposure in Landwirtschaftliche Untersuchungs- und Forschungsanstalt (LUFA) 2.2 soil. Effect concentrations are based on measured initial concentrations in
µmol/kg dry soil.
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a

(493 – 589)

(578–677)

> 2046

6(5H)phenanthridinone

a

(89 – 142)

(180 – 236)

> 2046

>2242

116

(724-1221)

(1485-2005)
208

973

(424 – 514)

469

1745

(534 – 628)

581

b

> 2046

>2242

1225 – 2701

4789

a

(1918–6228)

4073
(1047–
5120)

3084

> 2046

>2242

(559 – 733)

646

1518 – 5046

a

(1834–2381)

2107

(269–440)

355

(1143–1661)

1402

a
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When two consecutive PAC concentrations resulted in no effect and a complete effect respectively, no EC50 or LC50 could be estimated, and the highest no effect and the lowest
total effect concentrations are given instead.
b No reliable effect concentration could be calculated, but data suggest that this test concentration is very close to the LC50 (survival varies between 0 and 80%).

>2242

470–1012

1766–3991

541

628

9(10H)-acridone

Azaarenes metabolites

phenanthridine

acridine

quinoline

Heterocyclic PACs (azaarenes)

Table 2 (continued)
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Table 3. Ratio between the 50% lethal concentrations (LC50 values) and the 50% effect concentrations (EC50
values) of polycyclic aromatic compounds (PACs) in Landwirtschaftliche Untersuchungs- und Forschungsanstalt
(LUFA) 2.2. soil for Folsomia candida and Enchytraeus crypticus. Values > 3, suggesting a specific effect on
reproduction, are given in italic.

Compound

Folsomia candida

Enchytraeus crypticus

LC50/EC50

LC50/EC50

Homocyclic PACs
naphthalene

1.0

1.0

phenanthrene

1.4

3.8

pyrene

7.1

1.3

Heterocyclic PACs (azaarenes)
quinoline

1.1

1.9

acridine

1.6

1.5

phenanthridine

3.6

3.0

Species-specific sensitivities

For all homocyclic PACs and azaarenes that did affect reproduction and survival at
a certain level, F. candida appeared to be more sensitive than E. crypticus. Remarkable
differences are the 32-fold lower EC50 value for springtails after pyrene exposure in
soil and the 6.5-fold lower LC50 value after quinoline exposure (Table 2). Pyrene,
phenanthrene, and acridine had been tested previously on a related collembolan (F.
fimetaria) and the same enchytraeid (Sverdrup et al., 2001; 2002a; 2002b), and also in
those studies, the collembolan was more sensitive than the enchytraeid. For F.
fimetaria, a larger data set is available that shares six compounds with the present study.
Generally, the results of both studies are in agreement, with benz[a]anthracene and
benzo[a]pyrene not being toxic at the highest test concentrations and acridine being
less toxic than the homocyclic PACs. Yet, a very distinct difference for anthracene
was observed: in the present study, anthracene was not toxic at all, but it was more
than six fold more toxic to F. fimetaria than predicted from its logKow (Sverdrup et al.,
2002c). Comparisons between the few studies of terrestrial invertebrates are
complicated because of the wide variety of test conditions and experimental setups.
Still, some general trends may be derived: Sverdrup et al. (2002d) demonstrated that
for the majority of PACs (eight compounds tested, sharing three with the present
study), springtails were more sensitive than oligochaetes (earthworms and
enchytraeids). The lower sensitivity of enchytraeids compared to springtails also was
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observed in the present study. The present F. candida EC50 value for phenanthrene
obtained in a soil with 3.9% organic matter is in the same range as that for F. fimetaria
in soil with 2.8% organic matter (Sverdrup et al. 2001), but this value is much lower
than the effect concentrations reported in soils with 10% organic matter (Bowner et
al., 1992; Croau et al., 1999), most likely because of a lower availability in the soils
with the higher organic matter content. Both Sverdrup et al. (2001; 2002a; 2002b;
2002d) and the present study found no effects of PACs with a logKow greater than 5.2.
In contrast, Bauer and Pohl (Bauer and Pohl, 1998) reported that reproduction of F.
candida already was affected at a benzo[a]pyrene concentration of 10 mg/kg, and
effects of benzo[a]pyrene have been described for enchytraeids (Achazi et al., 1995)
and the isopod P. scaber (Van Brummelen et al., 1996) as well. It is concluded that
although some generalizations can be made, widely differing effect concentrations also
have been reported, which can be explained only in part by differences in
experimental setups.
Conclusion

The results of the present study demonstrate that as far as narcosis-induced
mortality is concerned, effects of both homocyclic and heterocyclic PACs are well
described by the relationship between porewater LC50 values and logKow. In contrast,
specific effects on reproduction varied between species and between compounds as
closely related as isomers. These unpredictable specific effects on reproduction
showed up as deviations from the relationship between porewater EC50 values and
logKow, and they force one to test the toxicity of these PACs to populations of soil
invertebrates to obtain reliable effect concentrations for use in risk assessment of
PACs. The long-term consequences of exposure to PACs in the field, however,
should be analyzed in multi-generation experiments.
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Abstract

During acute exposure, Polycyclic Aromatic Compounds (PACs) act mainly by
narcosis, but during chronic exposure the same compounds may exert sublethal life
cycle effects. The aim of this study was therefore to evaluate the chronic effects of
sediment spiked PACs on the emergence of the midge Chironomus riparius. Three
isomer pairs were selected, and 28-day LC50 values and 50% emergence times
(EMt50) were determined. Concentration-response relationships were observed for
phenanthrene, acridine, phenanthridine and acridone. Anthracene and phenanthridone
had no effect on total emergence, but did cause a delay in emergence. Calculated
porewater LC50 values correlated well with logKow values, suggesting narcosis as mode
of action. In contrast, effect concentrations for delay in emergence (EMt50) deviated
from narcosis, suggesting a specific mode of action during chronic exposure. It is
concluded that emergence is a powerful endpoint to detect life cycle effects of PACs
on a key sediment inhabiting invertebrate.
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Introduction

Polycyclic Aromatic Compounds (PACs) are ubiquitous contaminants, present in
the environment mainly as a result of anthropogenic activities (industry, oil drilling
and vehicle emissions). Smaller amounts of PACs are generated in natural processes,
like volcanism and forest fires (Neilson, 1998). Because of their hydrophobicity, PACs
tend to accumulate in sediments and soils, which act not only as a sink, but also as a
source of PACs for benthic organisms (Wilcke, 2000; van Metre and Mahler, 2005). In
sediment cores from 38 urban and reference lakes across the United States, total
sediment ΣPAH concentrations (ΣPAH= sum of 13 homocyclic PACs used for the
consensus-based sediment quality guidelines in the USA) ranged from 0.5 to 10
mg/kg (van Metre and Mahler, 2005).
Populations of benthic invertebrates are exposed to a variety of PACs in the
sediment, but little is known about their chronic effects, since research has mainly
focused on acute exposure (Bleeker et al., 1998; Neilson, 1998; Wiegman et al., 2001).
During such acute high-dose exposures PACs act mainly by narcosis (Neilson, 1998),
but during chronic exposure the same compounds may exert mutagenic, teratogenic
and carcinogenic effects and cause developmental disturbances. This has been
documented for homocyclic PACs and azaarenes (Cronin and Bickham, 1998; Bleeker
et al., 1999a, 1999b; Mitchelmore and Hyatt, 2004).
Azaarenes are a group of heterocyclic PACs with an in-ring nitrogen substitution,
comprising up to 10% of the total PAC concentration in contaminated sediments
(Neilson, 1998). However, azaarene concentrations are not monitored in sediments
and few ecotoxicological data are available for this group of heterocyclic compounds.
Like homocyclic PACs, azaarenes are actively biotransformed by invertebrates
(Guerrero et al., 2002; Stroomberg et al., 2004) and biodegraded by bacteria (Johnsen
et al., 2005; Sartoros et al., 2005), resulting in a vast number of heterocyclic
transformation products. Azaarenes and their transformation products, more polar
than their homocyclic analogues, can interact specifically with cell membranes and
DNA, and this interaction may influence their toxicity (de Voogt et al., 1999). Since
isomer specific toxicity of PACs has been established in several studies (Kraak et al.,
1997; Bleeker et al., 1999a; de Voogt et al., 1999; Wiegman et al., 2001; Droge et al.,
2006), three isomer pairs were selected: two three-ringed homocyclic compounds, two
three-ringed azaarenes and the two main transformation products of the two
azaarenes. The aim of this study was to determine if the closely related homo- and
heterocyclic compounds affected emergence of the midge Chironomus riparius during
chronic exposure to PAC spiked sediments. Emergence is a crucial life cycle
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parameter, which was proven to be affected by sediment-associated toxicants (Ristola
et al., 1999b; de Haas et al., 2002).
Materials and methods
Test organism

The non-biting midge Chironomus riparius (Diptera, Chironomidae) is widely used in
ecotoxicity tests (Ristola et al., 1999a; de Haas et al., 2004). Larvae of this insect
burrow tubes in the sediment and feed on detritus particles surrounding the tube. Its
life cycle consists of four larval stages, a pupa stage and a non-feeding adult stage.
Under favourable conditions the life cycle is completed in three to four weeks (Gower
and Buckland, 1978). Three of the four larval stages are in close contact with the
sediment, which makes C. riparius a suitable organism for chronic sediment toxicity
testing. In addition, a standard OECD guideline for sediment toxicity testing with this
organism has recently become available (OECD guideline 218, 2004).
Test compounds

Six test compounds were chosen: two three-ringed homocyclic compounds,
anthracene (99% purity) and phenanthrene (98% purity); two of their azaarene
analogues, acridine (97% purity) and phenanthridine (99% purity), and two Phase I
azaarene transformation products, acridone (99% purity) and phenanthridone (99%
purity). Several properties of the selected compounds are listed in Table 1. All
compounds were provided by Sigma-Aldrich Chemie BV (Zwijndrecht, the
Netherlands).
Sediment spiking

Drontermeer sediment, a Dutch reference sediment (12-14% Organic Matter
determined by loss on ignition, 15.5% clay and all individual PAH concentrations
below 0.01 mg/kg dw.), was used for the toxicity tests. The sediment was provided by
AquaSense/Grontmij (Amsterdam, the Netherlands). After sampling, it was
homogenised and frozen to eliminate indigenous fauna, and kept at -20°C until use.
Three days before the spiking procedure was started the sediment was thawed at 4°C.
The sediment was spiked to obtain the following nominal PAC concentrations: 28,
84, 168 and 337 µmol/kg dw. for anthracene (5-60 mg/kg dw.); 112, 449, 898, 1795
and 3591 µmol/kg dw. for phenanthrene (20-640 mg/kg dw.); 139, 279, 556, 1116
and 2232 µmol/kg dw. for acridine and phenanthridine (25-400 mg/kg dw.); 154, 307,
640, 1281 and 2561 µmol/kg dw. for acridone (30-500 mg/kg dw.) and 154, 307, 640
and 1281 µmol/kg dw. for phenanthridone (30-250 mg/kg dw.). The spiking was
done in the dark to prevent photodegradation of the compounds. Acetone was used
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as carrier solvent, and for each PAC concentration series equal volumes of acetone
were added to all treatments. Controls and solvent controls were included as well.
Solvent control emergence values were used for statistical analysis of the results,
because they reflected better the experimental conditions of the spiked sediment.
There were seven replicates per concentration. Two replicates were sacrificed to perTable 1. Polycyclic Aromatic Compounds (PACs) selected for this study and some of their properties: CASnumber, molecular weight (MW), log KOW, log KOc, water solubility (Sw).
CAS
number

MW

log KOW

anthracene

120-12-7

178.23

4.53

a

4.3

f

0.37

b

phenanthrene

85-01-8

178.23

4.48

a

4.2

f

7.20

b

260-94-6

179.22

3.27

a

4.1

f

260

b

229-87-8

179.22

3.44

a

3.8

f

25.7

d

578-95-0

195.22

2.95

c

3.9

f

670

d

1015-89-0

195.22

2.70

e

4.3

f

1428

Compound

Structure

logKOc

Sw (µM)

Homocyclic PACs

Heterocyclic PACs (azaarenes)
acridine
N

phenanthridine
N

Azaarenes transformation products
O

acridone
N
H

phenanthridinone
N
H

d

O

a Experimental values from Helweg et al., 1997; b Values from Pearlman et al., 1984; c Experimental values from Thomsen,
2002; d Calculated with WSKOW, version 1.40 ; e Values from Bleeker et al., 1999a; f Experimental values from Jonassen,
2003; Jonassen et al., 2003

form PAC measurements at the beginning and half-way through the experiment,
leaving five replicates for the toxicity test.
Two different methods were used to spike the sediment with the compounds,
according to their solubility in acetone. The homocyclic compounds and the azaarenes
were added in small volumes of acetone (20 ml for anthracene and phenanthrene; 50
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ml for acridine and phenanthridine) to a mixture of 2100 ml of Dutch Standard Water
(deionised water with 200 mg/l CaCl2*2H2O, 180 mg/l MgSO4*H2O, 100 mg/l
NaHCO3 and 20 mg/l KHCO3; pH ≈ 8.2) and 630 g of wet sediment in 3-liter glass
bottles. A 20:1 wt/wt mixture of Trouvit® (Trouw, Fontaine-les-Vervins, France) and
TetraPhyll® (Tetrawerke, Melle, Germany), diluted in 50 ml of deionised water, was
used as additional food source in order to minimise food shortage related effects on
the development of the midge larvae (de Haas et al., 2002). Food quantities (0.15
mg/larvae/day) were added to the water-sediment mixture according to the OECD
218 guideline (OECD, 2004). The glass bottles filled with the water-sediment-food
mixture were placed on a roller bank (30 rpm) for 24 hours to homogenize. Next, the
homogenized water-sediment-food mixture was divided over seven replicate 400 ml
glass beakers and allowed to settle for 7 days, in order to obtain a stable sediment layer
and to equilibrate the compound with the sediment, while the acetone evaporated.
For the two transformation products, less soluble in acetone, a pre-spiking
procedure was followed. The spiking solution (260 ml acetone for acridone and 300
ml for phenanthridone) was added to ¼ of the total amount of sediment, and the
acetone was allowed to evaporate overnight in a fume cupboard. The day after, the
remaining sediment was added and the same mixing and equilibration procedure as for
the other compounds was followed.
Toxicity tests

Twenty eight day toxicity tests were performed according to the OECD 218
guideline (OECD, 2004), with slight modifications. The tests were conducted in an
incubator at a constant temperature of 20±1°C, and mercury lamps (Powertone HPIT Plus, Philips, the Netherlands) were used to provide a light regime of 16 hours of
light (light intensity of approximately 50 µmol quanta/m2/s) and 8 hours of darkness.
UV filters were used to suppress UV-B radiation and minimise photodegradation of
the tested compounds. The glass beakers were covered with plastic foil and constantly
aerated to keep the oxygen concentration stable during the test. De-ionised water was
added when necessary to compensate for evaporation losses in the beakers.
Ten freshly laid C. riparius egg ropes obtained from our laboratory culture were
kept in a Petri dish filled with Dutch Standard Water for 72 hours, and the hatched
first instar larvae, less than twenty-four hours old, were used for the toxicity tests. At
the start of the experiment, ten first-instar C. riparius larvae were carefully introduced
in each of the test beakers using a blunt glass Pasteur pipette. The larvae were allowed
to settle on the sediment for 4 hours before aeration of the vessels was restarted. Halfway through the experiment, the larvae were fed a second time to provide them with
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fresh food. Emergence was recorded daily starting at day 14, when the first adult
midges started to emerge, until day 28, when the test was terminated. Emerged midges
and dead larvae were removed during the daily inspections.
pH and oxygen concentration in the overlying water were measured at the
beginning and the end of the experiment. pH ranged from 6.0 to 8.5 and oxygen
concentration was always above 60% air saturation, fulfilling the requirement of the
OECD 218 test guideline (OECD, 2004).
PAC measurements

Sediment was sampled at the beginning, at the half-way point and at the end of the
experiment and stored frozen at -20°C until analysis. Ten grams of centrifuged
sediment (water content approximately 10%) were mixed with equal amounts of
anhydrous NaSO4 (Merck, Darmstadt, Germany), and Soxhlet extracted for 5 hours in
cellulose extraction thimbles. Hexane (Sigma-Aldrich Chemie BV, Zwijndrecht, the
Netherlands) was used as extraction solvent for the homocyclic compounds and the
azaarenes, and acetonitrile (Biosolve BV, Valkenswaard, the Netherlands) was used for
the transformation products. The hexane-extracted samples were transferred into
acetonitrile by blowing off the hexane using a gentle stream of nitrogen, and measured
using High Performance Liquid Chromatography. The HPLC system consisted of a 5
µm Valco LiChrosorb® 250 × 4.6 mm RP-18 analytical column (Varian, the
Netherlands) with a 5 µm LiChrospher® 100 RP-18 guard column (Merck, Darmstadt,
Germany), connected to a Spectroflow 980 fluorescence detector and an Applied
Biosystems 785A UV-Diode Array detector.
Recovery checks were performed for each of the compounds to validate the
Soxhlet extraction procedure. Known amounts of spiking solution in the same
concentration range as tested in the experiments were added to clean sediment, and
recovery after the extraction procedure was determined. Actual concentrations were
corrected for recovery.
Statistical analysis

The average exposure concentration of the test compound in the sediment at
which 50% reduction in number of emerged midges occurred compared to the solvent
control (LC50) was calculated according to (Haanstra et al., 1985). The following
logistic curve was fitted through the concentration-response data using the average of
the measured concentrations at the beginning, half-way through and at the end of the
experiment as the average exposure concentration,
y = c / (1+ e b (log(x) - log(a)) ),
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where y is the effect parameter (emergence), x is the average exposure concentration
(µmol/kg sediment dry weight), a is the LC50, b is the slope of the logistic curve and c
is the average emergence in the solvent control.
For each test concentration, the day at which 50% emergence occurred (EMt50)
was calculated by fitting a logistic curve through the cumulative emergence plot using
the data of the five replicates, also according to (Haanstra et al., 1985). This was done
for males and females separately because of the differences in emergence time
between both sexes. The sex ratio was close to one. In formula (1), X were the days
were emergence was recorded, a was the EMt50 and c was the average emergence per
jar at the end of the experiment. For the acridone data the logistic fit was not possible,
and a Weibull curve was used instead. To determine at which PAC concentrations
emergence was significantly delayed, EMt50 values for the different test
concentrations were compared to the solvent control value using generalised
likelihood ratio tests (van Gestel and Heensbergen, 1997). For phenanthridone, the
comparison was done using the lowest concentration. Statistical analysis was
performed using SPSS® 11.0 for Windows and SYSTAT® 5.2.
Results
PAC measurements

Actual concentrations of the test compounds in the sediment were corrected for
extraction losses using the results of the recovery check experiment, in which recovery
ranged from 61% for acridine to 88% for acridone. For all test compounds, actual
concentrations at the beginning of the experiment after correcting for recovery ranged
from 70 to 91% of the nominal value. The concentrations of anthracene,
phenanthrene, acridine and phenanthridine in the test sediment decreased by 25, 42,
18 and 55% respectively during the experiment, probably due to microbial degradation
(van Herwijnen et al, 2003; Johnsen et al, 2005). Actual concentrations of acridone
and phenanthridone in the sediment remained nearly constant during the experiment,
indicating that these transformation products were not further degraded. The averages
of the measured concentrations at the three sampling points during the experiment
were used as actual exposure concentrations for the data analysis.
Survival (Total emergence)

Emergence of C. riparius in the acetone controls was at least 80%, in accordance
with the OECD 218 guideline (OECD, 2004). Clear concentration-response
relationships were observed for phenanthrene, acridine, phenanthridine and acridone.
Anthracene, due to its low solubility, had only a slight effect on total emergence at the
highest possible test concentration, and phenanthridone had no effect on emergence.
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At the end of the test, the sediment was sieved to check for remaining larvae in the
sediment, and no larvae were found. Since midge larvae either emerged from the
sediment or died, survival equalled total emergence, and emergence data (t=28 days)
were used to calculate actual LC50 values with 95% Confidence Intervals (Table 2).
Table 2. LC50 values (µmol PAC/kg dw.) for the effect of the tested Polycyclic Aromatic Compounds (PACs) on
the survival (total emergence) of the midge Chironomus riparius, and PAC concentrations in the sediment
significantly delaying emergence compared to the control (µmol PAC/kg dw.).
LC50
(µmol/kg
dw.)
with 95%
C.I.

Emergence
sign. delayed
compared to
control
(p<0.05)
(µmol/kg dw.)

Porewater
LC50
(µM)

Porewater
EMt50 value
diff. from
control
(µM)

>162

81

-

0.07

597-841

597-841

0.71

-

753

2.04

1.66

367

0.78

0.40

635

5.20

0.74

506

-

0.64

Homocyclic compounds
anthracene
phenanthrene
Azaareenes
acridine

926
(680-1173)

phenanthridine

705
(595-815)

Transformation products
2708
acridone
(1909-2773)
phenanthridone

>2145

The average values of the PAC concentrations measured in the sediment during the
experiment were used to perform the LC50 calculations. Phenanthrene inhibited
emergence completely at the highest tested concentration (841 µmol/kg sediment
dw.), while the next lower concentration in the range, 597 µmol/kg sediment dw.,
allowed emergence of all larvae. For this reason, no logistic model fit could be used,
and these two concentrations are given to encompass the LC50. The LC50 values of
the two azaarene isomers were similar, namely 926 µmol/kg sediment dw. (95% C.I.
680-1173 µmol/kg sediment dw.) for acridine and 705 µmol/kg sediment dw. (95%
C.I. 595-815 µmol/kg sediment dw.) for phenanthridine. From the two tested
transformation products, only acridone hampered emergence of the midge larvae, and
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the LC50 value for this compound was 2708 µmol/kg sediment dw. (95% C.I. 19092773 µmol/kg sediment dw.).
Emergence time

In this study, an increasing delay in emergence with increasing PAC concentrations
in the sediment was apparent for male midges, but not for females. Male EMt50
values increased gradually with increasing PAC concentrations in the sediment for all
tested compounds except phenanthrene (Figure 1), while female EMt50 values did
not. In order to determine the lowest concentration at which emergence was
significantly delayed, EMt50 values of exposed male midges were compared to the
corresponding acetone control EMt50 values using likelihood ratio tests. For
phenanthridone, likelihood ratio tests were performed using the lowest test
concentration (164 µmol/kg sediment dw.) instead of the acetone control, because the
EMt50 value for the control was significantly higher than the control values of the
other experiments, and also significantly higher than the 3 other phenanthridone
concentrations tested.
Anthracene had the most pronounced effect, causing a significant delay in emergence
at 81 µmol/kg sediment dw. Both azaarenes delayed emergence at the highest tested
concentrations, but the difference from the control was significant at a lower
concentration for phenanthridine (367 µmol/kg sediment dw.) than for acridine (753
µmol/kg sediment dw.). Also the two transformation products, acridone and
phenanthridone, caused clear sublethal effects, with EMt50 values significantly
different from the control at 635 and 506 µmol/kg sediment dw., respectively. The
data for anthracene and phenanthridone showed the high sensitivity of the EMt50
parameter. Due to its low solubility and subsequent low concentrations in the
sediment, no LC50 value could be obtained for anthracene, while it delayed
emergence at the lowest concentration of all tested compounds. Comparing the two
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Figure 1. Effect of six single Polycyclic Aromatic Compounds (PACs) on the emergence time of C. riparius males
from spiked sediments X-axis: actual concentrations of the compounds measured in the sediment. Y-axis: 50%
male emergence time (EMt50, days, average plus standard deviations). † concentrations with no emerging
midges. * EMt50 value significantly different from control value (p<0.05).
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transformation products, it was observed that phenanthridone delayed emergence at a
comparable concentration as its isomer acridone, while acridone was the only
transformation product that caused substantial mortality of the larvae.
Discussion
Emergence of males and females

Studies using emergence of chironomids as an endpoint have been performed
before (Taylor et al., 1993; Sibley et al., 2001; de Haas et al., 2002, Pery et al., 2002;
Leslie et al., 2004a), and emergence was usually more sensitive than growth (Ristola et
al., 1999b; Smith and Kokkinn, 2004). This is probably due to the fact that effects on
emergence involve three moultings and the very complex pupation process. Not only
delay has been reported, also accelerated emergence has been found for 2,4,5trichlorophenol and several endocrine-disrupting chemicals (Ristola et al., 1999b;
Watts et al., 2001), probably due to disturbance of the moulting and pupation
processes.
In our study, clear differences between effects on emergence of males and females
were found. For the six tested compounds, male emergence was significantly delayed,
while no significant difference from the control was found for female emergence.
Differences in sensitivity of males and females have been reported in studies on
different types of chemicals, including metals, pesticides, PAHs, surfactants and
endocrine-disrupting chemicals (Kahl et al., 1997; Ristola et al., 1999b; Watts et al.,
2001; Pery et al., 2003; Sanchez et al., 2005). So far, however, no convincing
explanation is available for the observed sex related differences in toxic effects.
Generally, female emergence was found to be more sensitive than male emergence
(Liber et al., 1996; Ristola et al., 1999b; Sanchez et al., 2005), and it has been
hypothesised that this is caused by the longer residence time in the sediment of female
larvae compared to male larvae. The higher lipid content of females, needed for adult
egg production, could also lead to a higher accumulation of lipophilic compounds
(Sibley et al., 1997; Pery et al., 2002). However, higher lipid content could also result in
a higher toxicant accumulation in the females’ body before a toxic effect would
appear. The significantly delayed male emergence in our study supports this
conjecture. In addition, larger delay in emergence for males was previously observed
for C. riparius exposed to phenanthridine, one of the PACs tested in our study (Bleeker
et al., 1999b).
Narcosis versus specific effects

Polycyclic Aromatic Compounds, like all organic compounds, produce narcosis to
some extent. Several studies have shown that narcosis is strongly related to the
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lipophilicity of the compound, commonly expressed as the n-octanol-water partition
coefficient (Kow) (de Voogt et al., 1988). Consequently, deviations from the
relationship between effect concentrations and Kow values may indicate a different
mode of action (Bearden and Schultz, 1998; Escher et al., 2005). This was clearly
demonstrated previously for soil invertebrates chronically exposed to several PACs
(Sverdrup et al., 2001; Droge et al. 2006), and therefore in the present study we
followed the same approach. Since for the tested compounds, having a logKow value
<5, porewater exposure of the midge larvae was expected (Belfroid et al., 1996),
chronic LC50 values (µM) were calculated from the chronic sediment LC50 values
(µmol/kg sediment dw., Table 2), using a set of empirically determined organic
carbon-water partition coefficients (Koc) from (Jonassen, 2003; Jonassen et al., 2003)
and correcting for the organic carbon content of the sediment. A similar calculation
was made using the exposure concentrations at which the EMt50 value differed
significantly from the control. For phenanthrene, the porewater effect concentration
was calculated using the geometric mean of the concentration interval in which effects
on emergence appeared (Table 2).
The calculated porewater LC50 and EMt50 values were plotted against the logKow
values of the tested compounds, and compared to the LC50-logKow relationship
obtained by (Bleeker et al., 2002) for exposure of C. riparius to PACs (Figure 2). In
those acute high-dose experiments, narcosis was the main mode of action. The lower
limit for narcosis was estimated by dividing the acute LC50 values from the LC50logKow 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). Hence, we assumed that
specific effects on emergence occurred if the effect concentrations obtained in the
present study were below the calculated lower limit for narcosis. The porewater LC50
values for the homo- and heterocyclic compounds tested in our study correlated well
with the LC50-logKow relationship (Figure 2). It can therefore be concluded that the
tested homo- and heterocyclic compounds did not differ in their effect on total
emergence, and narcosis was probably the main mode of action. The EMt50 values
for the two tested azaarenes, acridine and phenanthridine, were close to the LC50
values (Figure 2). In contrast, EMt50 effect concentrations for anthracene and the two
transformation products were lower than the LC50 and below the estimated limit for
narcosis, suggesting possible specific effects on emergence time (EMt50) of these
compounds during chronic exposure.
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For all compounds except anthracene, concentrations at which effects on
emergence time of the tested compounds appeared were more than one order of
magnitude higher than total ΣPAH concentrations measured in lake sediments from
the USA (Van Metre and Mahler, 2005). Concentrations of azaarenes and other
heterocyclic PACs are nearly never monitored in the field, but estimated to be up to
10% of the total PAC concentration in the sediment (Neilson, 1998). Thus, the
obtained single compound effect concentrations from this study were about two
orders of magnitude higher than estimated azaarene concentrations in the field.
However, midge populations in the field are never exposed to a single PAC
compound and other stress factors may play a role during chronic exposure.
Therefore, chronic toxicity of the tested heterocyclic compounds should not be
neglected.
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Figure 2. Calculated 50% lethality porewater concentrations (LC50, with 95% C.I. bars) after 28 days of exposure
and male EMt50 porewater concentrations (lowest concentrations at which male EMt50 significantly differed from
control EMt50, p<0.05) for the effect of the tested Polycyclic Aromatic Compounds (PACs) on the emergence of
Chironomus riparius from spiked sediments. X-axis: logKow values of the tested compounds, Y-axis: pore-water
LC50 values (▲, µM) and EMt50 values (□, µM). Solid line: linear logLC50 - logKow relationship for C. riparius
exposed for 96 hours to similar PACs (y = -0.8162x + 3.4936, r2=0.986, (Bleeker et al. 2002)). Dashed line: ratio
LC50 from (Bleeker et al. 2002) / 3, lower limit for narcosis.
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Conclusion

When compared to acute and chronic LC50 values, it can be concluded that delay
in emergence is an effective endpoint to detect life cycle effects of PACs on the midge
Chironomus riparius.
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Abstract

This study aimed to monitor PAC availability to the oligochaete Lumbriculus
variegatus during 28 days of exposure to spiked sediments, in order to obtain reliable
chronic effect concentrations for reproduction. Sediment toxicity tests were
performed using three pairs of PAC isomers: two homocyclic compounds (anthracene
and phenanthrene), two azaarenes (acridine and phenanthridine) and the two main
transformation products of the azaarenes (acridone and phenanthridone). During the
experiment, available PAC concentrations in pore water (estimated using Solid Phase
Microextraction) decreased more than total PAC concentrations in the sediment.
Relating effect concentrations to PAC concentrations in pore water and in organisms
showed that the two homocyclic compounds caused narcotic effects during chronic
exposure, but only one of the four tested heterocyclic PACs caused narcotic effects.
The transformation product phenanthridone was not toxic at the tested
concentrations (up to 4000 µmol/kg dry sediment), whereas EC50 values for the
parent compound phenanthridine and the isomer acridone were below the estimated
limit for narcosis, suggesting a specific mode of action. These results demonstrated
the unpredictable (isomer) specific toxicity of azaarenes and their transformation
products, emphasizing the need of chronic toxicity testing to gain insight into the
long-term effects of heterocyclic PACs, which have been overlooked in risk
assessment.
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Introduction

Benthic invertebrates inhabiting PAC contaminated sediments are chronically
exposed to a variety of homocyclic and heterocyclic compounds (Lahr et al., 2003;
Uhler et al., 2005). Risk assessment for PACs, however, is based on only a limited set
of homocyclic compounds, ignoring the vast number of heterocyclic compounds
(with in or on-ring substitutions) and transformation products (Crommetuijn et al.,
2000). Moreover, in the past PAC toxicity has been commonly assessed in short-term
high-dose experiments, in which mortality is often the only endpoint (Lee et al., 2002).
During such acute exposures PACs act mainly by narcosis (Bleeker et al., 2002), but
during chronic exposure the same compounds may exert sublethal effects (on e.g.
growth, reproduction; Droge et al., 2006). Therefore, the present study focused on
assessing chronic effects of azaarenes and their transformation products in addition to
homocyclic compounds. Azaarenes are mainly formed and released into the
environment by incomplete combustion of fossil fuels, in spills or effluents of several
industrial activities and by pesticide use (Kuhn and Suflita, 1989). Azaarenes,
containing one in-ring nitrogen substitution, can comprise up to 10% of the total
PAC concentration in contaminated sites (Neilson, 1998), but toxicity data for this
group of compounds are scarce, and very little is known about their chronic effects
(Droge et al. 2006; Feldmannova et al. 2006).
Sorption to sediment organic matter may decrease availability of PACs to benthic
invertebrates, since tissue residues and effects correlate to dissolved pore water
concentrations (Moerond et al., 2007). Nevertheless, in chronic toxicity tests PAC
bioavailability during exposure is rarely monitored, although changes in bioavailability
could alter the outcome of the experiments (Schuler et al., 2003). Recently, several
techniques have been developed to facilitate quantification of the freely dissolved
(pore) water concentrations of toxicants (Mayer et al., 2000; Leppanen et al., 2006),
including Solid Phase Microextraction (SPME) (King et al., 2003). The
poly(dimethylsiloxane) coating on the SPME fiber mimics the structure and sorptive
properties of membranes (Leslie et al., 2003), allowing a reliable estimation of the
availability of organic compounds.
The aim of the present study was, therefore, to monitor PAC availability to the
Oligochaete Lumbriculus variegatus during chronic exposure, in order to obtain reliable
effect concentrations for reproduction. Asexual reproduction of L. variegatus is a
sensitive chronic endpoint that can easily be combined with SPME and PAC
accumulation measurements in the worms’ body in a single test. This allowed us to
express the observed effects as a function of measured PAC concentrations in
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sediment, estimated PAC concentrations in pore water and PAC concentrations in the
organism. Since it has been demonstrated that slight differences in chemical structure
may result in substantial differences in toxicity (Kraak et al., 1997; Bleeker et al., 1999;
Wiegman et al., 2001), three three-ring PAC isomer pairs were selected: two
homocyclic compounds, two azaarenes and the two main stable transformation
products of the azaarenes.
Materials and methods
Test organism

Lumbriculus variegatus is an endobenthic oligochaete, widely used in bioaccumulation
experiments (Leppanen, 1998; Ingersoll, 2003; Schuler, 2003; Landrum, 2004). In the
laboratory it reproduces via fragmentation, and a standardized protocol to determine
effects on asexual reproduction of L. variegatus has been developed by the
Organisation for Economic Co-operation and Development (OECD). This protocol,
with slight modifications, was applied in the present study.
Test compounds

Six test compounds were chosen: two three-ring homocyclic compounds,
anthracene and phenanthrene; two azaarene analogues, acridine and phenanthridine,
and two Phase I azaarene transformation products, acridone and phenanthridone.
Several properties of the compounds are listed in chapter 3. All compounds were
provided by Sigma-Aldrich Chemie BV (Zwijndrecht, the Netherlands).
Sediment spiking

Drontermeer sediment, a Dutch reference sediment (12-14% Organic Matter,
15.5% clay and all individual PAH concentrations below 0.01 mg/kg DW), was used
for the toxicity tests. Sediment was provided by Grontmij/AquaSense (Amsterdam,
the Netherlands). After sampling, it was homogenized and frozen to eliminate
indigenous fauna (-20°C). Three days before the spiking procedure was started the
sediment was thawed at 4°C.
The sediment was spiked to obtain the following nominal PAC concentrations: 67,
140, 280, 561 and 1122 µmol/kg DW for anthracene, 140, 280, 561, 1122 and 2244
µmol/kg DW for phenanthrene, 139, 279, 558, 1116 and 2232 µmol/kg DW for
acridine and phenanthridine and 154, 318, 640, 1281 and 2561 µmol/kg DW for
acridone and phenanthridone.
PACs were spiked to dry sediment (10% of the total amount). Acetone was used
as carrier solvent, and for each PAC concentration series equal volumes of acetone
were added to all treatments. The spiking was carried out in the dark to prevent
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photodegradation of the compounds. Controls and solvent controls were included.
The homocyclic compounds and the azaarenes were dissolved in 50 ml of acetone and
added to 38 g of dry sediment, and the mixture was left in a closed 500 ml glass bottle
for 24 h to equilibrate. The transformation products, less soluble in acetone, were
dissolved in 300 ml of acetone. After the 24 h equilibration period, the bottles were
opened and left for 24 h in a fume hood to allow the acetone to evaporate. Next, the
spiked dry sediment was mixed with 800 ml of Dutch Standard Water (DSW,
deionised water with 200 mg/l CaCl2.2H2O, 180 mg/l MgSO4.H2O, 100 mg/l
NaHCO3 and 20 mg/l KHCO3; pH ≈ 8.2) and 432 g of wet sediment (20% water
content) in 3-liter glass bottles. A 20:1 wt/wt mixture of Trouvit® and TetraPhyll®,
diluted in distilled water, was used as additional food source (0.25 mg/worm/day).
The glass bottles filled with the water-sediment-food mixture were placed on a roller
bank (30 rpm) for 24 hours to homogenize. Next, the mixture was divided over eight
replicate 200 ml glass jars and allowed to settle for 10 days. Each test replicate
consisted of approximately 60 g of wet sediment and 100 ml of DSW. Four replicates
per concentration were sacrificed during the experiment for PAC measurements in
sediment and pore water, leaving four replicates for the toxicity test.
Toxicity tests

Four week (28-day) toxicity tests were performed in an incubator at a constant
temperature of 20±1°C, with mercury lamps (light intensity approximately 50 µmol
quanta/m2/s) providing a light regime of 16 hours of light and 8 hours of darkness.
UV filters were used to minimize photodegradation of the test compounds by UV-B
radiation. Glass jars were covered with plastic foil and constantly aerated to keep
oxygen concentrations stable. Once a week, de-ionized water was added to
compensate for evaporation of the test solution. pH in the test jars ranged from 7.5 to
8.5 and oxygen concentration was always above 75% air saturation.
At the beginning of the experiment, 20 L. variegatus adult individuals from our
laboratory culture were introduced in each of the test jars using a plastic Pasteur
pipette. The worms were allowed to burrow into the sediment for 4 hours before
aeration of the jars was restarted. After 28 days, the sediment was sieved to extract the
worms from the sediment. The number of worms in each test jar was determined, and
the average reproductive output per concentration (%) was calculated using the
formula Y=((X-20)/20)*100, where X is the number of worms per jar at the end of
the test. The worms were kept for four hours in clean tap water for gut clearance.
This short gut clearance period was applied to prevent depletion of the heterocyclic
compounds (Mount et al. 1999). Following, worm samples were frozen at -20°C until
analysis.
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PAC availability

Availability of anthracene, phenanthrene, acridine and phenanthridine in sediment
pore water was measured using Solid Phase Microextraction (SPME). Due to their
low hydrophobicity, SPME could not be applied to the transformation products. The
fibers, obtained from the Institute for Risk Assessment Sciences (IRAS, University of
Utrecht, the Netherlands), had a diameter of 110 µm and a 28.5 µm thick
poly(dimethylsiloxane) (PDMS) coating, and were manufactured by Poly Micro
Industries (Phoenix, AZ, USA). Three centimeter pieces of fiber were glued to a 0.4
mm Ø nylon fishing thread, washed with 70% methanol and de-ionized water and
carefully introduced into the test sediment. Two replicate fibers were introduced in
each test jar. Fiber measurements were performed in two jars per test concentration.
The fibers remained in the sediment for three days, sufficient time for the fiber to
reach equilibrium with the PCA concentrations in the pore water (Leslie et al., 2002;
Ter Laak et al., 2006). Next, they were gently cleaned with a tissue, and a 2 centimeter
fiber piece was cut to get rid of the glued tip of the fiber and extracted in 300 µl
acetonitrile. For each toxicity test, fibers were introduced in the sediment at the
beginning and at days 3, 6, 9, 13, 17, 21 and 25 of the experiment. PAC
concentrations in the fibers were measured by High Performance Liquid
Chromatography (HPLC), using a 1 ml/min 80% acetonitril-20% water flow rate and
an injection volume of 20 µl. For the homocyclic compounds, fiber-water partition
coefficients (Kf) from Ter Laak et al. (Ter Laak et al., 2006) were used to estimate
concentrations in the pore water using the SPME measurements. For the azaarenes,
static system experiments were performed to determine Kf values, as in (Ter Laak et
al., 2005).
PAC concentrations in sediment, pore water and oligochaetes

Sediment and pore water samples were collected at the beginning, after seven and
fourteen days and at the end of the experiment. For sediment samples, 40 ml was
centrifuged for 15 minutes at 3000 rpm. To obtain a clear pore water sample, the
supernatant was collected and centrifuged again for 15 minutes at 3000 rpm. 150 µl of
acetonitrile was added to two replicated 1 ml pore water samples. Sediment and pore
water samples were frozen at -20°C until analysis.
Ten grams of centrifuged sediment (water content approximately 10%) were
mixed with equal amounts of anhydrous NaSO4 (Merck, Darmstadt, Germany), and
Soxhlet extracted for 5 hours in cellulose extraction thimbles. Hexane (Chromasolv®,
Sigma-Aldrich Chemie BV) was used as extraction solvent for the homocyclic
compounds and the azaarenes, acetonitrile (HPLC-grade, Biosolve BV) for the
transformation products. The hexane-extracted samples were transferred into
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acetonitrile by blowing off the hexane using a gentle stream of nitrogen. All extracts
were analyzed by HPLC. Recovery checks were performed for each of the
compounds to validate the Soxhlet extraction procedure. For this purpose, known
amounts of spiking solution in the same concentration range as tested in the
experiments were added to clean sediment in the extraction thimble. Extraction
recoveries were 80% for anthracene, 85% for phenanthrene, 75% for acridine, 77%
for phenanthridine and 88% for the transformation products. PAC concentrations in
the sediment were corrected for recovery. Pore water samples were directly injected in
the HPLC, to prevent overestimation of freely dissolved pore water concentrations
due to exhaustive extraction of the DOM bound fraction of the compounds (Ter
Laak et al., 2005).
L. variegatus tissue was sampled at the end of the experiment (28 days). Worms
from the 4 replicates per concentration were pooled in order to obtain enough
biomass for a reliable PAC measurement. PACs were extracted from the tissue with
acetonitrile. One hundred milligrams of wet tissue were mixed with 1.5 ml of a 1%
CaCl2 solution and homogenized to break down the tissue. Three ml of acetonitrile
were added, and the mixture was sonicated for 45 minutes in cool water
(approximately 12ºC). Next, the PACs were extracted from the tissue at 4ºC for 24
hours. After this first extraction, the sample was centrifuged for 15 minutes at 3000
rpm and the supernatant was transferred to a HPLC vial. Three ml of acetonitrile was
added to the pellet, the sample was homogenized and the extraction procedure was
repeated. The two worm tissue extracts were pooled and measured using HPLC. PAC
concentrations in the tissue were corrected for recovery. Extraction recoveries were
70% for anthracene, 72% for phenanthrene, 65% for acridine, 67% for
phenanthridine, 68% for acridone and 72% for phenanthridone.
Statistical analysis

The concentration of the test compounds in sediment, pore water and worm tissue
that caused 50% reduction in reproduction compared to the control was calculated
according to Haanstra et al. (1985). Average measured PAC concentrations in the
sediment, average estimated PAC concentrations in the pore water and PAC
concentrations in the worms at the end of the 28-day exposure period were used. Ttests (p<0.05) were performed to compare control and acetone control reproductive
outputs. Likelihood ratio tests were performed to compare effect concentrations
(X21>3.84, p<0.05). Statistical analysis was performed using SPSS® 11.0 for Windows.
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Results
PAC concentrations in sediment, pore water and L. variegatus
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Concentrations of anthracene, acridine and acridone in the sediment did not
decrease substantially during the experiment (respectively 3±2, 3±3 and 0%). In
contrast, concentrations of phenanthrene, phenanthridine and phenanthridone in the
sediment decreased during the experiment, mainly due to microbial degradation
(27,28). Average decreases were 19±10% for phenanthrene, 30±16% for
phenanthridine and 24±12% for phenanthridone.
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Figure 1. Relationship between Polycyclic Aromatic Compound (PAC) concentrations in pore water estimated
using SPME measurements (Y-axis, µM) and measured experimentally (X-axis, µM) in spiked Drontermeer
sediment during 28-day toxicity tests with Lumbriculus variegatus. Dashed line: 1:1 relationship.
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PAC concentrations in pore water were estimated using the concentrations in
SPME fibers and PDMS-water partitioning coefficients (Kf). In Figure 1, estimated
concentrations (Y axis) were plotted against directly measured PAC concentrations in
pore water (X axis), and a linear regression was performed in order to evaluate the
performance of the SPME technique. The r2 values of the linear regression for
anthracene, phenanthrene and phenanthridine were respectively 0.77, 0.92 and 0.97,
showing a consistent linear relationship between measured and estimated PAC
concentrations in pore water. For acridine, the r2 value was 0.64, due to variability in
the results obtained with SPME. If direct measurements in pore water would be
equivalent to concentrations in pore water estimated using SPME, the slope of the
regression line should be 1. This was indeed the case for phenanthrene (1.07, 95% C.I.
0.89-1.19), but for anthracene the slope was significantly higher than 1 (2.43, 95% C.I.
1.85-3.02), meaning that the measured anthracene concentrations in the pore water
were lower than estimated ones. For the two azaarenes, acridine and phenanthridine,
the slope of the regression line was significantly lower than 1 (respectively 0.54 (95%
C.I. 0.32-0.75) and 0.72 (95% C.I. 0.60-0.84)), meaning that estimated concentrations
were somewhat lower than concentrations measured in pore water.
During exposure, estimated pore water concentrations of all PACs decreased at all
concentrations in the sediment, due to increased sediment sorption in time and
degradation by bacteria present in the sediment (van Herwijnen, 2003). The decrease
in estimated pore water concentrations was larger in proportion than the decrease in
measured concentrations in the sediment.
In general, average PAC concentrations in the worms’ tissue (µmol PAC/kg wet
weight) after 28 days of exposure increased with increasing PAC concentrations in the
sediment, but differences in accumulation between the six tested compounds were
found.
Effect concentrations

Control reproductive output after 28 days of exposure was on average 80 ± 9 %.
Control and solvent control average reproductive output did not differ significantly
(T-test, p<0.05) and therefore solvent control values were used for further analysis of
the results. All tested compounds except phenanthridone affected reproduction of L.
variegatus. In Table 1, 50 and 10% effect concentrations (EC50 and EC10s) with their
95% confidence intervals are shown. Likelihood ratio tests were performed to
compare the EC50 values.
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Table 1. EC50 and EC10 values (with corresponding 95% confidence intervals) for the effects of Polycyclic Aromatic Compounds (PACs) on the reproduction of Lumbriculus variegatus in
spiked Drontermeer sediments, calculated using average measured PAC concentrations in the sediment (µmol/kg DW), pore water PAC concentrations estimated using SPME (µM) and
PAC concentrations in L. variegatus at the end of the 28-day exposure period (µmol/kg ww).
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EC50s based on measured PAC concentrations in sediment. From the
compounds that exerted an effect, acridone was the most toxic (EC50 301 µmol/kg
sediment DW), while its parent compound acridine was the least toxic (EC50 1248
µmol/kg sediment). Likelihood ratio tests showed that the sediment EC50 for
acridine was significantly higher than EC50s for phenanthridine, the homocyclic
compound anthracene and the transformation product acridone. In contrast, EC50s
for anthracene, phenanthrene, phenanthridine and acridone did not differ from each
other.
EC50s based on PAC concentrations in pore water. Pore water EC50s were
calculated using estimated PAC concentrations in the pore water for the homocyclic
compounds and the azaarenes. For acridone, the pore water EC50 was estimated
from the sediment EC50 using its sediment-water partitioning coefficient (Koc) as in
Droge et al. (2006). Pore water EC50s ranged from 0.148 µM for phenanthridine to
3.97 µM for acridine, and again likelihood ratio tests showed that the EC50 for
acridine was significantly higher than the EC50s for the other compounds. EC50s for
anthracene, phenanthrene, phenanthridine and acridone did not differ significantly.
EC50s based on PAC concentrations in the organism. 50% effect body residues
(ER50s) based on wet weight were calculated. Likelihood ratio tests showed that the
ER50s for the two homocyclic compounds, anthracene and phenanthrene, did not
differ significantly (116 and 88 µmol/kg WW, respectively). The ER50 for the
azaarene acridine (137 µmol/kg wet weight) was similar to the homocyclic compound
ER50s. In contrast, phenanthridine showed the significantly lowest ER50 (2 µmol/kg
wet weight). The transformation product acridone showed a significantly lower ER50
than the homocyclic compounds and acridine (30 µmol/kg WW).
Discussion
PAC availability to L. variegatus

To our knowledge, this was the first attempt to use SPME to monitor the change
in PAC availability in pore water during chronic toxicity tests. Indeed, the decrease in
freely dissolved PAC concentrations in pore water during exposure time was
substantial, according to previous observations on progressive sorption of PACs to
particles (Kukkonen et al., 1994; Conrad et al., 2002). Even more important, the
present study showed that the freely dissolved PAC concentrations in pore water
decreased more than total PAC concentrations in the sediment, emphasizing the
importance of monitoring availability during chronic exposure.
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For the two azaarenes, estimated concentrations using SPME were somewhat
lower than directly measured concentrations in the pore water. This may have been
caused by an slight underestimation of PDMS-water partitioning coefficients (Kf) due
to depletion in the static experimental system in which Kf values were determined, as
suggested by Poerschmann et al. (2000). For anthracene, in contrast, concentrations
measured directly in the pore water were 2.4 times lower than estimated pore water
concentrations using SPME measurements. Due to the low water solubility of
anthracene, binding of anthracene to particulate and dissolved organic carbon in the
sediment pore water probably occurred during the pore water analysis (Ter Laak et al.,
2005). As a result, very low concentrations were measured. Therefore, pore water
concentrations estimated using SPME measurements were more reliable, and were
used to calculate effect concentrations.
Effect concentrations

Effects based on measured PAC concentrations in the sediment (Figure 2A).
Due to equilibrium partitioning, toxic effects of PACs will occur at lower
concentrations in the (pore) water with increasing logKow of the test compounds (Lee
et al., 2001). On the other hand, sorption of the test compounds to sediment organic
matter increases with increasing logKow (Ter Laak et al., 2006). Because of these two
counteracting influences, sediment EC50s for our test compounds were expected to
be more or less constant (Van Leeuwen et al., 1992). This was indeed the case for the
homocyclic compounds (anthracene and phenanthrene), the azaarenes (acridine and
phenanthridine) and the transformation product acridone. The transformation
product phenanthridone was the only compound that did not affect reproduction of
L. variegatus at the tested concentrations (up to 4000 µmol/kg dry sediment). Sediment
EC50s were in the range of effect concentrations determined for other benthic
invertebrates exposed to PAH-contaminated sediments (Lotufo et al., 1998; Verrhiest
et al., 2001; León Paumen et al., 2008).
Effects based on PAC concentrations in the pore water (Figure 2B). In previous
studies (Droge et al., 2006; León Paumen et al., 2008), estimated chronic pore water
effect concentrations for soil and sediment invertebrates were compared to an acute
LC50-logKow relationship determined by Bleeker et al. (2002), which described the
narcotic effects of several PACs to the midge Chironomus riparius. This way, effects of
homo and heterocyclic compounds were compared, and specific effects emerging
besides narcosis during chronic exposure were identified. Applying this approach to
the present data set revealed that pore water EC50s for the homocyclic compounds
anthracene and phenanthrene agreed well with the acute LC50-logKow relationship.
From the four tested heterocyclic compounds, however, only the EC50 for acridine
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was in agreement with the acute LC50-logKow relationship. The transformation
product phenanthridone did not affect reproduction of L. variegatus. Based on its
logKow value an EC50 of about 20 µM was expected, but this concentration in the
pore water was not reached at the highest concentration in the sediment. In contrast,
the EC50s for the azaarene phenanthridine and the transformation product acridone
were clearly below the concentration corresponding to narcosis, suggesting a specific
mode of action.
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Figure 2. EC50 values for the effect of Polycyclic Aromatic Compounds (PACs) on reproduction of Lumbriculus
variegatus in spiked Drontermeer sediment as a function of logKow (□); based on measured concentrations in
sediment (µmol/kg DW, plot A), estimated concentrations in pore water (µM, plot B) and concentrations in L.
variegatus (ER50s, µmol/g WW, plot C). Plot B: Solid line: linear logLC50-logKow relationship for Chironomus
riparius exposed for 96 hours to similar PACs (y = -0.8162x + 3.4936, r2=0.986, (Bleeker et al., 2002)). Dashed
line: ratio LC50 from Bleeker et al. 2002 / 3, lower limit for narcosis. For acridone, the calculated pore water
EC50 is shown. Plot C: dashed lines: according to CBR predictions, upper and lower limits of the tissue
concentration interval after chronic exposure to narcotic chemicals (0.2 - 0.8 µmol/g WW).
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The specific effects found for the azaarene phenanthridine compared to the
narcotic effects of its isomer acridine were observed previously for reproduction of
the soil invertebrates Folsomia candida and Enchytraeus crypticus (Droge et al., 2006).
Moreover, phenanthridine was found to be more teratogenic than acridine to Xenopus
laevis (Buryskova et al., 2006), and more genotoxic in the GFP assay (Bartos et al.,
2006). Isomer specific toxicity was also found for the transformation product isomers:
acridone was more toxic than expected based on logKow, as found previously in a
mutagenicity study (Bleeker et al., 1999), while phenanthridone did not affect
reproduction of L. variegatus at all at the highest concentration tested. In contrast, both
transformation products affected emergence of C. riparius ( León Paumen et al., 2008),
underlining the species specific sensitivity to PACs (Droge et al., 2006).
Effects based on PAC concentrations in the organism (Figure 2C). Toxic effects
can only take place if the toxicant is taken up by the organism. Therefore, we also
expressed effects as a function of PAC concentrations in the organism. This allowed
us to evaluate the observed deviations from narcosis in a second independent way,
using the Critical Body Residue (CBR) approach. The CBR concept (McCarthy and
Mackay, 1993) predicts that non polar narcotics (e.g. PACs, PCBs) cause 50% of
mortality at threshold body concentrations between 2 and 8 µmol/g wet weight. This
concept has been successfully applied to interpret toxicity data for sediment and soil
inhabiting organisms (Fischer et al., 1999; Lee et al., 2002; Leslie et al., 2004b;
Landrum et al., 2003) . Because of the unspecificity of the narcotic mode of action, it
has been suggested that this threshold would be applicable to all organisms.
Furthermore, analyses of chronic toxicity data suggest that threshold body
concentrations for chronic exposure would be one order of magnitude lower than
lethal CBRs (between 0.2 and 0.8 µmol/g wet weight; Hendriks, 1995; Lotufo et al.,
1998; DiToro et al., 2000), and body concentrations far below the threshold would
indicate specific modes of action of the tested compounds occurring besides narcosis
(Emery and Dillon, 1996). In our study, ER50s for anthracene, phenanthrene and
acridine were around one order of magnitude lower than 2-8 µmol/g wet weight, in
agreement with the chronic CBR concept. Also, ER50s for the two homocyclic
compounds were close (within a factor 2) to body residue predictions for chronic
exposure to homocyclic PAHs (DiToro et al., 2000). In contrast, ER50s for
phenanthridine and acridone were two orders of magnitude lower than the chronic
CBR range, suggesting additional specific modes of action of the two compounds.
Thus, deviations from narcosis found for the ER50s were in agreement with
deviations from narcosis found for the pore water EC50s.
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In this study, only one of the four tested heterocyclic PACs caused narcotic effects
during chronic exposure, showing that (isomer) specific toxicity of azaarenes and their
transformation products could not be predicted from acute effect concentrations.
About two-thirds of the approximately four million known organic compounds are
heterocyclic (Adrian and Suflita, 1994), and in our study toxicity of three out of the
four tested heterocycles was poorly predicted by logKow. These results emphasize the
need of applying chronic toxicity testing to gain insight in the long-term effects of
heterocyclic PACs, which have been overlooked by the risk assessment.
Acnowledgements. This research was supported by the Technology Foundation (STW),
applied science division of The Netherlands Organization for Scientific Research
(NWO) (project AEB 06364).
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Comparative chronic toxicity of homoand heterocyclic aromatic compounds
to aquatic and terrestrial invertebrates:
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Abstract

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 twentyone 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 well predicted by existing toxicity-Kow relationships
describing narcosis, chronic pore water effect concentrations were plotted jointly
against logKow. Fifteen of the twenty-one effect concentrations (71%) fitted well on
the acute LC50-logKow relationship, 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 well described by
the toxicity-Kow relationship. However, for the sediment invertebrates exposed to
some of the tested heterocyclic PACs deviations from narcosis (related to specific
physicochemical properties of the test compounds and/or species specific
sensitivities) were identified. It can be concluded that existing toxicity-Kow
relationships describing narcosis in some cases underestimate chronic PAC toxicity to
sediment inhabiting invertebrates.
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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; Feldmannova et al., 2006; Sverdrup et al., 2002a;
2002b; Wiegman et al., 2001). 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.
All organic toxicants, including PACs, induce narcosis, or baseline toxicity, 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) (Chen et al., 1997; De Voogt et al., 1988; Konemann, 1981; Schultz
and Bearden, 1998; Swartz et al., 1995). 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
(Bleeker et al., 2002a) applied this approach to azaarenes, heterocyclic compounds
with a nitrogen substitution. In that study, acute toxicity of azaarenes to the midge
Chironomus riparius was compared to that of homocyclic compounds by plotting the
96h LC50 values of both groups of compounds against logKow. This comparison
revealed that logKow was well 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
(Bleeker et al., 2002a; Droge et al., 2006; Kraak et al., 1997; Leon Paumen et al.,
2008a; Walton et al., 1983; Wiegman et al., 2001; Wood et al., 1983). 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).
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In many short-term high-dose PAC toxicity studies, including those mentioned
above, mortality was used as endpoint. This ignores that PACs can exert sublethal
effects during long-term exposure, therewith affecting different biological endpoints
(Droge et al., 2006; Feldmannova et al., 2006; Leon 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; Leon Paumen et al., 2008a; Leon Paumen et al. 2008b). 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 cripticus (Droge et al., 2006), the benthic oligochaete Lumbriculus
variegatus (Leon Paumen et al. 2008b) and the midge Chironomus riparius (Leon 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.
Materials and methods

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 aquatic oligochaete Lumbriculus variegatus (Leon Paumen et al. 2008b) and the
midge Chironomus riparius (Leon Paumen et al. 2008a) performed earlier in our
laboratories. These studies followed international guidelines (ISO, 1998; OECD,
2004a; OECD, 2004b; OECD, 2006) with slight modifications.
In short, the soil toxicity tests started with either F. candida that were synchronized
to 10 to 12 days of age or adults of E. crypticus of approximately 0.4 to 0.6 cm that
were adapted to clean reference soil for one day. Each replicate consisted of 30 g (wet
weight) spiked soil, containing 10 individuals, in 100-ml glass jars. Test containers
were kept at 20°C and 80% humidity under a 16:8-h light:dark photoperiod. The
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animals were extracted from the soil and counted after the 28-day exposure period
(Droge et al., 2006).
Sediment toxicity tests with the midge C. riparius and the oligochaete L. variegatus
were conducted in an incubator at 20°C under a 16:8-h light:dark photoperiod. UV
filters were used to suppress UV-B radiation and minimise photodegradation of the
tested compounds. First instar midge larvae, less than 24 h old, were used for the
toxicity tests. At the start of the experiment, ten first-instar C. riparius larvae were
carefully introduced in each of the replicate glass beakers. Emergence was recorded
daily starting at day 14, when the first adult midges started to emerge, until day 28,
when the test was terminated (Leon Paumen et al., 2008a). At the beginning of the
benthic oligochaete experiment, 20 L. variegatus adult individuals were introduced in
each of the test jars. After 28 days, the sediment was sieved to extract the worms from
the sediment and the number of worms in each test jar was determined, and the
average reproductive output per concentration was calculated (Leon Paumen et al.
2008b).
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 <5, porewater exposure of the
test organisms was expected (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 carbonwater partitioning coefficients (Koc values, Table 1) and the organic carbon content of
the reference soil (2.2%) and the reference sediment (8.1%). The calculated porewater
LC50 and EC50reproduction values were plotted against the logKow values of the tested
compounds.
Results and Discussion

Our experimental matrix consisted of six compounds tested on four invertebrates,
with one (sub)lethal endpoint for the aquatic 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 (Figure 1A) and EC50 (Figure 1B) values on the relationship
between acute aquatic LC50 data and logKow by Bleeker et al. (Bleeker et al., 2002a),
which describes narcosis. Figure 1 shows that all possible outcomes were actually ob-
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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).
Compound

Structure

MW

log KOW

logKoc

Sw (µM)

178.23

4.53

a

4.3

b

0.37

c

178.23

4.48

a

4.2

b

7.20

c

179.22

3.27

a

4.1

b

260

c

179.22

3.44

a

3.8

b

25.7

d

195.22

2.95

e

3.9

b

670

d

195.22

2.70

f

4.3

b

1428

Homocyclic PACs
anthracene

phenanthrene
Heterocyclic PACs (azaarenes)
acridine
N

phenanthridine
N

Azaarene transformation products
acridone
(enol)
phenanthridone
(keto)

N
H

d

O

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

served: 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 Figure 1 are
summarized in Table 3. Generalizations will be discussed first, followed by the five
different types of exceptions that were found.
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1. Generalizations
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 well predicted by existing toxicity-Kow relationships. Fifteen of the
twenty-one effect concentrations (71%) fitted well on the acute LC50-logKow
relationship (Figure 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 agreed well with 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 agreed well with the
acute LC50-logKow relationship, except for the phenanthridine LC50 for E. crypticus,
which was higher than expected (Table 3). Hence, it can be concluded that chronic
soil toxicity for homo- and heterocyclic PACs could be well explained by an acute
effect-logKow relationship describing narcosis, as suggested in previous studies
(Sverdrup et al., 2002b).
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 can not be made. On the other hand, this result shows that PAC
metabolism generally results in transformation products that are harmless for most
organisms, although unexpected high metabolite toxicity may be observed
occasionally (see below).
2. Exceptions
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
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4.53
4.48
3.27
3.44
2.95
2.70

anthracene
phenanthrene
acridine
phenanthridine
acridone
phenanthridone

log Kow

-

-

8.9

14.9

1.08

-

LC50

-

-

3.7

9.8

0.8

-

EC50

F. candida

-

-

23.9

18.3

10.9

-

LC50

-

-

7.3

15.4

1.1

-

EC50

E. crypticus

SOIL

-

4.2

0.9

1.4

0.5

-

LC50

C. riparius

-

0.5

0.6

1.2

0.4

0.3

EC50

L.variegatus

SEDIMENT

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).
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3.44
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phenanthridone
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4.53
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log
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12.18

4.85

6.67

1.16
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n

=

=

=

w
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n

=

=
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n

-
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=
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c

=

+

=

=

c

LC50
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c

+

+

+

=

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

Homoc.

Azaar.

Trans. pr.

Chapter 5
100

PHO
Folsomia
Enchytraeus
Chironomus

LC50 (µM)

10

soil and sediment
LC50 higher
than highest tested
concentration

ANT

1

sediment LC50 higher
than highest tested
concentration

0
2

3

A

4

5

6

logK ow
100
PHO

Folsomia
Enchytraeus

10

EC50 (µM)

Lumbriculus

soil and sediment
EC50 higher
than highest tested
concentration

1

0
2

B

3

4

5

6

logK ow

Figure 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 logLC50logKow relationship for Chironomus riparius exposed for 96 hours to similar PACs (y = -0.8162x + 3.4936,
r2=0.986, (Bleeker et al. 2002). Dashed line: ratio LC50 from (Bleeker et al. 2002) / 3, lower limit for narcosis.
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C. riparius, anthracene was dissolved in acetone and added to wet sediment, but due to
its low water solubility unreliable spiking results were obtained at higher anthracene
concentrations in the sediment (Leon 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, (Leon Paumen et al., 2008a)) 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.
2.2. Compounds which were not toxic at the highest tested concentration, which was below the
predicted effect concentration
The two transformation products used in this study, acridone and phenanthridone,
can occur in two tautomeric forms (keto and enol). In the present experiments, where
exposure occurs via the water phase, the most water soluble tautomer is probably the
form of the compound that exerts a toxic effect, as stated in Bleeker et al. 1999
(Bleeker et al., 1999b). Thus, phenanthridone would be mainly in keto form, having
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).
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 aquatic
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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 risk, it is still hard
to find reliable values for their physicochemical properties and accurately estimate
their availability in soil and sediment.
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 (Droge et al., 2006; Kolar et al., 2008; Krogh et al., 2007;
Sverdrup et al., 2002d), while toxic effects of heavy metals occur at the same range of
concentrations for these two soil invertebrates (Kuperman et al., 2006; Kuperman et
al., 2004; Lock and Janssen, 2003).
Toxic effects of narcotic compounds are mainly caused by unspecific partitioning
of the toxicant into lipids in cellular membranes, leading to membrane instability.
Cellular membrane composition is quite stable across different groups of organisms.
For this reason, the Critical Body Residue concept (CBR, (McCarty and Mackay,
1993)) states that non polar narcotics (e.g. PACs, PCBs) cause 50% mortality at a
relatively narrow body concentration interval expressed on lipid basis. This concept
has been successfully applied to interpret toxicity data for sediment and soil inhabiting
organisms (Fisher et al., 1999; Lee et al., 2002; Leon Paumen et al., 2008b; Leslie et al.,
2004b). Because of the unspecific character of the narcotic mode of action, it has been
suggested that this threshold would be applicable to all organisms. The present study
demonstrates, however, that in spite of the narrow range of critical body residues,
species specific variation does occur, leading to deviations from existing LC50 –
logKow relationships and complicating effect prediction.
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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. For instance, higher toxicity of phenanthridine compared to other
benzoquinolines on mussel filtration rate has been related to a combination of
physicochemical properties describing the attractive and repulsive forces governing
toxicant-membrane interaction (Kraak et al., 1997). Following this approach, several
physicochemical properties of the six compounds analyzed in this study were
calculated using ChemProgProTM and ClogPTM (e.g. 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,
and could be the reason for the high toxicity of phenanthridine compared to acridine.
The differences between the electronic conformation of the two isomers have
obvious implications in toxicant-membrane interaction and receptor binding.
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However, at the moment too little information is available to link observed effects of
PACs to physicochemical properties other than Kow and in a quantitative way.
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 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.
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Abstract

Results of life-cycle toxicity experiments are supposed to be indicative for longterm population effects of toxicants. Several studies, however, have shown that
adaptation or extinction of populations exposed for several generations may occur.
The aim of this study was, therefore, to determine if the effects of the PAH
phenanthrene on survival and reproduction of the springtail Folsomia candida exposed
for ten consecutive generations would progressively increase, or, alternatively, if
adaptation of the test organisms to the toxicant would occur. LC50 values for the first
four generations were similar (171-215 µmol/kg dry soil), as expected for a narcotic
compound. In the fourth generation, springtails exposed to the highest concentration
(163 µmol/kg dry soil, similar to the reproduction EC50 for one generation) failed to
reproduce and the population went extinct. From the fifth generation onwards,
survival and reproduction of F. candida exposed to the remaining phenanthrene
concentrations (77 µmol/kg dry soil and lower) were not affected. Thus, up to a
certain threshold concentration (between 77 and 163 µmol/kg dry soil) the springtails
were able to metabolize phenanthrene and populations persisted, while above this
threshold populations got extinct. The observed worsening of effects and the
transition from a one generation dose-response relationship towards a ten generation
threshold concentration raise concerns about the use of single-generation studies to
tackle long-term population effects of environmental toxicants.

84

Multi-generation exposure of F. candida to phenanthrene

Introduction

In contaminated environments, organisms are often exposed to toxicants for their
entire lifetime and even for several successive generations. In contrast, chronic
toxicity tests generally last for one generation or less (Sverdrup et al. 2001; Croau and
Moia 2006; Droge et al. 2006), and this could well underestimate the potential effects
of a toxicant at the population level if multi-generation exposure would result in
delayed reproductive failure, bioaccumulation transmitted to the offspring or
accumulating DNA damage (Van Brummelen et al, 1996; Nash et al., 2004; Van
Straalen and Roelofs 2006; Campiche et al. 2007). Such transgenerational effects can
only be properly assessed during multi-generation experiments, which are therefore
urgently required, but virtually absent in the literature. Only a few attempts have been
made to extend standard chronic exposure tests to more than one generation, mainly
due to concerns about transgenerational effects of endocrine disrupting chemicals
(OECD, 2006; Campiche et al., 2007). In the few available studies, acclimation and
genetic adaptation has been reported for heavy metals (Mutzinger, 1990; Postma and
Davids, 1995; Klerks, 1999; Bossuyt and Janssen, 2005; Wand and Wang, 2008), while
for organic compounds effects generally became more severe with increasing number
of exposed generations, leading to lower genetic diversity in the exposed populations
and even to extinction (Street et al., 1998; Tominaga et al., 2003; Nash et al., 2004).
Although too few data are available to draw general conclusions about the
consequences of multi-generation exposure to toxicants, it is obvious that the ability
of single-generation exposure studies to predict more ecologically relevant long-term
population effects can be seriously put into question. The aim of the present study
was, therefore, to determine multi-generation effects of an organic compound, the
Polycyclic Aromatic Hydrocarbon phenanthrene, which exhibited a narcotic mode of
action during one-generation studies (Sverdrup et al. 2001; Droge et al. 2006).
Exposure to lipophilic organic chemicals like phenanthrene causes membrane
disturbance resulting in narcosis (Bleeker et al., 2002). To neutralize their toxicity,
terrestrial invertebrates biotransform PAHs (Stroomberg et al., 2003; 2004), but this
process may lead to biochemical activation of the compounds and to the formation of
Reactive Oxygen Species (Xue and Warshawsky, 2005). Thus, although harmful
effects of PAHs are caused mainly by membrane disturbance, oxidative stress,
possible toxicity of generated metabolites and formation of protein and DNA adducts
may also occur. Traditional chronic toxicity experiments are too short to observe
these effects, but during multi generation exposure this accumulating damage could
produce sub-lethal effects (on e.g. growth and reproduction) and the fitness of
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exposed populations could be affected (Van Schooten et al., 1995; Martin et al., 2005;
Van Straalen and Roelofs 2006).
In order to determine if phenanthrene exerts such long-term effects, we exposed
the soil-dwelling springtail Folsomia candida for ten consecutive generations, and effects
on survival and reproduction were determined every generation. To investigate if
adaptation to the toxicant was taking place, additional 28-day toxicity experiments
were performed after five and ten generations of exposure.
Materials and methods
Test organism

Folsomia candida (Collembola, Isotomidae) is a soil dwelling springtail, widely used
in ecotoxicity testing because it has a short life cycle, is sensitive to different classes of
pollutants and can easily be cultured in the laboratory (Van Gestel et al., 1997;
Herbert et al., 2004; Fountain and Hopkin, 2005; Croau and Moia, 2006; Domene et
al., 2007; Jager et al., 2007). A population consists of parthenogenetic females, and at
20°C sexual maturity is reached between 21 and 24 days after hatching. Each female
lays batches of 30 to 50 eggs in soil pores, which hatch after approximately 10 days
(Fountain and Hopkin, 2005). For these experiments, individuals from a laboratory
culture from the department of Animal Ecology (VU University, Amsterdam, the
Netherlands) were used. F. candida individuals are cultured in Perspex rings filled with
humid plaster of Paris, in a climate room at 15°C under a 12h/12h light/dark regime,
and fed bakers’ yeast. Approximately three weeks prior to the start of the experiment,
a synchronized culture was set up to obtain 10-12 day old individuals to start the
experiment.
Experimental setup

Folsomia candida was exposed for ten consecutive generations to standard LUFA
2.2 soil (Landwirschafliche Untersuchungs und Forschungsanstalt (LUFA), Speyer,
Germany) spiked with phenanthrene (98% purity, Sigma-Aldrich, Steinheim,
Germany). LUFA 2.2 soil is characterized as a sandy loam with a total organic carbon
content of 2.3 ± 0.2 % and a pH (0.01 M CaCl2) of 5.6 ± 0.4. The soil was excavated
from a meadow where no pesticides or fertilizers were used for the last 4 years.
The soil was spiked with phenanthrene using acetone as a carrier solvent. Five
nominal concentrations were used: 34, 67, 140, 281 and 561 µmol/kg dry soil (6, 12,
25, 50, and 100 mg/kg dry soil). This range was set using the results of a previous
one-generation study (Droge et al., 2006), in which an EC50 for reproduction of 257
µmol/kg dry soil was determined. Controls and solvent controls were included. At the
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start of the spiking procedure, the required amount of phenanthrene was dissolved in
100 ml acetone and added to one quarter of the total amount of soil (65 g) in a 1 l
glass jar, and the jar was closed. After 24 hours of equilibration, the jar was opened
and the acetone was allowed to evaporate overnight. The next day, the remaining soil
(195 g) was added to the soil-phenanthrene mixture and mixed thoroughly. Sixty ml of
distilled water was added to the mixture in order to achieve a moisture content
equivalent to 40-50% of the water holding capacity of the soil. The solvent control
was prepared following the same procedure as for the spiked soils, but without
phenanthrene. Approximately 30 g of spiked soil was introduced in seven replicated
100 ml glass test jars, a few granules of dry yeast were added on top as food source for
the collembolans and the test jars were closed with a plastic lid. Sub-samples were
taken from the remaining 50 g of soil to determine phenanthrene concentrations, pH
and moisture content of the soil at the start of the experiment.
At the start of the experiment, ten 10-12 days old F. candida individuals from the
synchronized culture were introduced in each replicate test jar. Exposure was
conducted following the 11267 ISO guideline (ISO, 1998). The test jars were kept in a
climate room at 20°C with a 12h:12h light:dark regime. Once a week, all test jars were
weighed and distilled water was added if necessary to compensate for evaporation
losses. Also yeast granules were added to the jars if necessary. Two test jars were
sacrificed after 14 days and at the end of the test to perform pH, soil moisture and
phenanthrene concentration measurements in the test soil, leaving five replicates per
treatment for the toxicity test.
After 28 days, exposure of the first generation was ended, and springtails were
extracted from the test jars by flotation. For this purpose, 100 ml of distilled water
was added to the test soil, the mixture was gently stirred and transferred to a 400 ml
glass beaker. Surviving adults were counted, and a digital picture of the floating
springtails on the water surface was taken. Automatic counting and length
determination of the juveniles was performed using the software package AnalySIS 5
(Soft Imaging System, Münster, Germany). Juveniles from the five replicate test jars
per concentration were transferred with a flat spoon from the water surface to a single
Perspex ring (Ø 15 cm), which contained an approximately 1 cm layer of humid black
plaster of Paris. The next day, exposure of the second generation was started by
transferring juveniles from each concentration to freshly spiked soil. Only juveniles
from the first laid egg batch (largest in size), which were generally the most abundant,
were chosen to be the next generation. Adults and first-batch juveniles from each
generation were collected and frozen at -20°C. Since juveniles from the first
generation used to start the second generation were younger than the prescribed 1087
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12 days, exposure in the second and following generations was extended to 35 days.
Exposure of F. candida was repeated for ten consecutive generations.
After 5 and 10 generations of exposure, possible adaptation to phenanthrene in
exposed F. candida populations was determined. For this purpose, toxicity tests were
performed exposing juveniles from each phenanthrene-exposed population to a broad
range of phenanthrene concentrations (nominal 56, 112, 224 and 449 µmol/kg dry
soil). Exposure was performed for 28 days using the same protocol as described
above (ISO, 1998), with four replicate test jars per concentration.
Phenanthrene concentrations in soil and F. candida adults

For each generation, actual phenanthrene concentrations in the soil were
determined at the beginning, half-way (day 14) and at the end of the exposure period
(day 28/35) by soxhlet extraction followed by High Performance Liquid
Chromatography (HPLC). Approximately 13 grams of soil were mixed with an equal
amount of anhydrous sodium sulfate and extracted for five hours using hexane
(HPLC grade, Biosolve, Valkenswaard, the Netherlands). Next, the extract was
collected in acetonitrile by blowing off the hexane using a gentle stream of nitrogen.
Phenanthrene concentrations in the samples were measured using a HPLC system
consisting of a Vydac RP 18 201TP column with a Vydac 201 GD RP-18 guard
column (Alltech, Breda, the Netherlands), a Jasco FP-1520 fluorescence detector
(Jasco, Essex, UK) and a Gynkotek UVD320s ultraviolet diode-array detector
(Gynkotek, Germering, Germany). Recovery checks using LUFA 2.2 soil were
performed to validate the efficiency of the soxhlet extraction, and phenanthrene
concentrations in the soil were corrected for recovery.
Phenanthrene concentrations in F. candida adults were determined at the end of
each exposure period (28/35 days). For this purpose, 20-40 individuals were soxhlet
extracted for five hours using hexane. Following, the samples were concentrated
approximately ten times and transferred to acetonitrile using a gentle stream of
nitrogen. Samples were measured using the same HPLC system as above.
Statistical analysis

The concentrations of the test compound in the soil that caused 50% reduction of
survival (number of adults) and reproduction (number of juveniles) of the adult
springtails compared to the control (respectively LC50 and EC50 values in µmol/kg
dry soil) were calculated according to Haanstra et al. (1985), using a logistic curve
fitted through the raw concentration-response data. Survival and reproduction data
for the control and solvent control were compared at the 5% significance level using
T-tests. Average concentrations in the soil during the experiment for each exposure
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generation were used to calculate effect concentrations. When possible, LC50 and
EC50 values for the different generations were compared at the 5% significance level
using likelihood ratio tests (Crommentuijn et al., 1997). Results from the adaptation
experiments (reproduction of unexposed population vs. pre-exposed populations)
were compared at the 5% significance level using T-tests. Statistical analysis was
performed using SPSS® 11.0 for Windows.
Results
Phenanthrene concentrations in soil

Actual concentrations in the soil at the beginning of the exposure periods of the
different generations, corrected for recovery (which was 90%), were on average
78±11% of the nominal ones. Phenanthrene concentrations in the soil decreased
during exposure time, what is common for phenanthrene, and probably caused by
microbial degradation (Jaget et al., 2000; Sverdrup et al., 2002c; Droge et al., 2006).
The decrease in actual phenanthrene concentrations ranged from 74±16% of the
initial concentration for the lowest to 9±36% of the initial value for the highest
concentration in the soil. Probably, degradation at higher concentrations in the soil
was hampered by toxic effects of phenanthrene on the soil microflora (van Herwijnen
et al., 2003). Average actual phenanthrene concentrations during exposure for each
generation were used to calculate effect concentrations. To designate the exposed
populations in the following text, however, actual phenanthrene concentrations per
treatment level were averaged over the ten exposure generations, resulting in the
following average concentrations during the entire 10-generation experiment: 18, 38,
77, 163 and 401 µmol/kg dry soil (nominal 34, 67, 140, 281 and 561 µmol/kg dry
soil).
Multi-generation exposure of F. candida

As prescribed by the ISO guideline (1998), control survival of F. candida adults was
always at least 80% (average 86±12%), there were always more than 100 juveniles in
the control test jars at the end of the test (average number of juveniles ranged from
314±62 at the F7 to 1994±98 at the F2), and the coefficient of variation of the
control reproduction over the generations did not exceed 30% (average 22%). Soil pH
(0.01M CaCl2) during the toxicity tests ranged from 5.0 to 5.5 at the beginning, halfway and after 28 days of exposure. However, when exposure time was increased to 35
days soil pH decreased to approximately 4.5 in all treatments.
Survival

Survival of control and solvent control individuals was similar (T-test, p>0.05),
and solvent control values were used for the LC50 calculations because the test
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conditions in the solvent control soil were similar to the conditions in the spiked soil.
Survival of F. candida adults decreased with increasing phenanthrene concentrations in
the soil. At the highest exposure concentration (401 µmol/kg dry soil), complete
mortality occurred during the first generation and the population got extinct. LC50
values for the first four generations ranged between 171 and 215 µmol/kg dry soil
(Table 1). LC50 values were compared using likelihood ratio tests, and did not differ
significantly (X2,1< 3.841, p>0.05). At the fourth generation, survival was similar to
that in the first three generations, but the population exposed to the highest remaining
phenanthrene concentration (163 µmol/kg dry soil) failed to produce juveniles and
went extinct. From the fifth generation onwards, no significant effect on survival of
the remaining exposure concentrations (18, 38 and 77 µmol/kg dry soil) was observed
compared to the control. Consequently, the clear concentration-response relationship
observed during the first four generations completely disappeared and no LC50 values
could be calculated. The highest remaining average exposure concentration is given
instead (Table 1).
Table 1. LC50 and EC50 estimates (µmol/kg dry soil) for survival and reproduction of consecutive generations of
the springtail Folsomia candida exposed to LUFA 2.2 soil spiked with phenanthrene. LC50 and EC50 values
were calculated using average actual exposure concentrations for each generation.
Generation

LC50
(µmol/kg dry soil)

EC50
(µmol/kg dry soil)

P

215
(8-422)

156
(121-191)

F1

171
(129-211)

55
(14-97)

F2

191
(129-249)

78
(49-108)

F3

196
(136-256)

102
(45-158)

F4-F9

>77

>77

Reproduction

Juvenile numbers decreased with increasing phenanthrene concentrations in the
soil for the first four generations (Figure 1), but their growth was not affected by
phenanthrene (data not shown). Juvenile numbers from the solvent control were used
as control values to calculate 50% effect concentrations for reproduction. EC50
values for the first, second, third and fourth generation (P, F1, F2, F3) were 156, 55,
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Figure 1. Concentration-response curves for reproduction of ten consecutive generations of the springtail
Folsomia candida (Y-axis: juvenile number in % of average solvent control) exposed to LUFA 2.2 soil spiked with
phenanthrene (X-axis: µmol PHT/kg dry soil; average actual concentrations for each generation are used).

78 and 102 µmol/kg dry soil, respectively (Table 1). Likelihood ratio tests showed that
EC50s for the second and third generation were significantly lower than the EC50 for
the first generation (X21> 3.841, p<0.05); in contrast, the first and fourth generation
EC50s did not differ. At the fourth generation (F3), no juveniles were produced at the
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highest remaining phenanthrene concentration in the soil (163 µmol/kg dry soil), and
the population became extinct (Figure 1). From the fifth to the tenth generation, no
significant effects on reproduction of F. candida were observed at the remaining
exposure concentrations (18, 38 and 77 µmol/kg dry soil) compared to the control.
Consequently, the clear concentration-response relationship observed during the first
four generations completely disappeared and no EC50 values could be calculated. The
highest remaining average exposure concentration is given instead (Table 1).
Adaptation

No springtails survived at the highest test concentration in the adaptation
experiments (actual 250/260 µmol/kg dry soil, Figure 2). At lower exposure
concentrations, no significant differences in juvenile production were found between
phenanthrene-exposed populations and the non-exposed control population (T-test,
p>0.05, Figure 2), meaning that no adaptation to phenanthrene occurred in the
populations exposed for five and ten generations to the tested phenanthrene
concentrations in the soil. Juvenile numbers in the adaptation experiments after ten
generations were much lower than juvenile numbers after five generations, but values
at the lowest exposure concentration were above the 100 juveniles set as minimal
control value in the ISO guideline.

number of juveniles (n)

700

pop. 0 mg/kg dw.

600

pop. 18 umol/kg dw.

500

pop. 38 umol/kg dw.

400

pop. 77 umol/kg dw.

300
200
100
0

number of juveniles (n)

b

a

700

pop. 0 mg/kg dw.

600

pop. 18 umol/kg dw.

500

pop. 38 umol/kg dw.

400

pop. 77 umol/kg dw.

300
200
100
0

21

71

120

250

PHT conc. in the soil (umol/kg dry soil)

40

82

162

260

PHT conc. in the soil (umol/kg dry soil)

Figure 2. Effects of phenanthrene on the reproduction of populations of Folsomia candida exposed for 5 (a) and
10 (b) generations to different phenanthrene concentrations in LUFA 2.2 soil. X-axis shows the average actual
concentrations of phenanthrene during exposure. Bars represent the number of juveniles (n ± S.D., n=4) for
every multi-generation exposure concentration.

Phenanthrene concentrations in F. candida adults

In Table 2, phenanthrene concentrations in F. candida adults and Biota to Soil
Accumulation Factors (BSAFs), normalized for lipid content of the springtails (3.6%
of WW, taken from Staempfli et al. (2007)) and organic content in the LUFA 2.2 soil
(2.3% OC), are shown for the first five and the tenth generation. Due to the shorter
exposure time, phenanthrene concentrations in adults from the first generation (P)
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were somewhat lower than concentrations in animals from the next generations (F1,
F2, F3, F4). Adults from the fourth generation (F3) exposed to the highest remaining
phenanthrene concentration in the soil (163 µmol/kg dry soil), which got extinct,
showed the highest internal phenanthrene concentration (3.46 µmol PHT/g WW) and
the highest BSAF (14). Phenanthrene concentrations and BSAFs for the tenth
generation were lowest.
Table 2. Phenanthrene concentrations in Folsomia candida adults (µmol PHT/g WW) and Biota to Soil
Accumulation Factors (BSAFs, g OC/g lipid) after 1, 2, 3, 4, 5 and 10 generations of exposure to phenanthrene
contaminated LUFA 2.2 soil (umol PHT/kg dry soil). n.m.: not measured, b.d.: below detection limit (~ 6 µg/l).
P

Conc.

BSAF

Conc.

BSAF

Conc.

BSAF

Conc.

BSAF

F9

BSAF

F4

Conc.

F3

BSAF

F2

Conc.

PHT conc
(µmol/kg dry soil)

F1

0

b.d.

b.d.

b.d.

-

0.10

-

b.d.

-

b.d.

-

b.d.

-

18

n.m.

n.m.

0.15

5.67

b.d.

-

b.d.

-

b.d.

-

b.d.

-

38

0.03

0.62

0.43

6.60

0.07

1.65

0.10

2.02

0.05

1.5

0.01

0.21

77

0.10

0.81

1.00

9.30

0.19

1.85

0.21

2.01

0.18

2.0

0.02

0.15

163

0.30

1.13

0.97

4.56

0.75

3.57

3.46

14

Discussion

This study aimed at determining if effects of the narcotic PAH phenanthrene on
survival and reproduction of F. candida would worsen after several consecutive
generations of exposure or, alternatively, if adaptation to the toxicant would take
place. The population exposed to the highest phenanthrene concentration in the soil
(401 µmol/kg dry soil) went extinct after one generation. This is in agreement with
the results of a previous one-generation study (Droge et al., 2006), in which this
concentration was causing almost 100% mortality. From the second to the fourth
generation, effects on survival of F. candida were similar. Consequently, LC50 values
for the first four generations were similar and in the same range as previously
determined chronic LC50s for F. candida and F. fimetaria (Sverdrup et al., 2001; Droge
et al., 2006). In those two studies, chronic LC50s were compared to an acute LC50logKow relationship, which described the narcotic effects of several Polycyclic
Aromatic Compounds on the midge Chironomus riparius (Bleeker et al., 2002) and the
cladoceran Daphnia magna (Sverdrup et al., 2002b). This comparison revealed that the
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chronic and hence also our multi-generation LC50s agreed well with the acute LC50logKow relationship, meaning that effects of phenanthrene on survival during chronic
and multi-generation exposure of F. candida are mainly caused by narcosis.
Reproduction of F. candida during the ten consecutive exposure generations
showed a different pattern than survival. For the first generation, the EC50 value was
close to the LC50 value (LC50/EC50=1.4) as previously reported by Droge et al. in a
one-generation study (Droge et al., 2006). This suggests a narcotic mode of action for
the effect of phenanthrene on reproduction of F. candida. For the second and third
generations, however, LC50s remained constant while EC50s decreased significantly,
and as a consequence the LC50/EC50 ratio became larger (3 and 2.3 respectively),
suggesting deviations from narcosis and specific effects of phenanthrene on
reproduction of F. candida. These deviations could be due to cumulative damage after
successive generations of exposure, as found for organic chemicals in previous longterm exposure studies (Tominaga et al., 2003; Nash et al., 2004; Brennan et al., 2006),
but also to the longer exposure time for juveniles of the second and third generations.
At the fourth generation, F. candida failed to reproduce at the highest remaining
exposure concentration (163 µmol/kg dry soil), a concentration close to the first
generation EC50 value (156 µmol/kg dry soil). Thus, a concentration which only
partially affected reproduction after one generation resulted in complete reproductive
failure and subsequent extinction of the population after four generations. This is in
agreement with the few available studies on multi-generation exposure, which suggest
that for organic compounds, toxic effects tend to intensify with increasing exposure
generations (Street et al., 1998; Tominaga et al., 2003; Nash et al., 2004). These
findings clearly demonstrate the additional value of using multi-generation exposure
to tackle long-term effects of toxicants.
The population exposed to the highest remaining concentration (163 µmol/kg dry
soil) that got extinct was characterized by an extremely high BSAF and high
phenanthrene concentrations in the animals: BSAF (Tominaga et al., 2003) was one
order of magnitude higher than Equilibrium Partitioning Theory (EqP) predictions
(BSAF=1) and the measured concentration in the springtails was in the range of the
2-8 µmol/g wet weight predicted by the EqP as lethal concentration for narcotic
chemicals (McCarty et al., 1992; Lotufo et al., 1998). In contrast, from the fifth
generation onwards, BSAFs were around 2 or lower and no significant effects of
phenanthrene on survival and reproduction were observed for the remaining exposure
concentrations. These BSAF values are high compared to field studies on PAHs (Van
Brummelen et al., 1996; Neilson et al., 1998), but in the range of laboratory studies on
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aquatic and terrestrial invertebrates exposed to several PAHs (including
phenanthrene), in which PAH availability is expected to be high (Neilson et al., 1998;
Jager et al., 2000).
The lack of effects on survival and reproduction from the fifth generation onwards
at lower phenanthrene concentrations in the soil was probably due to
biotransformation, previously documented for pyrene in the springtails Orchesella cincta
and F. candida (Howsam et al., 2003; Stroomberg et al., 2004). On the long run, the
constitutive ability of F. candida to biotransform organic compounds resulted in an allor-nothing effect: below a certain threshold (situated between 77 and 163 µmol/kg
dry soil), the organism was able to metabolize phenanthrene into harmless metabolites
(probably hydroxy-phenanthrenes (Howsam et al., 2003; Stroomberg et al., 2004)).
Above this threshold, at an exposure concentration close to the one-generation EC50
(156 µmol/kg dry soil), the biotransformation capacity was probably exceeded, but
cumulative toxic effects of phenanthrene only became apparent after four consecutive
generations of exposure, when reproductive failure had fatal consequences for the
exposed population. In agreement, lowered biotransformation due to intoxication by
the parent compound was observed for the midge Chironomus riparius exposed to
azaareenes (De Voogt et al., 1999). The lack of adaptation also supports the all-ornothing hypothesis: below the threshold, no adaptation took place, and above this
concentration the population ultimately went extinct. In agreement with our study,
lack of resistance development after prolonged exposure was reported for grass
shrimps exposed to PAH-contaminated sediments (Klerks, 1999). Results from this
study can not be extrapolated to the field situation, where springtail populations are
formed by thousands of individuals; however, if the biotransformation potential of F.
candida is more or less constant in a population, prolonged exposure to narcotic
compounds could have dramatic consequences.
In conclusion, our experiments demonstrated that conventional one-generation
effect concentrations underestimate the toxicity of phenanthrene during multigeneration exposure. Therefore, the present study underlines the concerns about the
use of single generation studies to tackle long-term effects of environmental toxicants.
These concerns are increased by the observation that multi-generation effect levels
could not be expressed as ECx values.
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7.1. Current methodology for PAC risk limit derivation

Following the Technical Guidance for the derivation of risk limits (Van
Vlaardingen and Verbruggen, 2007), Maximum Permitted Concentrations (MPC, also
called ‘risk limit’) and Negligible Concentrations (NC, MPC divided by 100) are
estimated from single compound toxicity data. It is assumed that at toxicant
concentrations above the MPC the risk of adverse effects is high and intolerable; and
at concentrations below the NC there is no significant risk of adverse effects for the
exposed organisms. In the Netherlands, the ideal risk limit derivation method is based
on statistical extrapolation of a ‘hazard concentration’ from a species sensitivity
distribution (SSD). Such an SSD brings together a dataset on the toxicity of a single
compound (Posthuma et al., 2001; Van Vlaardingen and Verbruggen, 2007). To create
SSDs, No Observed Effect Concentration (NOEC) and/or 10% Effect
Concentrations (EC10) are needed for at least eight species belonging to different
taxonomic groups. Unfortunately, for the few homocyclic PACs (10 in the
Netherlands, Figure 1) for which risk assessment is performed, at the moment too
few soil and sediment toxicity data are available to generate SSDs. In such cases, a risk
assessment is performed in which the derivation method depends on the availability
of PAC toxicity data (Table 1). If some chronic soil/sediment toxicity data are
available, the lowest reported effect concentration is used to derive an empirical MPC,
which will prevail in the risk assessment. If only acute toxicity data are available, the
MPC is also derived using the lowest reported effect concentration, but the next step
in the process involves the comparison of the empirical MPC with an Equilibrium
Partitioning (EqP) MPC. The EqP MPC is a soil/sediment concentration (mg/kg),
estimated from the MPC for the aquatic environment using soil/sediment-water
partitioning coefficients. The empirical and EqP MPCs are compared and the lowest
value is (usually) set as MPC. If no soil/sediment toxicity data are available, the EqP
MPC is used.
The Dutch Ministry of Housing, Spatial Planning and the Environment uses the
derived MPC, always expressed as total concentration of the compound in soil or
sediment, to set an Environmental Quality Standard (EQS), which is usually the same
value (Kalf et al., 1997). It is assumed that if total concentrations of the (group of)
toxicants of interest measured at a site are above the EQS, exposed species are at risk,
and there is a legal obligation to take measures to reduce contamination. In the
Netherlands, the sum of risk quotients for 10 homocyclic Polycyclic Aromatic
Hydrocarbons (PAHs, som10 PAK, Figure 1) is used as screening value for PACs in
site-specific risk assessment. The risk quotient for the site is obtained dividing each
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measured single-PAH concentration by its EQS, and summing up the 10 values. Risk
due to exposure to PAHs is present If the risk quotient is higher than 1.

Naphthalene*

Acenaphthene

Acenaphthylene

Fluorene

Anthracene*

Phenanthrene*

Fluoranthene*

Pyrene

Benzo(a)anthracene*

Chrysene*

Benzo(a)pyrene*

Benzo(b)fluoranthene

Benzo(k)fluoranthene*

Benzo(ghi)perylene*

Dibenzo(a,h)anthracene

Indeno(1,2,3-cd)pyrene*

Figure 1. Polycyclic Aromatic Hydrocarbons (PAHs) included in the risk assessment performed by the Dutch and
US Environmental Protection Agencies (respectively RIVM and US EPA). All PAHs are used by the US EPA,
RIVM PAHs are marked with an asterisk (*).
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Table 1. Risk limit derivation method and assessment factors applied according to effect data availability in the
derivation of soil and sediment risk limits (van Vlaardingen and Verbruggen, 2007). LC/EC: Lethal
Concentration/Effect Concentration; NOEC: No Observed Effect Concentration; EqP: Equilibrium Partitioning;
MPC: Maximum Permitted Concentration; SSD: Species Sensitivity Distribution; NC: Negligible Concentration;
PNEC: Predicted No Effect Concentration.
procedure

preliminary
risk
assessment

refined risk
assessment

effect data

derivation method

assessment factors

none

EqP

from aquatic MPC
(1-1000)

acute LC/EC

empirical,
comparison with
EqP MPC

1000

chronic NOEC (<8)

empirical

10-100

chronic NOEC (>8)

SSD

expert judgement

mesocosm

-

expert judgement

risk limits

MPC, NC
PNEC

The lack of chronic toxicity data is a recognized problem which hampers an
accurate derivation of PAC EQSs. For anthracene and phenanthrene no sediment and
soil toxicity data were available when the Dutch MPCs were derived in 1995 (Kalf et
al., 1997), while these compounds are nearly always measured in PAC contaminated
sites, so quality standards were required (Khodadoust et al., 2005; Kitazawa et al.,
2006; Liu et al., 2004; Prevedouros et al., 2004; Srogi, 2007; Wild and Jones, 1995).
Therefore, EqP MPCs were derived from aquatic toxicity data using high assessment
factors (Kalf et al., 1997), and were consequently highly uncertain. In 2005, sediment
MPCs for anthracene and other PACs (fluoranthene, benzo(a)pyrene,
benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene and indeno(1,2,3cd) pyrene) were derived in the context of the ‘priority substances list’ for the
European Water Framework Directive (European Commission, 2005a; 2005b). The
MPCs for anthracene and the five higher molecular weight PACs included in the list
were again derived from effect concentrations for aquatic organisms, as reliable
sediment toxicity data were still lacking (European Commission, 2005a; 2005b).
Parallel to the derivation of MPCs for single compounds in the context of the
Water Framework Directive, environmental risk assessments (ERAs) are being
performed at the European level to evaluate environmental risks due to industrial
emissions of existing substances. When available, these risk assessments use chronic
toxicity data to calculate soil and sediment Predicted No Effect Concentrations
(PNECs). An example is the draft of the European risk assessment for high
temperature coal-tar pitch (published in May 2008, (European Commission, 2008)),
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which is coordinated by the Netherlands. Coal-tar pitch is a mixture of substances
obtained from destructive distillation of coal at high temperatures (higher than
700°C), and is included in the European ‘existing priority substances’ list (production
volume over 10 tonnes/year). PACs are the main contaminants present in coal-tar
pitch, but the composition of the mixture varies depending on the coal used for the
distillation. Soil and sediment PNECs have been derived for the traditional 16 EPA
PAHs (Figure 1) based on literature data, which for the majority of these compounds
have become available in the last few years. Chronic soil toxicity data for anthracene
and phenanthrene from chapter 2 of this thesis were included in the derivation
process (European Commission, 2008). It has to be kept in mind that contrary to
EQSs, which are included in environmental legislation, PNECs only have an advisory
status. However, the derivation method for PNECs and MPCs is the same (Table 1),
implying that usually their values will be the same.
7.2. Derivation of empirical MPCs

Using the current Dutch guidance for derivation of risk limits (Van Vlaardingen
and Verbruggen, 2007) we derived empirical MPCs for the six homo- and heterocyclic
test compounds selected in this thesis (Table 2), by selecting the lowest reported
EC10s from the available literature (Table 3). To derive these soil and sediment MPCs
we recalculated the effect concentrations to standard soil, containing 2% organic
carbon (European Commission, 2008), and standard sediment, containing 5.8%
organic carbon. Different assessment factors were applied according to the data
availability for the selected compounds (Table 3). For the homocyclic compounds, we
compared the MPCs and PNECs with the current dutch EqP EQSs. For the two
azaarenes and the two azaarene transformation products, which are currently not
included in the risk assessment, we derived empirical MPCs based only on our data
(Table 3). This allowed us to compare the empirical MPCs for homo- and
heterocycles, and evaluate the possible inclusion of PAC heterocycles in the current
PAC risk assessment.
7. 2. 1. Risk limits for homocyclic PACs

As mentioned before, soil toxicity data for the two homocycles (chapter 2) were
already included in the coal-tar pitch risk assessment for the EU (European
Commission, 2008), resulting in equal values for soil PNECs and soil MPCs of this
thesis (Table 2). Therefore, we did not derive the MPCs again, but compared soil coaltar pitch PNECs to actual Dutch soil EQSs instead. Sediment MPCs for the
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homocyclic compounds could be compared to current Dutch EQSs and sediment
coal-tar pitch PNECs.

EQS NL

PNEC ERA coal-tar
pitch

MPC this thesis

Table 2. Dutch soil and sediment Environmental Quality Standards (EQS), Predicted No Effect Concentrations
(PNECs) for coal-tar pitch risk assessment (European Commission, 2008) and Maximum Permitted
Concentrations (MPCs) for selected homocyclic and heterocyclic aromatic compounds derived from data from
this thesis (all in mg/kg DW standard soil/sediment). Grey cells: compounds not included in current PAC risk
assessment. n.t.: not toxic; ANT: anthracene, PHT: phenanthrene, ACR: acridine, PHI: phenanthridine, ACO:
acridone, PHO: phenanthridone. EqP: Equilibrium partitioning; emp.: empirical. * values include data from this
thesis.

EqP

emp.

emp.

ANT

0.1

0.1*

0.1

PHT

0.5

1.8*

1.8

method
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soil

ACR

3.2

(mg/kg dw)

PHI

1.1

ACO

n.t.

PHO

n.t.

ANT

0.1

0.1

0.2

PHT

0.5

5.0

2.4

sediment

ACR

0.5

(mg/kg dw)

PHI

0.1

ACO

0.4

PHO

0.7

organism

test

Endp.

EC

F. fimetaria

PHT

F. fimetaria

E. crypticus

ACR

PHI

MPC this thesis

F. fimetaria

ANT

chronic

chronic

chronic

chronic

reprod.

reprod.

reprod.

reprod.

EC10

EC10

EC10

EC10

MPC / PNEC ERA coal-tar pitch = MPC this thesis

MPC soil

Comp.

297

891

9.4

5

value

umol/kg

umol/kg

mg/kg

mg/kg

unit

empirical

empirical

empirical

empirical

derivation
method

53

160

18

6.3

mg/kg dw
st. soil/sed

50

50

10

50

ass.
fact.

Table 3. Summary of lowest reported effect concentrations and assessment factors used to derive MPC values for soil and sediment.

1.1

3.2

1.8

0.1

MPC/
PNEC
mg/kg
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Droge et al.
2006

Droge et al.
2006

Sverdrup et
al. 2001

Sverdrup et
al. 2001

reference
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H azteca

PHT

L. variegatus

L. variegatus

L. variegatus

L. variegatus

C. riparius

PHT

ACR

PHI

ACO

PHO
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L. variegatus

ANT

MPC this thesis

C. riparius

ANT

chronic

chronic

chronic

chronic

chronic

chronic

chronic

chronic

MPC / PNEC ERA coal-tar pitch

MPC sediment

Table 3 (continued).
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reprod.

reprod.

reprod.

reprod.

reprod.

reprod.

growth

reprod.

LOEC

EC10

EC10

EC10

EC10

EC10

NOEC

LC10

506

138

37

197

187

17

-

-

umol/kg

umol/kg

umol/kg

umol/kg

umol/kg

umol/kg

mg/kg

mg/kg

empirical

empirical

empirical

empirical

empirical

empirical

empirical

empirical

71

19

5

25

24

2

50

14

50

50

50

50

10

10

10

100

0.7

0.4

0.1

0.5

2.4

0.2

5.0

0.1

León Paumen et
al. 2008a

León Paumen et
al. 2008b

León Paumen et
al. 2008b

León Paumen et
al. 2008b

León Paumen et
al. 2008b

León Paumen et
al. 2008b

Verrhiest et al.
2001

Bleeker et al.
2003
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Sediment PNECs for the two homocycles were similar to sediment MPCs derived
from our data: for anthracene, our MPCsed was 0.2 mg/kg dw and the PNECsed was
0.1 mg/kg dw; for phenanthrene, our MPCsed was 2.4 mg/kg dw and the PNECsed
was 5.0 mg/kg dw. For the two homocyclic isomers, comparison of the soil and
sediment PNECs / MPCs from this thesis with the Dutch EQSs showed that risk
limits for anthracene were identical using either chronic toxicity data or the EqP
derivation method. Consequently, the actual Dutch EQS is protective enough for
chronic anthracene exposure in soils and sediments. For phenanthrene, in contrast,
the empirical soil and sediment PNECs and our sediment MPC were about one order
of magnitude higher than the current Dutch EQS. Thus, the current Dutch EQS for
phenanthrene may be overprotective for chronic toxicity in soil and sediment.
Our risk limit derivation shows that the use of chronic toxicity data to derive
MPCs is a robust method, that clearly diminishes the uncertainties associated to the
derivation of MPCs using equilibrium partitioning. Similar to our findings, previous
studies comparing EqP and empirical risk limits (Van Beelen et al., 2003) have shown
that the use of chronic effect concentrations to derive environmental risk limits is a
step forward to reduce uncertainties in PAC risk assessment.
7. 2. 2. Risk limits for heterocyclic PACs

Despite of their lower lipophilicity, soil MPCs for the two azaarenes were in the
same range (3.2 and 1.1 mg/kg dw for acridine and phenanthridine, respectively) as
the PNEC for the homocyclic phenanthrene (1.8 mg/kg dw). This means that the
tested azaarenes exert toxic effects at similar concentrations in soil as one of the
homocycles, and should therefore not be neglected. Empirical sediment MPCs for the
azaarenes (0.5 mg/kg dw for acridine, 0.1 mg/kg dw for phenanthridine) and the
transformation products (0.4 mg/kg dw for acridone and 0.7 mg/kg dw for
phenanthridone) were one order of magnitude lower than soil MPCs, and similar to
the lowest sediment MPC for the homocyclic analogues (0.2 mg/kg dw for
anthracene). Remarkably, sediment MPCs for the transformation products were in the
same range as MPCs for their azaarene parent compounds, whereas transformation
products were not toxic at all for the soil test organisms and consequently no MPCs
could be derived. The reason for the high toxicity of azaarenes and transformation
products in benthic systems remains unclear, as discussed in chapter 5. Based on our
results, we can conclude that heterocyclic PACs could and should be incorporated in
PAC risk assessment. However, it has to be kept in mind that estimated azaarene
concentrations in the field are usually one order of magnitude lower than
concentrations of the homocycles (Neilson, 1998), and their contribution to the
overall toxicity of PAC mixtures in the field may vary greatly from site to site
105

Chapter 7

(Blotevogel et al., 2007; Lundstedt et al., 2007). At the moment, the lack of azaarene
field measurements hampers an accurate estimation of the risk associated to this
group of toxicants, and should obviously be addressed.
7. 3. Prospective PAC risk assessment

The European risk assessment for coal-tar pitch (European Commission, 2008), in
which our soil data were included, shows the actual state of the art regarding PAC risk
assessment, and identifies its shortcomings. However, it is also emphasized that the
scientific underpinning of PAC risk assessment is limited and sometimes ambiguous.
Knowledge gaps hamper in many cases the inclusion of aspects like availability,
bioaccumulation and degradation; and force the choice for merely homocyclic PACs
in the risk assessment procedures. In this thesis, some of these shortcomings were
experimentally addressed. In the next paragraphs, possible applications and
consequences of our findings and their implications for PAC risk assessment will be
discussed.
- PAC availability:

PAC availability is known to be lower in aged soils and sediments compared to
freshly spiked substrates (Kreitinger et al., 2007; Landrum et al., 1992; Northcott and
Jones, 2001; Sverdrup et al., 2002c). Results from chapter 4 showed that available
PAC concentrations in pore water decreased more than total concentrations in the
sediment, even during the relatively short time span of a four-week chronic toxicity
test. At the moment, risk limits are calculated using total concentrations and neglect
bioavailability, although this is one of the major factors affecting PAC exposure in
soils and sediments. In chapter 4 of this thesis we showed that with the available
methodologies it is possible to calculate effect concentrations taking into account the
real exposure scenario occurring in sediment. The use of effect concentrations based
on the available fraction of the compound would undoubtedly reduce some
uncertainties in risk limit derivation, but the methodological shortcomings associated
to a relatively new method limit its direct application (Jensen and Mesman, 2006).
Nevertheless, including a correction for PAC availability in site assessments may
reduce to some extent risk overestimation due to the use of total PAC concentrations
(Ghosh, 2007). Some efforts are already being made to incorporate PAC availability
into site-specific risk assessment. The US EPA sediment benchmarks for homocyclic
PAC mixtures (Driscoll and Burgess, 2007), for example, incorporate site-specific
adsorption of PACs to black carbon; and thanks to the European project Liberation, a
decision support system is now available allowing corrections, not only for historical
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contamination, but also for background PAC concentrations in soils (Jensen and
Mesman, 2006). This approach encourages the use of mild extraction methods or
passive samplers, as we did in chapter 4, to quantify the toxic potential of historical
PAC contamination, what is undoubtedly a step forward. The Liberation project
shows that PAC contamination in soil has received some attention during the last
years due to obvious implications for land use (e.g. agriculture, building sites). PAC
contamination in sediment, however, is still frequently neglected, while it is especially
important in deltaic countries like the Netherlands, where deposition of organic
contaminants transported by the large rivers is widespread (Lahr et al., 2003; Peeters
et al., 2001). Moreover, dredging and land disposal of contaminated sediment also
increases the (sometimes highly available) toxicant concentrations in arable soils
(Peijnenburg et al., 2005). Our empirical risk limits for the tested heterocycles (using
total PAC concentrations) showed that benthic species may be at risk in more cases
than soil species. The relatively low sensitivity of soil species has been documented
previously (Kapustka, 2004a; Kapustka, 2004b), but more research is needed to
explain the underlying mechanisms (e.g. metabolism, exposure route) that cause the
differences in sensitivity of soil and sediment inhabiting species.
- Toxicity of homo- and heterocyclic PAC mixtures:

As discussed in chapter 5, effect prediction for the tested azaarenes and
transformation products was subjected to larger uncertainties than predictions for
their homocyclic analogues. Results from chapter 5 also showed that in many cases
(mainly in soil) toxicity of heterocycles was governed by the same properties as
toxicity of their homocyclic analogues, and therefore heterocyclic PACs might be
easily incorporated into current PAC risk assessment. Still, the use of individual risk
limits for the ecological risk assessment of complex PAC mixtures is clearly not
effective and should be improved. The Scientific Committee on Toxicity, Ecotoxicity
and the Environment (SCTEE) of the EU has already stated that a group approach to
tackle PAC toxicity would be necessary in order to make risk assessment more
realistic, but the SCTEE also argues that such an approach is not possible with the
current scientific knowledge, and risk limits for single compounds still have to be used
(European Commission, 2005a). This means that at the moment, PAC risk assessment
can only be improved by increasing the number of compounds for which individual
risk limits are derived. A USEPA guideline has been developed to derive sediment
benchmarks for mixtures of up to 34 PACs using a toxic unit approach based on
critical body burdens for chemicals acting by narcosis (Di Toro and McGrath, 2000;
Di Toro et al., 2000; Hawthorne et al., 2006). In this guideline, corrections for
uncertainties in field measurements due to incomplete datasets have been included,
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because concentrations of the 34 PAHs are not always available in assessment
datasets. Other studies have also used a toxic unit approach to calculate risk limits for
specific homocyclic PAC mixtures in Danish soils (Jensen and Sverdrup, 2003b).
These examples show that risk assessment is moving towards a more mixture driven
approach, but still based on the use of toxicity data for single homocyclic compounds.
As an alternative, a chemical fractionation-based approach (with lipophilicity as
steering property) could be applied to quantify the toxic potential of the main
fractions (homocyclic and heterocyclic) present in PAC mixtures. This is already being
done in effect fractionation studies (Lundstedt et al., 2007; McGrath et al., 2005),
which quantify the toxicity of the different fractions present in a mixture of chemicals.
A similar approach has been applied by the Dutch Institute for Public Health and the
Environment (RIVM) to calculate the risk associated to the different homocyclic
chemical fractions present in mineral oil, making use also of critical body burdens for
narcosis as standardized effect concentrations (Verbruggen, 2004). In this approach,
availability could be incorporated by using passive samplers to quantify the toxicity of
the available fraction in a PAC mixture (Leslie et al., 2002; Parkerton et al., 2000). Still,
it should be kept in mind that deviations from narcosis like the ones observed in this
thesis for the tested heterocycles in sediment could hamper the use of narcosis-based
models to accurately predict risks associated to PAC contamination.
- Multi-generation effects

Nowadays, multi-generation effects are terra incognita in risk assessment. The few
reported multi-generation experiments quantify effects during exposure for several
generations and compare them to single-generation effect concentrations (as we did in
chapter 6). Information obtained from these comparisons could be used to refine the
choice of proper assessment factors in the derivation of risk limits, but at the moment
too few studies are available to allow any generalization according to, for example,
mode of toxic action of the test compound. Results from chapter 6 confirmed the
existence of large uncertainties associated to multi-generation exposure to a
ubiquitous homocyclic PAC (phenanthrene). The existence of a threshold
concentration below which effects did not occur after several generations of exposure
challenges the use of concentration-response relationships as is common practice in
ecotoxicology. The fact that this threshold concentration was close to the onegeneration EC50 is a clearly disturbing new insight for the traditional risk assessment,
based on single generation effect concentrations. This threshold for multi-generation
effects should be further investigated, yet our findings emphasize the importance of
understanding the mechanisms behind observed effects of toxicants. By expanding
the knowledge on molecular and physiological mechanisms, individual and even
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population effects could be better understood, and a more comprehensive view on
the consequences of multi-generation exposure might be achieved. This kind of
research is currently receiving increasing attention, and experiments trying to link
molecular and population effects are being performed for several ‘model’ test
organisms (Connon et al., 2008; Heckmann et al., 2008; Roelofs et al., 2008).
Hopefully, the knowledge gained in the laboratory will be used in the future to model
the risk of long-term population effects in a more well-founded way.
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Summary
Polycyclic Aromatic Compounds (PACs) have been classified as priority toxic
substances by the European Commission. PACs frequently determine the need for
soil and sediment remediation, since total PAC concentrations in the environment are
often far above background levels and in some cases still increasing.
PACs accumulated in soils and sediments usually occur as a complex mixture,
consisting of homocyclic hydrocarbons and, in smaller fractions, a myriad of
heterocyclic structures. Although they are present in fairly high concentrations,
heterocycles are not included in PAC risk assessment, and are rarely included in
ecotoxicological test schemes. Hence, heterocycles deserve much more scientific
attention than they have received so far. Azaarenes and their stable degradation
products, the most ubiquitous group of heterocycles, have therefore been chosen as
‘model’ heterocyclic toxicants by our research group.
PAC environmental risk assessment is performed using a limited set of merely
homocyclic structures. The occurrence of heterocyclic structures is thus neglected,
while they are ubiquitous and as toxic as their homocyclic analogues. Aiming to
diminish the uncertainties that complicate PAC effect prediction and hinder the
reliability of PAC risk assessment, in this thesis:
- life cycle effects of homo- and heterocyclic PACs on soil and sediment inhabiting
invertebrates were determined
- the application of Kow based prediction models to establish general patterns and
exceptions in the outcome of life cycle PAC toxicity experiments was validated
- multi-generation effects of a homocyclic PAC on a soil inhabiting invertebrate
were established and compared to effects of single generation exposure and
- the validity of the present PAC risk assessment was reviewed by examining the
implications of the generated long-term toxicity data.
For the experiments described in chapter 2, eleven PACs were chosen as test
compounds: six homocyclic PACs, three azaarenes and two Phase I azaarene
transformation products. For the experiments performed in chapters 3 and 4, a subset
of three three-ring PAC isomer pairs (two homocycles, their two azaarene analogues
and the two main azaarene transformation products) was used. In the multigeneration experiment (chapter 6), the homocylic PAC phenanthrene was used as test
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compound. Four test organisms were chosen to perform the life cycle experiments:
two soil inhabiting invertebrates, the springtail Folsomia candida and the oligochaete
Enchytraeus crypticus, and two sediment inhabiting invertebrates, the oligochaete
Lumbriculus variegatus and the non-biting midge Chironomus riparius.
In chapter 2, the chronic effects of the eleven PACs on the two terrestrial
invertebrates were determined, using reproduction and survival as endpoints. The
results demonstrated that as far as narcosis induced mortality is concerned, effects of
both homocyclic and heterocyclic PACs were well described by the relationship
between estimated acute pore water LC50 values and logKow. In contrast, specific
effects on reproduction varied between species and between compounds as closely
related as isomers, showing up as deviations from the relationship between pore water
effect concentrations and logKow.
In chapter 3, the chronic effects of the six selected PACs on the emergence of the
midge Chironomus riparius were evaluated. Twenty eight-day LC50 values and 50%
emergence times (Emt50) were determined. Concentration response relationships
were observed for phenanthrene, acridine, phenanthridine and acridone. Anthracene
and phenanthridone had no effect on total emergence, but did cause a delay in
emergence. As observed for the soil organisms, calculated porewater LC50 values
correlated well with logKow values, suggesting narcosis as mode of action. In contrast,
effect concentrations for delay in male emergence (Emt50) deviated from narcosis,
suggesting a sex-related specific mode of action of PACs during long term exposure.
Chronic toxicity experiments using sediment or soil deal with the uncertainty of
uncontrolled exposure, because in the spiked substrate various processes modify the
availability of the test substance to the test organisms and hamper an accurate
determination of exposure concentrations. The study presented in chapter 4 aimed
therefore to monitor the availability of the selected PACs to the oligochaete
Lumbriculus variegatus during 28 days of exposure to spiked sediments, in order to
obtain reliable chronic effect concentrations for reproduction. During the sediment
toxicity tests, available PAC concentrations in pore water (estimated using Solid Phase
Microextraction) decreased more than total PAC concentrations in the sediment.
Relating effects to PAC concentrations in pore water and in organisms showed that
the two homocyclic compounds caused narcotic effects during chronic exposure, but
only one of the four tested heterocyclic PACs caused narcotic effects. The
transformation product phenanthridone was not toxic at the tested concentrations,
whereas EC50 values for the parent compound phenanthridine and the isomer
acridone were below the estimated limit for narcosis, suggesting a specific mode of
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action. These results demonstrated the unpredictable (isomer) specific chronic toxicity
of azaarenes and their transformation products.
To elucidate consistent patterns in PAC toxicity to soil and sediment inhabiting
invertebrates, in chapter 5 we examined our complete experimental dataset (chapters
2-4), consisting of twenty-one chronic effect concentrations for the four invertebrates
exposed to six selected PACs. In order to determine if effect concentrations were well
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%) fitted well on the acute LC50-logKow relationship,
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 well described by the effect- 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 was
concluded therefore that existing toxicity- Kow relationships describing narcosis in
some cases underestimate chronic PAC toxicity to sediment inhabiting invertebrates.
Results of life-cycle toxicity experiments are supposed to be indicative for longterm effects of exposure to toxicants. Several studies, however, have shown that
adaptation or extinction of populations exposed for several generations may occur.
Therefore, in chapter 6, a multi-generation experiment was performed to determine if
the effects of the PAH phenanthrene on survival and reproduction of the springtail
Folsomia candida exposed for ten consecutive generations would progressively increase.
LC50 values for the first four generations were similar, as expected for a narcotic
compound. In the fourth generation, however, springtails exposed to a concentration
similar to the EC50 for one generation showed internal phenanthrene concentrations
in the range known to cause mortality; no reproduction took place, and the
population went extinct. From the fifth generation onwards, survival and
reproduction were not affected by the remaining exposure concentrations.
Apparently, up to a certain threshold concentration the springtails were able to
metabolize phenanthrene, as shown by the lack of adverse effects and the lack of
adaptation. During multi-generation exposure, the graded concentration-response
relationship changed into an all-or nothing response with a defined threshold
concentration. Together with the worsening of effects, this raises concerns about the
use of single-generation studies to tackle long-term population effects of
environmental toxicants.
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Due to the lack of chronic toxicity data, risk assessment for homocyclic PACs can
not be performed according to the best available method. Also, PAC heterocycles are
neglected in actual PAC risk assessment. Therefore, in chapter 7 a risk limit derivation
was performed using the life cycle toxicity data from chapters 2, 3 and 4. The
derivation showed that the use of chronic effect concentrations to derive risk limits
was a clear step forward. It was also shown that risk limits for the tested heterocycles
were in general in the same range as risk limits for their homocyclic analogues,
meaning that heterocycles could be directly incorporated to the current PAC risk
assessment. However, sediment risk limits for the tested heterocycles were one order
of magnitude lower than soil risk limits, showing that benthic species will be at risk
more often due to PAC contamination than soil inhabiting species. In the second part
of chapter 7, implications of our results for the main uncertainties regarding PAC risk
assessment were discussed. It was concluded that some of these uncertainties, like
PAC availability and the occurrence of PACs in mixtures, can be tackled with the
tools available at the moment. In contrast, the unexpected changes occurring during
multi-generation exposure showed the necessity of mechanistic research.
Understanding the mechanisms underlying PAC toxicity together with the results of
long term exposure experiments may diminish the uncertainties that complicate PAC
effect prediction, and may improve the reliability of PAC risk assessment.
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Polycyclische Aromatische Koolwaterstoffen (PAKs) zijn door de Europese Unie
als prioritaire toxische stoffen geclassificeerd. PAKs bepalen vaak de noodzaak tot
(water)bodemsanering, omdat gemeten concentraties van deze stoffen in het milieu
vaak hoger zijn dan de achtergrondwaardes. Voor sommige PAKs blijven de
concentraties in de (water)bodem zelfs toenemen, ondanks het terugdringen van de
industriële PAK-emissies.
PAKs komen in de bodem voor als complexe mengsels, bestaande uit een grote
fractie homocyclische PAKs en een kleinere (maar zeer gevarieerde) fractie
heterocyclische verbindingen. Deze heterocyclische verbindingen worden soms in
aanzienlijke concentraties gemeten, maar worden niet meegenomen in toxiciteitstesten
en risicobeoordeling. Heterocyclische PAKs verdienen dus veel meer
wetenschappelijke aandacht dan tot nu te het geval geweest is. Daarom werden
azaarenen en hun transformatieproducten, de meest voorkomende heterocyclische
verbindingen, gekozen als modelstoffen voor dit project.
Ecologische risicobeoordeling voor PAKs is gebaseerd op toxiciteitdata voor een
kleine groep homocyclische PAKs, terwijl de heterocyclische PAKs genegeerd
worden. Als gevolg hiervan is de risicobeoordeling voor PAKs onbetrouwbaar. Dit
project had daarom tot doel om de onzekerheden betreffende PAK toxiciteit en
risicobeoordeling te verminderen door
- het bepalen van lange termijn effecten van homo- en heterocyclische PAKs op
levenscyclusparameters van geselecteerde (water)bodem organismen
- het gebruik van effect-Kow relaties om patronen in de lange termijn effecten van
de PAKs vast te stellen en uitzonderingen te analyseren
- het bepalen van multi-generatie effecten van een veel voorkomende
homocyclische PAK op een bodeminsect, en het vergelijken van deze data met
chronische effectconcentraties
- het toetsen van de huidige PAK risicobeoordeling aan de hand van de in dit
project gegenereerde lange termijn toxiciteitsdata.
Voor de experimenten die in het tweede hoofdstuk van dit proefschrift beschreven
zijn werden elf PAKs als teststof geselecteerd: zes homocyclische PAKs, drie
azaarenen en twee fase I transformatieproducten van de azaarenen. Voor de
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experimenten in de hoofdstukken drie en vier werd een serie van drie isomerenparen
gekozen: twee homocyclische verbindingen, hun twee N-heterocyclische analogen en
de twee meest voorkomende transformatieproducten van de twee N-PAKs. In het
multi-generatie experiment beschreven in hoofdstuk zes werd de homocyclische PAK
phenanthreen getest. Effecten van de gekozen verbindingen op overleving en
levenscyclus parameters werden voor vier testorganismen bepaald: twee
bodemorganismen, de springstaart Folsomia candida en de borstelworm Enchytraeus
crypticus, en twee sedimentorganismen, de dansmug Chironomus riparius en de
borstelworm Lumbriculus variegatus.
In hoofdstuk twee werden de effecten van elf PAKs op overleving en reproductie
van de bodemorganismen bepaald. Het bleek mogelijk om de effecten op overleving
goed te beschrijven met behulp van een bestaande relatie tussen Kow en de acute
toxiciteit in water, hier toegepast op poriewater LC50 waardes. Voor reproductie
daarentegen werden isomeer- en soortspecifieke afwijkingen van de acute effect-Kow
relatie geconstateerd, die duidden op specifieke effecten van enkele van de
onderzochte PAKs op de reproductie van de twee bodemdieren.
In hoofdstuk drie werden de effecten van de drie isomerenparen op overleving en
emergentietijd van C. riparius bepaald, uitgedrukt als achtentwintigdaagse LC50
waardes en 50% emergentietijden (Emt50). Voor de effecten van phenanthreen,
acridine, phenanthridine en acridone op overleving werden duidelijke concentratierespons relaties gevonden. Anthraceen en phenanthridone hadden geen effecten op
overleving, maar vertraagden wel de emergentie. Net als voor de bodemorganismen
waren poriewater LC50 waardes met logKow waardes gecorreleerd, wat narcose als
werkingsmechanisme suggereerde. Effect concentraties voor vertraging van de
emergentie van de mannetjes waren daarentegen lager dan verwacht op basis van
narcose, wat op een geslachtspecifieke werking van de geteste PAKs tijdens lange
termijn blootstelling wees.
Lange termijn toxiciteitsexperimenten kampen met de onzekerheid van
ongecontroleerde blootstelling, omdat de processen die in de vervuilde waterbodem
plaatsvinden (zoals sorptie en degradatie) de beschikbaarheid van de teststoffen
veranderen. Daardoor kunnen de blootstellingsconcentraties over- of onderschat
worden. De studie die in hoofdstuk vier beschreven is had daarom als doel de
blootstellingsconcentraties tijdens de vierweekse blootstelling van de borstelworm
Lumbriculus variegatus aan de PAKs te volgen en nauwkeurige effectconcentraties voor
reproductie te verkrijgen. Tijdens de blootstellingsperiode werd geconstateerd dat de
beschikbare PAK concentraties in het poriewater (gemeten met Solid Phase Micro
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Extraction) sneller afnamen dan de totale PAK concentraties in het sediment. Het
uitdrukken van de effecten op basis van PAK concentraties in het poriewater en
interne concentraties in L. variegatus liet zien dat de twee homocyclische verbindingen
narcotische effecten veroorzaakten, maar dat van de vier heterocyclische verbindingen
alleen acridine narcotisch was, hetgeen wederom op specifieke effecten op reproductie
duidde. Deze resultaten lieten de onvoorspelbare effecten van azaarenen en PAK
transformatieproducten duidelijk zien.
Om consistente patronen in PAK toxiciteit voor (water)bodemorganismen vast te
stellen werden in hoofdstuk vijf de sediment- en bodemdatasets (hoofdstukken 2 tot
en met 4) gezamelijk geanalyseerd. Deze dataset bestond uit eenentwintig chronische
effectconcentraties voor vier verschillende organismen, blootgesteld aan zes PAKs.
Chronische poriewater effectconcentraties voor bodem en sediment werden tegen Kow
uigezet en vergeleken met de acute effect-Kow relatie voor narcose. Vijftien van de
eenentwintig chronische effect concentraties (71%) werden goed beschreven door de
acute toxiciteit- Kow relatie, waarmee werd aangetoond dat over het algemeen narcose
het werkingsmechanisme van homo- en heterocyclische PAKs tijdens chronische
blootstelling was. Bodemtoxiciteit van alle geteste stoffen werd goed beschreven door
de effect-Kow relatie, terwijl specifieke effecten werden gevonden voor de benthische
organismen blootgesteld aan sommige van de heterocyclische PAKs. Deze specifieke
effecten werden veroorzaakt door physisch-chemische eigenschappen van de stoffen
en/of soortspecifieke gevoeligheid. Er werd geconcludeerd dat bestaande effect-Kow
relaties in sommige gevallen de chronische toxiciteit van PAKs voor sediment
organismen onderschatten.
Resultaten van levenscyclusexperimenten worden beschouwd als een schatting van
lange-termijn effecten van toxicanten. Sommige studies hebben echter aangetoond dat
zowel adaptatie als uitsterven van populaties die meerdere generaties blootgesteld zijn
mogelijk is. In hoofdstuk zes werd daarom een multi-generatie experiment uitgevoerd
om de lange termijn effecten van de homocyclische PAK phenanthreen op overleving
en reproductie van de springstaart F. candida vast te stellen. LC50 waardes voor de
eerste vier generaties waren vergelijkbaar, zoals verwacht voor een narcotische stof. In
de vierde generatie werden in de springstaarten blootgesteld aan de hoogste
concentratie interne phenanthreen concentraties gemeten waarbij sterfte verwacht
werd. Deze springstaarten plantten zich niet meer voort en de populatie stierf uit.
Vanaf de vijfde generatie werden geen effecten op F. candida’s overleving en
reproductie gevonden bij de overblijvende phenanthreen concentraties in de bodem.
Blijkbaar konden de springstaarten tot een bepaalde concentratie phenanthreen
metaboliseren, en werden er daarom geen toxische effecten en ook geen adaptatie
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gevonden. Tijdens multi-generatie blootstelling veranderde de concentratie-respons
relatie voor phenanthreen in een alles-of-niets reactie met een duidelijke grenswaarde,
die dicht bij de EC50 voor een enkele generatie lag. Deze waarneming dwingt tot een
nieuwe omgang met effect concentraties die duidelijk anders is dan in de traditionele
risicoberekening, die uitgaat van graduele effecten.
Omdat chronische data in veel gevallen niet beschikbaar zijn wordt PAK
risicobeoordeling momenteel niet uitgevoerd met de best beschikbare methode, zijnde
het gebruik van Species Sensitivity Distributions (SSDs). Daarnaast worden
heterocyclische PAKs niet meegenomen in de huidige risicobeoordeling. Daarom
werden in hoofdstuk zeven Maximaal Toelaatbare Risiconiveaus (MTRs) afgeleid, met
gebruik van de chronische data voor de stoffen die in hoofdstukken twee tot en met
vier getest waren. Deze afleiding liet duidelijk zien dat het gebruik van chronische data
een positieve ontwikkeling is, en ook dat de MTRs voor de geteste heterocyclische
PAKs in het algemeen vergelijkbaar waren met de MTRs voor de homocyclische
stoffen. Dit betekent dat heterocyclische PAKs direct meegenomen kunnen worden
in de risicobeoordeling. Risiconiveaus voor het sediment waren echter tien keer lager
dan die voor de bodem, wat liet zien dat populaties van sedimentorganismen vaker
risico zullen lopen door PAK blootstelling dan populaties van bodemorganismen. In
het tweede deel van hoofdstuk zeven werden de implicaties van onze resultaten voor
de verdere ontwikkeling van de PAK risicobeoordeling besproken. Er werd
geconcludeerd dat sommige onzekerheden, zoals beschikbaarheid van PAKs en
mengseltoxiciteit, met de huidige kennis aangepakt kunnen worden. De onverwachte
veranderingen die waargenomen werden tijdens de multi-generatie blootstelling aan
PAKs onderstrepen echter de noodzaak van verder mechanistisch onderzoek. Dit
onderzoek samen met de resultaten van lange termijn experimenten zoals beschreven
in dit proefschrift zal bijdragen aan het verminderen van de onzekerheden betreffende
PAK toxiciteit en risicobeoordeling.
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Resumen
La Comisión Europea ha clasificado ciertos Hidrocarburos Aromáticos (PACs en
inglés) como sustancias prioritarias para las cuales es necesario tomar medidas de
reducción de riesgos ambientales, porque concentraciones de estas sustancias tóxicas
superan las concentraciones de su incidencia natural, y se desconocen las
consecuencias a largo plazo de su presencia en el ambiente. Concentraciones de PACs
en suelo y sedimento, los dos compartimentos en los que se acumulan debido a su
hidrofobicidad, siguen aumentando hoy en día, a pesar de que en la última década se
han reducido sustancialmente las emisiones industriales.
PACs se acumulan en suelo y sedimento en mezclas complejas, formadas en su
mayor parte por compuestos homocíclicos, y en menor cantidad (con un máximo de
aproximadamente 10%) por compuestos heterocíclicos con sustituciones de uno o
varios de los átomos de carbono de la molécula por átomos de por ejemplo nitrógeno,
azufre o cloro. Concentraciones de PACs heterocíclicos son fácilmente detectables en
el ambiente, pero su toxicidad no se suele determinar experimentalmente, y tampoco
se hacen inventarios del riesgo ambiental asociado a su presencia. En este proyecto se
seleccionaron varios N-PACs, moléculas con substituciones de nitrógeno y los
heterociclos más comunes, como sustancias experimentales modelo.
Los riesgos asociados a la presencia de PACs en el ambiente se calculan usando
datos sobre la toxicidad de sustancias homocíclicas, ignorando así la vasta variedad de
moléculas que existen porque se supone que la toxicidad de todos los compuestos del
grupo es ejercida a través de narcosis, un mecanismo de toxicidad inespecífica causada
por la interacción de la sustancia a nivel molecular con los lípidos de membrana. Estas
extrapolaciones hacen que las predicciones resultantes sean bastante inciertas. Este
proyecto se inició con el propósito de reducir la incertidumbre en la evaluación de los
riesgos asociados a la contaminación por PACs, por medio de experimentos para
- determinar los efectos a largo plazo de PACs homo- y heterocíclicos sobre
poblaciones de invertebrados que habitan suelo y sedimento
- utilizar relaciones entre los efectos encontrados y la hidrofobicidad de los
compuestos analizados para tratar de describir la toxicidad crónica de los PACs
escogidos
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- determinar los efectos multigeneracionales de un PAC muy común sobre
poblaciones de un insecto terrestre, y comparar los resultados con los de
experimentos de una generación de duración
- usar los resultados experimentales obtenidos para evaluar las concentraciones
límite incluidas en la legislación medioambiental holandesa actual
Para los experimentos descritos en el capítulo dos se utilizaron once sustancias:
seis PACs homocíclicos, tres N-PACs y dos de los metabolitos de primera fase de los
N-PACs. Para los experimentos de los capítulos tres y cuatro se utilizó una serie de
tres pares de isómeros: dos PACs homocíclicos, sus dos análogos nitrogenados y los
dos metabolitos más comunes de los N-PACs. Para el experimento multigeneracional
del capítulo seis se utilizó fenantreno, un PAC muy común en suelos contaminados.
Se determinaron los efectos de los compuestos escogidos sobre la supervivencia y
parámetros del ciclo vital de cuatro invertebrados: dos terrestres, el poliqueto
Enchytraeus crypticus y el colémbolo Folsomia candida; y dos habitantes del sedimento, el
poliqueto Lumbriculus variegatus y el díptero Chironomus riparius.
En el capítulo dos se determinaron los efectos de once PACs sobre la
supervivencia y reproducción de los dos organismos terrestres. Los resultados dejaron
ver que es posible describir la supervivencia de estos organismos usando una relación
entre concentraciones letales (LC50) e hidrofobicidad (Kow) determinada previamente
para los efectos de compuestos similares en el medio acuático. Contrariamente, los
efectos de los compuestos escogidos sobre la reproducción de los dos organismos
mostraron desviaciones específicas sin ningún patrón definido: se encontró mayor
toxicidad para ciertos isómeros, pero estos a su vez diferían entre los dos organismos.
En el capítulo tres se investigaron los efectos de las tres parejas de isómeros sobre
la emergencia de C. riparius, expresada como tiempo medio de emergencia tras
veintiocho días de exposición en sedimento contaminado (Emt50). Los efectos de
fenantreno, acridina, fenantridina y acridona sobre la supervivencia de C. riparius
aumentaron al incrementar la concentración del compuesto en el sedimento.
Antraceno y fenantridona no afectaron la supervivencia de las larvas de mosquito,
pero retrasaron la emergencia de los mosquitos adultos. La supervivencia de las larvas
de C. riparius, expresada como LC50, se pudo describir de manera similar a la
supervivencia de los organismos terrestres, sugiriendo narcosis como mecanismo de
toxicidad. El retraso en la emergencia de los machos, por el contrario, tuvo lugar a
concentraciones por debajo de las predicciones obtenidas usando narcosis como
mecanismo. Este resultado sugiere un efecto específico de los compuestos
examinados sobre el sexo masculino.
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Una de las consecuencias del uso de experimentos ecotoxicológicos de larga
duración es la pérdida de control sobre la exposición de los organismos, debida a los
diferentes procesos (degradación, absorción) que se dan en suelo y sedimento y
modifican la disponibilidad de los compuestos. PACs son sustancias hidrofóbicas que
se asocian a partículas, reduciéndose así en gran medida su disponibilidad y toxicidad
directa. De esta manera, las concentraciones a las que se producen efectos tóxicos se
pueden sobre- o subestimar fácilmente. El experimento descrito en el capítulo cuatro
tuvo como objetivo evaluar las concentraciones disponibles en el sedimento durante
un experimento de cuatro semanas, para obtener concentraciones precisas a las que
los compuestos utilizados afectan la reproducción del poliqueto Lumbriculus variegatus a
un 50% del valor medio de los controles (EC50). Esto se estudió aplicando la técnica
de Solid Phase Microextraction. Durante el experimento se vio que las
concentraciones en los poros del sedimento disminuían más rápidamente que las
concentraciones totales en el sedimento. La comparación de las EC50 obtenidas con
concentraciones internas de los compuestos en L. variegatus dejó ver que los dos
compuestos homocíclicos eran narcóticos, pero de los cuatro PACs heterocíclicos
solo acridina lo era. Esto demuestra que los efectos de N-PACs y sus metabolitos para
organismos que habitan el sedimento pueden ser totalmente impredecibles.
Para determinar la consistencia de los resultados obtenidos en los capítulos dos,
tres y cuatro, en el capítulo cinco se analizaron los datos para los cuatro organismos
de forma conjunta. El conjunto de datos analizados estaba formado por veintiuna
concentraciones causando 50% de efecto (LC y EC50) para las tres parejas de
isómeros. Quince de las veintiún concentraciones correlacionaron con la relación
descrita anteriormente, demostrando que en general, la toxicidad crónica de PACs
homo- y heterocíclicos está causada por efectos narcóticos. Las excepciones
encontradas siempre se dieron en los organismos del sedimento, demostrando que
el uso de relaciones basadas en datos sobre la toxicidad aguda para predecir los efectos
a largo plazo de estas sustancias puede subestimar los efectos en el sedimento, y es
insuficiente para proteger a los organismos que lo habitan.
Los resultados de experimentos crónicos usando parámetros del ciclo vital son
vistos como una predicción de los efectos a largo plazo de sustancias tóxicas. Varios
estudios han demostrado, no obstante, que poblaciones expuestas durante varias
generaciones pueden extinguirse o adaptarse. Por esta razón, en el capítulo seis se
realizó un experimento multigeneracional para determinar los efectos de suelo
contaminado con fenantreno sobre la supervivencia y reproducción del colémbolo
Folsomia candida. Las LC50 encontradas en las cuatro primeras generaciones eran
similares, como es de esperar para un compuesto narcótico. En la cuarta generación,
141

Resumen

sin embargo, los organismos expuestos a la concentración más alta acumularon
concentraciones internas a las que se prevé mortandad. Estos colémbolos no se
reprodujeron, y la población se extinguió. De la quinta a la décima generación no se
detectaron efectos negativos sobre la supervivencia y reproducción de los organismos
expuestos a las concentraciones restantes. Los resultados sugieren que hasta una cierta
concentración crítica de fenantreno en el suelo los colémbolos son capaces de
metabolizar el compuesto, neutralizando así sus efectos tóxicos. Por eso no se
encontraron efectos en las últimas cinco generaciones, y tampoco se produjo
adaptación alguna. Durante la exposición multigeneracional se dió una transición
desde una relación de concentración-respuesta a una situación de todo-o-nada con
una clara concentración tóxica umbral, que se encontraba cerca de la EC50 para una
sola generación. Este hecho limita el uso de resultados de experimentos crónicos para
predecir los efectos a largo plazo de PACs en suelo y sedimento, porque los métodos
que se usan actualmente se basan en efectos graduales.
La falta de datos experimentales sobre la toxicidad de PACs en suelo y sedimento
fuerza hoy en día a realizar la evaluación de los riesgos asociados a su presencia de
manera bastante primitiva. Esta evaluación ignora también la presencia de sustancias
heterocíclicas. En el capítulo siete se calcularon concentraciones límite en suelo y
sedimento (CMA, Concentraciones Máximas Admisibles) usando los datos generados
en los capítulos anteriores. Estas CMA mostraron que el uso de concentraciones de
efecto crónico es un paso adelante para la evaluación del riesgo asociado a la
contaminación por PACs, y también que las CMA para los PACs heterocíclicos son
cercanas a las CMA para los PACs homocíclicos. Esto significa que los heterociclos se
podrían incorporar directamente a la evaluación de riesgos actual. Las CMA generadas
para el sedimento eran diez veces menores que los valores para el suelo, mostrando
que poblaciones de organismos que habitan el sedimento correrán riesgos más a
menudo debido a la presencia de PACs que sus tocayos en el suelo. En la segunda
parte del capítulo siete se discutieron las consecuencias de los resultados de esta tesis
para la evaluación de riesgos actual. Se concluyó que algunas incertidumbres, como la
disponibilidad de PACs en el suelo y la toxicidad de mezclas, se pueden abordar con el
conocimiento disponible actualmente. Las consecuencias debidas a la exposición
multigeneracional, común para este tipo de sustancias, demuestran en cambio la
necesidad de investigar en profundidad los mecanismos concretos que causan la
toxicidad de estos compuestos. Añadiendo estos datos a resultados de experimentos
de larga duración como los descritos en esta tesis se podrá reducir posiblemente la
incertidumbre asociada a la contaminación ambiental por PACs.
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