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H I G H L I G H T S

• Determination of exposure is needed
for estimation the risks of polluted sed-
iments.

• Efficiency of different methods in
predicting PAH and PCB accumulation
was compared.

• Accumulation was overestimated with
traditional organic carbon-water parti-
tion model.

• Additional correction for black carbon
with two-carbon model improved the
prediction.

• Chemical freely dissolved pore water
concentrations gave accurate predic-
tions.
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There were two main objectives in this study. The first was to compare the accuracy of different prediction
methods for the chemical concentrations of polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls
(PCBs) in the organism, based on the measured chemical concentrations existing in sediment dry matter or
pore water. The predicted tissue concentrations were compared to the measured ones after 28-day laboratory
test using oligochaeta worms (Lumbriculus variegatus). The second objective was to compare the
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bioaccumulation of PAHs and PCBs in the laboratory test with the in situ bioaccumulation of these compounds.
Using the traditional organic carbon-water partitioningmodel, tissue concentrationswere greatly overestimated,
based on the concentrations in the sediment dry matter. Use of an additional correction factor for black carbon
with a two-carbon model, significantly improved the bioaccumulation predictions, thus confirming that black
carbon was important in binding the chemicals and reducing their accumulation. The predicted PAH tissue con-
centrations were, however, high compared to the observed values. The chemical concentrations weremost accu-
rately predicted from their freely dissolved pore water concentrations, determined using equilibrium passive
sampling. The patterns of PCB and PAH accumulation in sediments for laboratory-exposed L. variegatuswere sim-
ilar to those in field-collected Lumbriculidae worms. Field-collected benthic invertebrates and L. variegatus accu-
mulated less PAHs than PCBs with similar lipophilicity. The biota to sediment accumulation factors of PAHs
tended to decrease with increasing sediment organic carbon normalized concentrations. The presented data
yields bioconcentration factors (BCF) describing the chemical water-lipid partition, which were found to be
higher than the octanol-water partition coefficients, but on a similar level with BCFs drawn from relevant litera-
ture. In conclusion, using the two-carbonmodelmethod, or themeasured freely dissolved porewater concentra-
tions method is recommended for predicting the bioaccumulation of PAHs and PCBs.

© 2016 Published by Elsevier B.V.
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1. Introduction

When the toxicity of persistent organic contaminants for organisms
in freshwater sediments needs to be assessed, a realistic approximation
of the contaminant bioaccumulation in the organism is needed. Bioac-
cumulation depends on the characteristics of the contaminant, the or-
ganism and the environment (Newman, 2010). The most accurate
method in assessing bioaccumulation is to measure contaminant con-
centrations in the tissue or target organ of each species of concern.
Due to economic and practical reasons, often the contaminant concen-
trations in sediments or sediment pore water, rather than in biota, are
measured. To translate these concentrations into risks for biota, predic-
tive tools for estimating tissue concentrations are required.

According to the equilibrium partitioning theory, the chemical activ-
ity of a nonionic organic contaminant is equal in sediment organic car-
bon (OC), in exposed biota and in pore water (freely dissolved
concentration), if equilibrium is attained between these phases (Di
Toro et al., 1991). By using this theory, it is possible to predict the con-
taminant concentrations in one phase from those in another, if the
phases can be well defined and the partition coefficients of the
chemicals are known. The concentrations of different types of hydro-
phobic organic contaminants in benthic organism were shown to be
predictable by measuring the freely dissolved concentrations in sedi-
ment porewater and using the bioconcentration factor, which describes
the chemical accumulation from water to animal lipid (Kraaij et al.,
2003). The freely dissolved concentrations of contaminants can bemea-
sured by different equilibrium passive sampling methods (EqPS) using
e.g. silicone rubber (Mayer et al., 2000a, 2000b; Reichenberg et al.,
2008; Smedes, 2007). Predicting the tissue concentration of contami-
nants from the concentration in sediment organic carbon (OC) is more
complicated. The reason for this is that, usually only a fraction of a non-
ionic organic chemical in the sediment is bound by soft amorphous or-
ganic carbon (AOC) and accessible, while another fraction is strongly
bound to a soot-like organic matter fraction, called black carbon (BC),
or has diffused into the micro pores of sediment particles and is no lon-
ger readily bioavailable (Luthy et al., 1997). Consequently, the actually
bioavailable concentration, corresponding with the freely dissolved
concentration, will be lower than predicted from concentration in the
sediment (total) organic carbon fraction. Therefore, more realistic esti-
mates of bioavailable concentrations should be possible, if the heteroge-
neity of the sediment is taken into account, by using separate partition
coefficients for black carbon and amorphous organic carbon. Koelmans
et al. (2006) summarized current understanding of sorption mecha-
nisms of persistent organic pollutants (POPs, such as PCBs and PAHs)
for black carbon, and the role of black carbon in reducing the accumula-
tion of pollutants in aquatic organisms. Their findings indicated that the
sorption of chemicals in black carbon is a surface adsorption, including
the surfaces of pores. The strength of sorption, is mainly governed by

the specific surface area of black carbon, organic carbon, the contact
area and the sorbate thickness. The two-carbon model, including
partitioning for black carbon, has been used in predicting bioaccumula-
tion of PAHs and PCBs (e. g. Hauck et al., 2007; Moermond et al., 2005;
Sun and Ghosh, 2008; Werner et al., 2010). The use of the two-carbon
model in estimating POP partitioning in sediments has improved the
prediction of their bioaccumulation in organisms, despite reported chal-
lenges (Hauck et al., 2007;Werner et al., 2010). In recent years, alterna-
tives to one-carbon partition models have been introduced. These
assume that chemical sorption in total organic carbon is similar to
coal-tar sorption. Such models have been used in predicting the
partitioning of POPs in sediments and soil, and their accuracy has been
compared with the both one and two-carbon models (Arp et al., 2009,
2014; Hawthorne et al., 2011).

The objectives of this study were to assess the accuracy of different
equilibrium partition-based models to predict the bioavailability of
PCBs and PAHs in sediment dwelling organisms. Themodels were com-
pared with observed bioavailability in biotests in the laboratory and in
collected field data. This was done by passive sampling, and applying
one and two-carbon models with literature data on partitioning, to cal-
culate tissue concentrations in benthic organisms. These were then
compared to measured tissue concentrations from 28-day bioaccumu-
lation tests with Lumbriculus variegatus. In addition, the PAH and PCB
bioaccumulation in L. variegatuswas presented as biota to sediment ac-
cumulation factors (BSAFs). The BSAFs were used for comparison of ac-
cumulation of these chemicals in L. variegatus and in field collected
benthic animals, in the same sampling sites of river sediments. The
strength of this study is that the feasibility of different bioaccumulation
predicting models was studied with two major groups of persistent or-
ganic pollutants, using in-situ contaminated sediments, which repre-
sents over wide range of contaminants and geochemical conditions.
The challenges in the modelling are discussed and recommendations
are provided.

2. Materials and methods

2.1. Description of the sediments and chemical analyses

The sediments used in the present study were sampled in three dif-
ferent river basins, two sites from each: the Elbe in the Czech Republic,
the Scheldt in Belgium and the Llobregat in Catalonia, Spain (Table 1).
These six sediments were used for testing the bioaccumulation of
PAHs and PCBs in L. variegatus, and for the prediction of bioaccumula-
tion from chemical concentrations in sediment. Equilibrium passive
sampling, to estimate the freely dissolved pore water concentrations,
was applied only to the two Llobregat sediments. The river basins and
sites were used as case studies, in the EU project MODELKEY (Brack
et al., 2005), and a map and description of the sampling sites are
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