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• Ecosystem in sedimentation ponds for
road runoff receives several organic pol-
lutants.

• Water, sediment, plants, larvae and fish
were analysed for 4 contaminant
groups.

• Higher levels of pollutants in sedimen-
tation ponds vs. reference were ob-
served.

• Bioaccumulation observed for PACs and
PBDEs, but all 4 groups detected in fish.

• Biomagnification was documented for
PBDEs, alkylated PACs important in
road runoff.
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Sedimentation ponds have been shown to accumulate several groups of contaminants,most importantly polycy-
clic aromatic compounds (PACs) and metals. But also, other urban organic pollutants have shown to be present,
including polybrominated diphenyl ethers (PBDEs), organophosphate compounds (OPCs) and benzothiazoles
(BTs). This investigation aimed at determining the occurrence of these four groups of contaminants in sedimen-
tation ponds and determine their transport from water/sediment to organisms. PACs, including alkylated PACs,
PBDEs; OPCs and BTs were determined in water, sediment, plants, dragonfly larvae and fish from two sedimen-
tation ponds and one reference site. Fish were analysed for PAC metabolites.
Overall, higher concentrations of all four pollutant groups were detected in water and sediment from sedimen-
tation ponds compared to two natural lakes in rural environments (reference sites). The concentration difference
was highest in sediments, and >20 higher concentration was measured in sedimentation ponds (3.6–4.4 ng/g
ww) compared to reference (0.2 ng/g ww) for sum BDE6. For PACs and PBDEs a clear transport fromwater/sed-
iment to organismswere observed. Fishwere the highest trophic level organism (3.5–5) in our study, and all four
pollutant groups were detected in fish. For PBDEs a trophic biomagnification (TMF) was found both in sedimen-
tation ponds and reference, but higher concentrations in all matrices were measured in sedimentation ponds.
TMF was not calculated for PACs since they are metabolised by vertebrates, but a transfer from water/sediment
to organismswas seen. For BTs and OPCs, no consistent transfer to plants and dragonfly larvae could be seen. One
.no (S. Meland), aru@niva.no (A. Ruus), sra@niva.no (S. Ranneklev), efj@niva.no (E. Fjeld), akr@niva.no (A. Kringstad),
Cruz), jch@plen.ku.dk (J.H. Christensen).

. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.141808&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.141808
mailto:mgr@niva.no
mailto:sme@niva.no
mailto:aru@niva.no
mailto:sra@niva.no
mailto:efj@niva.no
mailto:akr@niva.no
mailto:tru@niva.no
mailto:mjha@plen.ku.dk
mailto:jch@plen.ku.dk
https://doi.org/10.1016/j.scitotenv.2020.141808
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 M. Grung et al. / Science of the Total Environment 751 (2021) 141808
OPC and two BTs were detected in fish, but only in fish from sedimentation ponds. It is therefore concluded that
sedimentation ponds are hotspots for urban and traffic related contaminants, ofwhich especially PACs and PBDEs
are transferred to organisms living there.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The economy of many countries relies heavily on road transport,
with e.g., goods and car passengers accounting for 46% and 73% of
intra-EU transport (European Commission, 2012). In addition, road
freight traffic and car passenger transport are forecasted, in the period
2010–2050, to grow by about 57% and 30%, respectively (European En-
vironment Agency, 2016). Subsequently, roads and road transportation
have a huge impact on the environment in terms of land use change
causing habitat defragmentation, habitat loss and spreading of invasive
organisms, noise, CO2 emissions causing climate change, emissions of
particles and a range of chemicals polluting local air, soil andwater bod-
ies (European Environment Agency, 2017).

Typical examples of pollutants from roads and traffic are particles,
nutrients (nitrogen and phosphorus), metals (e.g., Cu, Pb, Ni, Zn, As,
Sb), road salt (NaCl) and polycyclic aromatic compounds (PACs)
(Brown and Peake, 2006; Hwang et al., 2016). These road and traffic re-
lated pollutants are readilywashed out from the road surface to the sur-
rounding environment during storm events and may finally end up in
the aquatic environment being potentially detrimental for aquatic or-
ganisms (Meland et al., 2010). Hence, polluted road runoff is now ac-
knowledged by most national road administrations (NRAs) and
environmental authorities as a significant source of diffuse pollution,
and mitigation measures are therefore normally part of road building
schemes (Meland, 2016).

Several mitigation measures exist to protect the aquatic environ-
ment from polluted road runoff. One of the most popular is wet sedi-
mentation ponds. These ponds, having permanent water (opposed to
dry detention ponds), mimic natural processes and treat road runoff
by retaining particle bound pollutants through sedimentation pro-
cesses. In addition, dilution, chemical and biological degradation of pol-
lutants are also important. Well-functioning sedimentation ponds have
proved to protect nearby water bodies since they significantly reduce
the concentrations of many pollutants. Sedimentation ponds are there-
fore recognised as a robust and cheap way of protecting nearby water
bodies. Hence, thousands of sedimentation ponds have been built
along Norwegian and European major roads (Meland, 2016). In
Norway some sedimentation ponds receive tunnel wash water, and
this is the case for one of the tunnels (Vassum) investigated in this
study. Since the tunnels arewashed 1–12 times/y, this represents an ad-
ditional pollution pressure which is pulsed.

The high number of sedimentation ponds may underline their im-
portance and relevance in an ecological context. Sedimentation ponds
have gained interest in an ecological context due to their potential ca-
pacity to conserve and promote aquatic biodiversity (Le Viol et al.,
2009; Meland et al., 2020). The biodiversity in Norwegian sedimenta-
tion ponds has been investigated by (Sun et al., 2018), and the two sed-
imentation ponds used in our study were among the 12 investigated by
(Sun et al., 2018) who found a total of 96 taxa in the sedimentation
ponds investigated. Since the function of the sedimentation ponds is re-
tention of pollutants, the sedimentation ponds may become sink-
habitats and ecological traps (Villalobos-Jiménez et al., 2016). It is there-
fore important to investigate the pollutants present in sedimentation
ponds, and if the organisms present are affected by the pollutant
pressure.

In a previous study, we investigated the levels of PACs in the same
two sedimentation ponds, and found that the concentrations of sum of
PAH16 in sediments were between 1900 and 4200 ng/g dw (Grung
et al., 2016a; Markiewicz et al., 2017). This was one of the possible
explanations for the fact that fish in Skullerud sedimentation pond
had lower condition index (CI), higher level of DNA damage and higher
level of PAH-metabolites in bile than fish from the nearby river. To our
knowledge, Skullerud is the only sedimentation pond in Norway
where a minnow (Phoxinus phoxinus) population has been established.

Since a range of organic pollutants are present in road runoff (Grung
et al., 2017; Markiewicz et al., 2017), we wanted to complement our
previous study of PACs in sedimentation ponds with other organic pol-
lutants that are known to be present in road runoff. In a recent investi-
gation, we identified 50 PACs, including alkylated PACs, along with
other urban markers such as OPCs and BTs by non-target methods in
tunnel particles. (Grung et al., 2017). Our main objective of the present
studywas therefore to quantify the PACs, OPCs and BTs in different ma-
trices from sedimentation ponds, including biota. At the same time, we
wanted to investigate the potential bioaccumulation of the same com-
pounds. A positive control was therefore needed to show that bioaccu-
mulation occurs. Since PBDEs have been detected in low concentrations
in sediments from sedimentation ponds, analyses of PBDEs were in-
cluded to serve as a positive control for bioaccumulation and
biomagnification of the other organic pollutants.

2. Materials and methods

2.1. Study sites

Two highway sedimentation ponds (Skullerud and Vassum, hereaf-
ter denoted SSkullerud and SVassum) and two natural references (Svartoren
and Lyseren, hereafter denoted RSvartoren and RLyseren) were included in
the study (Fig. 1 and Table 1). The two sedimentation ponds have previ-
ously been investigated by us (Grung et al., 2016a). The ponds are situ-
ated in the greater Oslo area. SSkullerud and SVassum receive runoff from
the four-lane highway E6. In addition, SVassum receives regularly tunnel
wash water from three tunnels (Nordbytunnelen, Smiehagentunnelen
and Vassumtunnelen). SSkullerud has a closed forebay and a main pool
covering an area of ca. 880 m2, while SVassum has both an open forebay
and main pool covering an area of 400 m2. Both sedimentation ponds
have developed a dense vegetation within and along the edges of the
ponds. The reference sites are two lakes that are in rural environments
with little influence from traffic.

2.2. Sampling of water, sediment and biological material

The sampling took place in June–August 2016. All matrices were
sampled in incinerated glassware and kept at −20 °C until analysis if
not otherwise indicated. All biological samples except fish were pooled
and analysed for each station. The sampling methods are presented in
Table 2. The significance for interpretation of the sampling is shortly
addressed here.

The water samples were not filtered, whereby a small amount of
particles would be present. However, upon visual inspection the sam-
ples looked clear. At the sedimentation ponds, moss (Fontinalis
antipyretica) was sampled upstream at the receiving stream and trans-
ferred to the sedimentation pond in June. The mosswas sampled in Au-
gust. At the reference site (RSvartoren), moss (Fontinalis sp.) was sampled
at the same times, but not transplanted like in the sedimentation ponds.
Fish from SSkullerud and perch from RLyseren were caught by net and
length and weight were measured (see Table S1, supporting material).
The sex of the fish was noted when possible. The bile was sampled by
means of a capillary tube.

http://creativecommons.org/licenses/by/4.0/
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Fig. 1.Map showing the various ponds included in the present study. Sedimentation ponds are marked with red circles and references are marked with blue circles. The road network is
depicted by grey lines. The map was created in JMP using basemaps from © OpenStreetMap contributors (https://www.openstreetmap.org/copyright).
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For several years, a small population of minnow (Phoxinus phoxinus)
was established in SSkullerud, and was investigated by us in 2014 (Grung
et al., 2016a).We alsowanted to investigate theminnows for this study,
but instead of minnows we found pikes (Esox Lucius) in SSkullerud. In
2016, the upstream river was flooded. This caused an overflow of
SSkullerud, whereby pikes were trapped in SSkullerud as the overflow sub-
sided. After the pikes appeared, minnows have not been detected in
SSkullerud, despite several attempts of both el-fishing and translocation
of minnows from the nearby river. When designing this project, min-
nowswere our target organism.However, since therewere nominnows
present in SSkullerud, the pikeswerefished and analysed. Half of the pikes
with content in their stomach containedminnows.We tried to get pikes
from a nearby clean site, but no pikes of comparable size were found.
We therefore analysed perch (Perca fluviatilis) from a nearby clean
lake (RLyseren) to serve as a clean reference site for the pikes from
SSkullerud. The perch were of roughly the same size as the pikes
(Table S1, Fig. S3), and of the same trophic level (Figs. S1 and S2). The
two reference locations (RSvartoren and RLyseren) are not very far from
each other in distance (12 km), with low levels of urbanisation and
traffic.
Table 1
Coordinates of sampling locations and amount of traffic.

Road
runoff

Tunnel
wash
water

Location Longitude
(decimal
grades)

Latitude
(decimal
grades)

Annual
average
daily traffic
(AADT)a

Yes No Skullerud 10.83131 59.86217 70,100
Yes Vassum 10.73714 59.70937 66,326

No No Svartoren 10.98258 59.79632 n.a.
Lyseren (fish) 11.13157 59.71041 n.a.

a Obtained from www.vegkart.no (2019.03.22).
2.3. Chemical extraction and analyses

The chemical analyses are described below. The quality assurances
for the different methods are given as text in the supplementary mate-
rial and Tables S4–S7 (supplementary material).

2.3.1. Analyses of total dry matter, organic carbon and lipid
Total dry matter in the sediments and biota was analysed gravimet-

rically. Sediment subsamples were freeze-dried, crushed, and acidified
(1 N HCl) and analysed for total organic carbon (TOC) by catalytic com-
bustion at 1800 °C in a Carlo Erba 1106 elemental analyser (Carlo Erba
SpA, Rodano, Italy). Aliquots of the homogenised biota material from
each of the groups were used to determine the lipid content gravimet-
rically, after lipid extraction (cyclohexane and acetone).

2.3.2. PAC including alkylated PACs
Water samples (1 L) were added internal standards and extracted

with dichloromethane (150 mL) twice under vigorous shaking (1 h).
The aliquots were dried (Na2SO4), and the aliquots combined. Sedi-
ments and biological material were homogenised with equal amounts
hydromatrix in an IKA 11® sample mill and extracted through
pressurised liquid extraction in an ASE200 system. The extraction cell
for the sediment samples consisted of 4 g of activated silica, bottom
layer, 4 g of acidified copper powder (to bind elemental sulphur), 5 g
of sample mix, and topped off with Ottawa sand. The extraction cell
for the plant samples consisted of 4 g of activated silica (chlorophyll re-
tainer), bottom layer, 2–5 g of sample mix, and topped off with Ottawa
sand. The extraction cell for the animal samples consisted of 4 g 2%
deactivated silica (as a fat retainer), bottom layer, 2–5 g of sample
mix, and topped off with Ottawa sand. 200 μL (8 μg/mL) internal stan-
dardmix (Gallotta and Christensen, 2012)was added to the samples be-
fore extraction. The following extraction parameters were used:
Pressure: 1500 psi, preheat time: 2 min, static time: 5 min, flush

https://www.openstreetmap.org/copyright
http://pubchem.ncbi.nlm.nih.gov


Table 2
Sampling methods for all matrixes at all stations investigated.

Sample Reference sites Sedimentation ponds

RLyseren RSvartoren SVassum SSkullerud

Water No samples
collected

Spot samples collected by means of large steel
container. Water was thereafter transferred to large
glass flasks (5 L). Water samples were not filtered.

Sediment No samples
collected

3–5 sub-samples of the upper 5 cm layer were
collected by means of a van Veen grab and
combined.

Pondweed No samples
collected

Leaves (no stems or roots) were collected from
the surface.

Moss No samples
collected

Moss were collected
twice at the same
timepoints as first
and second sampling
in sedimentation
ponds.

Moss upstream the
sedimentation ponds
were collected and
transplanted for
2 months in the
sedimentation ponds.

Dragonfly
larvae

No samples
collected

Dragonfly larvae were sampled using a pond net.

Fish Perch collected
by means of a net
and killed by a
blow to the head.

No fish samples collected. In
RSvartoren, only minnows were
present, and in SVassum no fish
species were living.

Pikes collected by
means of a net
and killed by a
blow to the head.
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volume: 70%, purge time: 60 s, static cycles: 2, temperature: 100 °C, sol-
vent mixture: n-pentane:dichloromethane (90:10). Each cell was ex-
tracted twice into separate collection vials, and after concentrating
under elevated temperature (40 °C), the two extracts were combined
and evaporated to below 5 mL, filled to 5 mL with n-pentane:dichloro-
methane (90,10) and added 200 μL 8 μg/mL recovery standard mix
(Gallotta and Christensen, 2012) (Tables S2 and S3, supporting mate-
rial). For each matrix, a corresponding matrix blank was made.

GC–MS analysis: The method described in Gallotta and Christensen
(2012) was utilised with a few minor differences. The extracts were
analysed for PACs and alkyl PACs on an Agilent 5975C inert XL MSD
with electron ionization operating in selected ion monitoring (SIM)
mode. The GC parameters were as follows: 1 L sample was injected in
splitless mode (inlet: 300 °C) to a 60 m HP-5 capillary column with
0.25 mm inner diameter, 0.25 μm film thickness. The flow rate was
1.1 mL/min. The initial temperature (40 °C) was held for 2 min, ramped
with 25 °C/min to 100 °C, followed by 5 °C/min to 315 °C and held for
14 min (total run time: 61.4 min). Temperatures: transfer line: 315 °C,
ion source: 230 °C, quadrupole: 150 °C.

Peaks were integrated using Chemstation V2.0 (Agilent technologies,
Inc.) and the data was quantified using the internal standard method
and corrected for recoveries. A six-point calibration curve was used for
each compound (range: 2–90 ng/mL solvent) with internal and recovery
standards as given in Table S2 (supporting material) for sediment and
biota and in Table S3 (supporting material) for water samples. For each
EPA PAH16, the calibration curve was constructed using the compound
in question. For the alkylated PACs, one selected compound representing
the group was chosen for the calibration curve, except for C1-
naphthalenes where the average of two calibration curves constructed
from 1-methylnaphthalene and 2-methylnaphthalene was used. Please
see supporting material for information on quality assurance and quality
control.

2.3.3. PAH-metabolites in bile of fish
Analyses of PAH-metabolites in bile of fish was based on a method

described by Krahn et al. (1992) and is described in more detail in
Kammann et al. (2013). Briefly, bile (20 μL) was mixed with internal
standard triphenylamine (10 μL) and diluted with deionised water
(50 μL). Thereafter, a hydrolysation step with β-glucuronidase/
arylsulphatase (10 μL) was performed (1 h, 37 °C). Methanol (20 μL)
was added, the sample centrifuged, and the supernatant was trans-
ferred to HPLC vials. The HPLC used was a Waters 2695 Separations
Module with a 2475 fluorescence detector attached. The column was a
Waters PAH C18 (4.6 × 250 mm) with 5 μm particles. The mobile
phase consisted of a gradient from 40:60 acetonitrile:ammonium ace-
tate (0.05M, pH 4.1) to 100% acetonitrile at a flow of 1mL/min. The col-
umn temperature was kept at 35 °C. Fluorescence was measured at
(excitation/emissions wavelengths: 1-OH-phenanthrene 256/380; 1-
OH-pyrene 346/384; triphenylamine 300/360; 3-OH-benzo[a]pyrene
380/430). 25 μL of extract was injected for each analysis. The results
were calculated by use of the internal standard method. The calibration
standards utilised were obtained from Chiron AS, Trondheim, Norway;
and were in the range 0.2–200 ng/g.

2.3.4. PBDEs
The analytical method for PBDEs was based on a method described

by Covaci et al. (2002). Water samples (1 L) were added internal stan-
dards and extractedwith dichloromethane (150mL) twice under vigor-
ous shaking (1 h). The aliquots were dried (Na2SO4), and the aliquots
combined. Freeze dried sediment samples (2–5 g) were extracted
with dichloromethane (20 mL) in an ultrasonic bath for 120 min. Inter-
nal standards for were added during the first extraction step. This step
was repeated with fresh dichloromethane (20 mL) for 60 min and the
extracts combined. Biota samples were homogenised and added so-
dium sulphate and extracted with cyclohexane: ethyl acetate (1,1).
The extracts for analyses were cleaned by partitioning with concen-
trated sulphuric acid, and thereafter acetonitrile, reduced in volume,
and analysed bymeans of GC/MS. Analysis for PBDE congeners was per-
formed with a Hewlett Packard 6890Plus GC linked to a Hewlett
Packard 5973 MS detector operated in negative chemical ionization
(withmethane) and SIMmode. A pulsed splitless injection (4mL, injec-
tor temperature of 280 °C and pulse pressure of 50 psi held for 2 min)
was used to transfer analytes onto a DB-5MS column (Agilent Technol-
ogies; 15m, 0.25mm i.d., 0.1mmfilm thickness). The oven temperature
was set to 120 °C and held for 2 min before being increased to 345 °C at
the rate of 25 °C/min and then held for 5min. The heliumflowwas set to
1mL/min for the first 13min and increased to 1.4mL/min. at the rate of
0.1mL/min and held for a further 8min. Temperatures of the ion source,
quadrupole, and transfer line were 250 °C, 150 °C, and 325 °C, respec-
tively. Ion fragmentsm/z 79 and 81 were used for qualifying and quan-
tifying PBDEs. Internal standards used for PBDEs were BDE-119 and
BDE-181.

2.3.5. Organophosphate compounds (OPCs)
The method for OPCs has previously been described previously

(Allan et al., 2018), and therefore only an overview is described here.
DeuteratedOPCswere used as internal standards for all samplematrices
and were added during the extraction step. Water (200 mL) was ex-
tracted by solid phase extraction (Oasis HLB (500 mg) cartridges).
OPCs were eluted with methanol:hexane (50,50). Freeze dried sedi-
ment samples (0.5 g) were extracted ultrasonically with dichlorometh-
ane (4 mL, 60 min) twice. Biota samples (for fish the filet was used)
were homogenised before extraction with acetonitrile:ethyl acetate
(70,30, 10 mL). Extracts were concentrated and added sodium sulphate
to removewater. Supercritical fluid chromatography (SFC)withMS/MS
analysis was used for quantification. The following OPCs were analysed
(CAS registry number in parentheses): TCEP (115-96-8), TCPP (13674-
84-5), TiBP (126-71-6), TDCPP (13674-87-8), TBOEP (78-51-3), TnBP
(126-73-8), TPP (115-86-6), DCP (26444-49-5), TCP (1330-78-5),
EHDP (1241-94-7) and TEHP (78-42-2).

2.3.6. BT
The analytical method was based on a method described by Asheim

et al. (2019). Water (200 mL) was added internal standard
(sulfamethoxypyridazine-d3 which was used for all matrices) and
added onto Oasis HLB (500 mg) solid phase extraction cartridges. BTs
were eluted with 6 mL methanol:hexane (50,50). Freeze-dried sedi-
ment samples (0.5 g) were added internal standard and extracted
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ultrasonically with methanol (5 mL, 60 min) twice. Biota samples were
extracted as described for OPCs. BTs were analysed by LC-MS/MS with
the following conditions: They were separated on an Aquity UPLC (Wa-
ters, Manchester) using a BEH C8 column (100 × 2.1 mm, 1.7 μm) (Wa-
ters, Sweden) with an acetonitrile and water (5.2 mM ammonium
acetate) mobile phase. Gradient elution was from 50% to 100% acetoni-
trile over a 10 min program. The UPLC system was connected to a mass
spectrometer (Xevo G2S QToF, (Waters, Manchester)) operated in
electrospray ionization mode. Detection limits (DL) was calculated for
each sample individually using the standard method of calculation of
3 x s/n ratio. It was not possible to use labelled internal standards be-
cause these were not commercially available. This will result in an un-
certainty of 35–50% depending on the analytes and sample matrix.
Very few of the BTs were available as certified standards, where
available they were purchased from Sigma-Aldrich (Germany). The fol-
lowing BTs were analysed: 2-hydroxybenzothiazole (2-OH-BT), 2-
Phenyl-1,3-benzothiazol (phenyl-BT), 2-butyl-1,2-benzisothiazol-3
(2H)-one and N-cyclohexyl-2-benzothiazosulfenamide (the two last
BTs were not detected in any matrices).

2.3.7. Stable isotopes
Stable isotope of nitrogen (δ15N air) was analysed and used for as-

sessment of trophic level of biota samples. δ13C VPDB (Vienna Pee Dee
Belemnite) was also included to identify the carbon sources. The Isotope
analyses were performed by the Institute for Energy Technology (IFE-
Kjeller, Norway) according to standard protocols (Ruus et al., 2015). The
stable isotopes were calculated according to Eq. (1) as follows:

∂X ¼ RSample

RStandard
−1

� �
� 1;000 ð1Þ

2.4. Calculation of BAF, BSAF and trophic biomagnification

The bioaccumulation factors (BAF) were calculated according to the
Eq. (2) (Borgå and Ruus, 2019):

BAF ¼ Cbiota

Cwater
ð2Þ

Cbiota is the concentration of a compound (based on thewet weight)
Cwater is the concentration of a compound in water
The biota to sediment accumulation factors (BSAF) were calculated

according to Eq. (3):

BSAF ¼ Cbiota lwð Þ
Csediment ocð Þ

ð3Þ

Cbiota (lw) is the lipid normalised concentration of a compound
in biota
Csediment (oc) is the organic carbon normalised concentration of a
compound in sediment
The relative trophic level (TL) of each sample (consumer) was

calculated from δ15N (Eq. (4)) using an enrichment factor ΔN of 3.4‰
between integer trophic levels (Borgå et al., 2012). The lowest plant
δ15N (Potamogeton) was defined as the baseline primary consumer of
trophic level 1:

TLconsumer ¼
∂15Nconsumer−∂15Nplant

ΔN
þ 1 ð4Þ

Trophic magnification factors (TMFs)were calculated as the antilog-
arithm of the slope (b) of the linear regression between the natural
logarithm of the lipid normalised contaminant concentration and the
trophic level of the sample/species in question (Fisk et al., 2001)
(Eqs. (5) and (6)):

ln contaminant½ �lw ¼ aþ b� TL ð5Þ

TMF ¼ e� b ð6Þ

TMFs were only calculated for the brominated flame retardants
BDE47, BDE99 and BDE153 as too many samples had concentrations
below the DL for other compounds analysed.

2.5. Statistics

Data treatment, statistical analyses and graphical outputs were per-
formedwith JMP version 15.0.0 (SAS Institute Inc.). Regression analyses
were performed by the least square's method.

3. Results and discussion

3.1. Occurrence in water

The water samples were not filtered prior to analyses, therefore the
concentrations reported may be a result of analytes bound to particles.
The concentrations for all investigated contaminants are listed in Sup-
plementary Tables S8 and S9. Only two PBDEs (BDE47 and 99)were de-
tected in water samples collected from all three sampling sites, while
BDE153 was only detected in the sedimentation ponds (SSkullerud and
SVassum). The concentrationswere consistently lower in RSvartoren (refer-
ence site), and the ∑BDE6 was 0.006 ng/L in RSvartoren, and
0.023–0.033 ng/L in SVassum and SSkullerud respectively. These levels are
considerably lower than the maximum allowable concentration
(MAC) in the water framework directive (EU European Union, 2013)
140 ng/L, based on acute toxicity studies. TheWFD has not listed an an-
nual average (AA) based on chronic toxicity data for PBDEs.

The low ring PACs (up to 4 rings) were detected in water sampled
from all three sites investigated, but the higher ring sizes were only de-
tected in the sedimentation ponds. The levels were highest in SSkullerud
where PAH16 was 170 ng/L, while the concentration in RSvartoren and
SVassum was 6.6 and 22 ng/L respectively. Several of the PACs (anthra-
cene, fluoranthene, naphthalene and benzo[a]pyrene) have been
assigned AA and MAC in freshwater systems. Only the AA of benzo[a]
pyrene (0.017 ng/L) was exceeded in SSkullerud, while the other results
were below AA and MAC. Since the DL for benzo[a]pyrene was higher
(0.7 ng/L) than the AA it is not known if the AAwas exceeded in SVassum
and RSvartoren.

All OPCs investigated were detected in water samples from SSkullerud
and SVassum, while only half of the investigated OPCs were detected in
RSvartoren (Table S5, supporting material). The levels were higher in
water from the two sedimentation ponds than from RSvartoren. For
TCEP, TiBP, TPP, TDCPP. TnBP and TPP the levels were more than 5
times higher. TCEP and TCPP were observed in the highest levels (up
to 410 and 2000 ng/L respectively). Only TCEP among theOPCs has a na-
tional guidance for AA and MAC in water, 65 and 510 μg/L respectively.
Both sedimentation ponds (140 and 410 ng/L) therefore exceeded the
AA but not the MAC. In RSvartoren TCEP was below DL.

Previous investigation of the levels of OPC in urban areas have been
done. In a study of tunnel wash water, many of the same OPCs were de-
tected in high concentrations (Meland and Roseth, 2011). Their findings
suggested that sedimentation ponds are a suitable mitigation strategy
for removing OPCs, but removal percentage increased by adding peat
or active carbon filter sorbents. SVassum receives tunnel wash water,
while SSkullerud receives only road runoff. The levels of OPCs in snow
nearby airport, road and reference were measured by Marklund et al.
(2005). They observed a general decrease in OPC concentrations with
distance from the road (2, 100 and 250 m). In line with our findings,
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TCPPwas found in high concentrations (110–170 ng/kg), also at the ref-
erence site (68 ng/kg) Marklund et al. (2005). Yet, the levels of TCPP in
our study were substantially higher in sedimentation ponds
(1400–2000 ng/L). Also, the levels of TCEP in sedimentation ponds
(140–410 ng/L) in our study were substantially higher than what was
measured in snow nearby a road in Umeå, Sweden (12 ng/kg)
Marklund et al. (2005). A study of water from rivers in South Korea
was investigated by Yoon et al. (2010). Both clean sites and sites influ-
enced by effluents from sewage treatment plants (STPs) were investi-
gated. Again, the levels of TCPP in sedimentation ponds were higher
than in creeks strongly influenced by STP effluent. In a study of rivers
in Spain (Cristale et al., 2013) levels were in general low, but near
urban influence (Barcelona) and STPs, levels up to 1800 ng/L (TCPP)
and 330 ng/L (TCEP) were observed.

In a non-target study of tunnel particles, three BTswere identified in
tunnel particles, BT, 2-OH-BT and phenyl-BT (Grung et al., 2017). BTs in
traffic environment are strongly linked to emissions of tire wear
(Asheim et al., 2019). Regardless of that, BTs have gained little attention
in previous pollution studies of road runoff compared to other organic
pollutants (e.g. PACs). Only two of the BTs investigated were detected
in any of the matrices investigated, 2-OH-BT and phenyl-BT (Table S8
and S9, supporting material). For the water phase, only phenyl-BT was
detected in low concentrations in water from SSkullerud and SVassum
(6.6–19 ng/L), but not in the water from RSvartoren. BTs are not listed in
the WFD.

Water is not the preferred analytical matrix for many of the com-
pounds reported here, especially PACs and PBDEs with a high logKow
(range 3.34–6.22 and 5.6–8.27 respectively) are mainly particle
bound. In addition, the concentrations in water will be highly variable
since a dilution will take place after each rainfall. The analysis of the
water was done mainly to account for compounds with a low logKow
(OPCs (1.44–9.49) and BTs (1.8–4.26)), and to calculate BAFs of com-
pounds that were detected both in water and in biota. However, be-
cause of the highly variable concentrations and since we have only
done one measurement of water, the results reported here must be
interpreted with caution. Yet, we believe that the general pattern that
all the compound classes investigated have higher concentrations in
water from sedimentation ponds than at the reference site are valid.

3.2. Occurrence in sediment

Elevated levels of PACs were detected in sediment from sedimenta-
tion ponds SSkullerud and SVassum compared to the reference site
(RSvartoren) (Table S8, supportingmaterial). PACs are themost abundant
pollutant in the sedimentation ponds of the target analytes included in
this study as can be clearly seen from the sediment results. Some PACs
are regulated in theWFD. In addition to the environmental quality stan-
dards (EQS) for the EU prioritised compounds (EU European Union,
2013), Norway has EQS for the sumof PAH16 since PACs are considered
an environmental risk in Norway (Direktoratsgruppen vanndirektivet,
2018). The PAH16 concentrations in sediments are listed in Table 3
and are classified according to the national guidelines. In short, a yellow,
orange or red colour indicate exceedance of the EQS, and a higher level
of toxicity from yellow to red, while blue (background), and green (no
toxic effects) are concentrations not exceeding EQS. In addition,
Norway's National EQS for sum of PAH16 has been used for its useful-
ness for an overall risk (Direktoratsgruppen vanndirektivet, 2018).
The concentrations of PAH16 in sedimentation ponds were similar to
the levels that was previously reported for SSkullerud and SVassum in
2016 (Grung et al., 2016a). The concentration in SSkullerud then was
higher (4200 vs. 3000 ng/g dw now) while concentration in SVassum
was similar (1900 vs. 2200 ng/g dw now).

Contrary to our previous analyses of PACs in sediment, this time the
alkylated homologues of selected PACs (naphthalene, fluorene, phenan-
threne/anthracene, pyrene/fluoranthene and chrysene) were also
analysed in sediment (Table). As can be clearly seen, the alkylated
PACs were very high in sediment from SSkullerud and SVassum, while sub-
stantially lower/non-existing at RSvartoren (Fig. S4, supporting material).
High occurrence of three-four ring alkylated PACs is an indication of
petrogenic origin of the PACs andmay stem from the bitumen of the as-
phalt, spilled lubricating oils or soot. Commercial extraction of bitumen
has led to increased environmental levels of alkylated PACs in a lake in
Alberta, Canada (Korosi et al., 2013). In Norway, asphalt wear is partic-
ularly high in the winter season when studded winter tires are com-
monly used. The alkylated PAC pattern was typically bell-shaped
(Stogiannidis and Laane, 2015), with the C3 alkylated homologues as
the highest, indicating a petrogenic origin (Fig. S4, supportingmaterial).
The alkylated chrysenes were of the highest concentrations among the
alkylated PACs, and the histogram of PACs of the sedimentation ponds
resembled the road asphalt shown in Stout et al. (2004).

By assuming that the alkylated homologues exert the same toxicity
as the non-alkylated PACs (Richter-Brockmann and Achten, 2018;
Wayland et al., 2008), an estimation of the associated risk can be
made. It is evident that inclusion of alkylated homologues of PAH16
changes the risk of hazardous effects to sediment living organisms
(Table 3). Notably, the change in the environmental risk of chrysene
has changed dramatically for the two sedimentation ponds. Also, the
change in the classification for PAH16 has changed from exceeding the
AA (yellow) to exceeding the MAC (orange) for the two sedimentation
ponds, while RSvartoren has changed classification from background
(blue) to good (green). Since the toxicity of all alkylated PACs have
not been investigated, this is for the present only an approximation.
However, we believe that until the toxicity has been estimated, this ap-
proximation is a valid precautionary principle.

There are several reports linking exposure of alkylated PACs to tox-
icity (Andersson and Achten, 2015). Raine et al. (2017) found that
lower embryo survival corresponded to higher total and alkylated PAC
content in a 31 day exposure of fish to oil sands tailings pond sediments
in the laboratory. In addition, delay in development and increased per-
centages of larvae with heart and yolk sac oedema, cranial and spinal
malformations were observed. Lee et al. (2017) showed that PACs
(naphthalene, fluorene, dibenzothiphene, phenanthrene and chrysene)
and their alkylated analogues disrupt endocrine functions. Especially 1-
methylchrysene, followed by phenanthrene and its alkylated analogues
possessed endocrine mediating potencies. In a binding study with aryl
hydrocarbon receptor (AhR), 1-methylchrysene and 1,2,6,9-
tetramethylphenanthrene were shown to possess high binding-
potencies (145% and 83% of TCDDmax respectively) (Lee et al., 2015).
Vignet et al. (2014) ascribed a large part of the toxicity to alkylated
PACs for the toxicity observed after exposure to PAC fractions represen-
tative of either pyrolytic or petrogenic composition.

The petrogenic composition are characterised with high occurrence
of alkylated PACs, especially phenanthrenes, naphthalenes and anthra-
cenes. In addition to the toxic concerns of alkylated PACs, several inves-
tigations have shown that alkylated PACs are more persistent in the
environment than the parent PACs (Barron and Holder, 2003). We
therefore believe that environmental management need to take into
consideration the increased risk associated with alkylated PACs in the
sedimentation ponds. We have previously shown that alkylated PACs
are found in tunnel particles (Grung et al., 2017), and the same is true
for sedimentation ponds receiving road runoff.

The levels of PBDEs in sediments were quite low both in sedimenta-
tion ponds and reference site. The∑BDE6 were 4 ng/g dw in both sed-
imentation ponds and 0.20 ng/g dw in RSvartoren. These concentrations
are substantially lower than the EQS for sediment (310 ng/g dw).
There are few investigations of PBDEs in sedimentation ponds, probably
since PBDEs are not assumed to be one of the major organic pollutants
in such ponds. The results reported for PBDEs are somewhat lower
than previously reported concentration in SVassum of 21 ng/g dw of
penta-BDEs (Meland, 2012). In a study of stormwater ponds in South
Carolina (Crawford et al., 2010), no PBDEs were detected above the de-
tection limit of 6–10 ng/g dw.



Table 3
PAH16 and alkylated PACs in sediment (μg/kg dw). Sum alkylated PACs are the sum of C1–C4 naphthalenes, C1–C3 fluorenes, C1–C4 phenanthrenes/anthracenes, C1–2 pyrenes/
fluoranthenes and C1–C3 chrysenes. Percent alkylated are the percentage of alkylated divided by the sum of PAC and alkylated PACs. Letters in red are above the detection limit (DL),
but below the LOQ (limit of quantification). The colour of each cell indicate classification according to Direktoratsgruppen vanndirektivet (2018). PACs marked with an asterisk are
prioritised pollutants according to EU, while the others are prioritised by Norway, including the sum of PAH16. Two significant digits are used.

RSvartoren SSkullerud SVassum
Sample name PAC Sum alk. 

PAC
% alk PAC Sum alk. 

PAC
% alk PAC Sum alk. 

PAC
% alk

Naphthalene* 45 76 63 79 470 86 56 310 85
Acenaphthylene 9 32 18
Acenaphthene 4 9 5
Fluorene 4 nd 28 1,200 98 61 1,400 96
Phenanthrene 22 20 43 190 3,400 94 200 3,200 93Anthracene* 4 30 25
Fluoranthene* 32 nd 360 1,900 64 310 1,700 66Pyrene 29 730 570
Benzo(a)-anthracene 11 80 50
Chrysene 18 18 50 400 8,000 95 270 6,100 96
Benzo[b]fluoranthene* 23 240 130
Benzo[k]fluoranthene* 18 110 66
Benzo[a]pyrene* 11 130 69
Indeno(1,2,3-
c,d)pyrene*

15 150 82

Dibenzo[ah]anthracene nd 58 37
Benzo[ghi]perylene* 14 330 220
∑PAH16 260 110 30 3,000 15,000 83 2,200 13,000 86
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In sediment samples, fewer OPCs were detected than in water, and
TCEP, TiBP, and TnBPwere not detected in any sediment samples. Over-
all, levels were higher in sediment from SSkullerud and SVassum than from
RSvartoren. The highest levels were observed for TEHP (530 ng/g dw) and
TCP (70 ng/g dw) which are among the OPCs investigated with highest
logKow. Only for the OPCs with logKow >5 there was a clear tendency
that the concentrations in sediments from sedimentation ponds were
higher than from the reference site.

BTs were detected in sediment samples from both sedimentation
ponds, and phenyl-BT (90–140 ng/g dw) and 2-OH-BT (520–1000 ng/
g dw) were detected. No BTs were detected in the sediment from
RSvartoren. In a study of BTs in road dust samples from Trondheim in
Norway (Asheim et al., 2019), 2-OH-BT was found in concentrations of
100–1100 ng/g dw depending on the season. 2-OH-BT constituted
roughly 70–90% of total BTs investigated, and 2-OH-BT is a probable
degradation product of several other BTs. In a study of BTs in road
dust and roadside soil, 2-OH-BT was also the major BT in both matrices
alongside benzothiazole (Zhang et al., 2018).

3.3. Occurrence in biota

The data for concentrations in plants and dragonfly larvae are shown
in Table S8 (supporting material), while the concentrations in individ-
ual fish are shown in Table S9 (supporting material). The transplanta-
tion of moss showed little accumulation of contaminants. This was
probably due to contamination from traffic reaching the locations up-
stream the sedimentation ponds where the mosses were sampled. In
Table S8 (supportingmaterial), the mosses have therefore been treated
as two individual samples of moss (Table S8).

The PAC concentrations were in general twice as high in biota from
sedimentation ponds than from the two reference sites. The concentra-
tions in plants were lower (on a dry weight basis) than the sediments,
and in general few (2–4) PACs were measured in plants and dragonfly
larvae. In our previous investigation (Grung et al., 2016a) much higher
levels in pondweedwere observed than in this study,whereas the levels
in dragonfly larvae were similar. In our previous study, the root of the
pondweed was included, but this time, only leaves of the plants were
analysed. According to Gao and Zhu (2004), the uptake of PACs in pond-
weed is mainly by the roots.
PACs are not accumulated in fish, but metabolised and excreted via
bile. However, the PAH-metabolites in bile are exposuremarkers for ap-
proximately the last week prior to sampling (Jonsson et al., 2004).
Therefore, bile samples were analysed for PAH-metabolites, and results
for 1-OH-pyrene and 1-OH-phenanthrene are shown in Fig. 2. The ICES
guidance limits for background assessment criteria (BAC) and environ-
mental assessment criteria (EAC) for marine fish species (Hylland et al.,
2012) are indicated. 1-OH-pyrene and 1-OH-phenanthrene were not
detected in bile of fish from RLyseren. In SSkullerud, 1-OH-pyrene and 1-
OH-phenantrene were detected in all fish. The minnows from SSkullerud
in our previous study had significantly higher levels of 1-OH-pyrene
(median 3600 (min-max, 480–12,000 ng/g bile)) than the pikes. One
explanation may be the difference in diet. Minnows were probably a
substantial part of the pikes' diet. Minnows have already metabolised
the PACs, thereby facilitating a rapid excretion in the pikes, and lower-
ing their exposure to PACs.

There are some limitations to interpretation of data from fish. The
species are not the same but are similar in size trophic level and eating
habits. More importantly the location of reference for fish (RLyseren) are
different from reference site for water and sediment (RSvartoren). The
plan was to investigate minnow which had been living in SSkullerud for
years and was investigated in our previous study (Grung et al.,
2016a). However with this drawback of fish species and location in
mind some important conclusions can be drawn from the comparison
of perch from RLyseren and pike from SSkullerud

In biota, the detection frequency of OPC were much less than for
water and sediments. Only for EHDP and TEHP a consistent detection
in plants were observed. Only TPP was detected above the DL, and
only in fish from SSkullerud. The detection frequency was 45%, and
the mean level was 1.5 ng/g ww. For BTs there were very few detec-
tions in plants. Both 2-OH-BT and phenyl-BT were detected in fish
from SSkullerud, but not in fish from RLyseren. 2-OH-BT was detected
in many of the fish, 82% had concentrations above the DL. The
mean level was 11 ng/g ww (range <1–16). 2-OH-BT is the probable
transformation product of several BTs, and an increase in concentra-
tion after a period of storage of 2-OH-BT has been observed in other
studies at NIVA. Phenyl-BT had a lower detection frequency (36%),
and the concentrations were also lower (mean 0.40 ng/g ww, range
<0.30–0.42).



Fig. 2. 1-OH-pyrene (left) and 2-OH-phenanthrene (right) in fish bile, both in ng/g bile. The highest and lowest BAC and EAC for different marine fish species are indicated for both
metabolites. The most frequently DL is indicated for each metabolite as dashed lines. The concentrations below DL have been replaced by half DL.
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The levels of ∑BDE6 in plants and dragonfly larvae were low in
matrices from both reference site (RSvartoren) and sedimentation
ponds. However, the levels in matrices from sedimentation ponds
were higher than matrices from the reference site, and more con-
geners were detected in matrices from sedimentation ponds. The
levels in perch from RLyseren were comparable to brown trout
from two non-polluted lakes in Norway (lake Femunden 0.49 ng/
g ww, and lake Eikedalsvannet 0.18 ng/g ww) (Jartun et al.,
2018). The brown trout in lake Mjøsa in Norway used to be heavily
contaminated with PBDEs due to releases from a nearby factory,
but the levels have been significantly reduced from >300 to
8.0 ng/g ww in 2017 (Jartun et al., 2018). The current levels in
pike from Lake Mjøsa were comparable to the levels observed in
pike from RLyseren (9.3 ng/g ww). The levels in pikes from SSkullerud
were significantly higher than in perch from RLyseren. The levels of
∑BDE6 from both locations were higher than the EQS.
(0.0085 ng/g ww). The EQS of∑BDE6 is often exceeded in fish spe-
cies, also in pristine rivers in Norway (Moe et al., 2019). Analysing
the liver with higher fat content than filet must however be consid-
ered a worst-case scenario, and levels in filet were probably lower.
Fig. 3. Figures showing transfer of contaminants. The concentrations are shown in ng/g ww for
compounds. The figures depict the sumof compoundswithin the same chemical group.When a
analysed as PAH-metabolites in fish which are not shown in the figure.
3.4. Transfer of contaminants to plants and biota

The concentrations in water, plants and organisms are shown in
Fig. 3. Since few compounds were detected in all matrices, bioaccumu-
lation factors were calculated using the sum of the contaminant groups.
This is an approximation of the reality but illustrate the difference in po-
tential of bioaccumulation for the four different contaminant groups.
The bioaccumulation potential of ∑BDE6 can clearly be seen, while
PACs also were shown to accumulate in plants. However, PACs are
metabolised by most vertebrates, and therefore further bioaccumula-
tion in higher trophic levels is discontinued. For these two groups,
there was an obvious pattern that levels in sedimentation ponds were
higher than in reference for all matrices. For the OPCs there was no in-
dication of bioaccumulation, while for BTs there seemed to be higher
levels in plants and organisms than in water. However, especially for
BTs with exception for sediments and fish, there was no consistent pat-
tern of higher levels in sedimentation ponds than reference site. The
analyses of BTs in water and organisms were challenging.

BAFs, BSAFs and TMFs were estimated for the compounds/sites
where concentrations were above DLs. The results are shown in
all compounds, and the range of the vertical axis (concentration range) are the same for all
compound has not been detected in amatrix it is omitted from the figure. PACswere only
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Table (BAFs and TMFs) and (BSAFs). The results for BAFs must be
treated with caution since water samples were taken as point samples,
thereby violating the criterion of long-term average conditions
(Burkhard, 2003).

From Tables 4 and 5, BAFs and BSAFs could be calculated for some
PACs and PBDEs, and only in a few cases for BTs and OPCs. This implies
thatmost BTs andOPC are not prone to transfer fromwater/sediment to
biota in substantial concentrations. Fish was the only species with con-
sistent findings of BTs and OPCs in biota, however the detection fre-
quency was between 36 and 82% indicating that the uptake is variable.
For phenyl-BT, a low mean BCF of 20 for the fish with detection of the
compound was found. No 2-OH-BT was detected in water so BAF
could not be calculated. We did not analyse the lipid content of the
fish filets, so BSAF could not be analysed. The 2-OH-BT occurred in
high concentrations in sediment but did not occur above DL in water.
One explanation is that the fish were exposed to the compound in sed-
iment. More probable is that the occurrence of 2-OH-BT is a result of
metabolism of other BTs that transform/degrade to 2-OH-BT. The BCF
of TPP in different species of fish has previously been shown to be be-
tween 100 and 500 in different studies according to hazardous sub-
stances data bank (HSDB) (US National Library of Medicine, n.d.), and
our results are therefore in accordance with this. Also, BAF for TCPP
and EHDP were calculated for moss, but were not very high.

The PACs and PBDEs had significantly higher BAFs than the BTs and
OPCs. For PACs, the BAFs were higher in reference than in sedimentation
ponds, while the BDEs were in the same order in sedimentation ponds
and reference. Since water samples were not filtered prior to analysis, it
is possible that the high BAFs in sedimentation ponds can be ascribed to
high measured concentrations in the water phase that are not available
for bioaccumulation in biota. The runoff likely contains fine particles
with a large surface for adsorption of hydrophobic contaminants. Further-
more, they likely contain soot/black carbon from combustion with a high
adsorptive capacity (Burgess et al., 2004; Rust et al., 2004). The BAF for
BDE47 and BDE99 were higher than pyrene and fluoranthene, especially
in the sedimentation pond. One explanation can be that PACs are prone to
biotransformation, and in the algae Chara we have demonstrated a bio-
transformation of pyrene (Grung et al., 2016b) suggesting that biotrans-
formation may be an option. We have also demonstrated low
concentrations of PAH-metabolites in dragonfly larvae, demonstrating a
low rate of metabolism is a possibility (Girardin et al., 2020).

Based on occurrence in potamogeton, dragonfly larvae and fish, the
TMFs for BDE47, BDE-99 and BDE-153 could be calculated for sedimenta-
tion ponds and reference sites including all relevant concentrations from
RSvartoren and RLyseren, SSkullerud and SVassum (Fig. S5). The assumptions are
that the two sedimentation ponds represent a different environment
than the two reference sites. The mean of the trophic levels for the
perch from RLyseren was higher than the mean for SSkullerud (see Fig. S5),
and thereby if anything higher levels of BDEs would be expected.

The levels of PBDEs in plants vs. fish showed a trophic
biomagnification as expected for BDE47, BDE99 and BDE153 with posi-
tive slopes (TMF > 1) at both reference sites and SSkullerud (Table 4). The
slopes tended to behigher in SSkullerud than in reference sites, but theun-
certainties are too high to draw any conclusions if this a general trend.
One striking feature from the figures is that the levels of BDE in dragon-
fly larvaewere very lowbased on the high trophic level of the organism.
This may be explained by the fact that whole organisms were
homogenised, including the exoskeleton. Girardin et al. (2020) has
shown a substantially lower lipid content of the exoskeleton than tissue
in these organisms (7 vs. 2% ww). PBDEs could therefore have been
analysed only in the tissues of dragonfly larvae to better account for
the internal accumulation of PBDEs.

4. Conclusions

Sedimentation ponds are the most common mitigation strategy for
road runoff, and therefore contain traffic related organic compounds
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Table 5
BSAFs calculated for different compounds and sites.Where no numbers are presented, one or both of the required concentrationswere below LOQ.Numbers are givenwith two significant
digits.

Reference Sedimentation ponds

Site RSvartoren RLyseren SVassum SSkullerud

Matrix Moss Potamogeton Dragonfly Fish average
min - max

Moss Potamogeton Dragonfly Moss Potamogeton Dragonfly Fish average
min - max

Pyrene 0.33 0.084 0.016 0.47 0.061 0.021 0.46 0.053 0.017
Fluoranthene 0.44 0.019 0.46 0.11 0.02 0.42 0.03 0.02
BDE47 1.2 1.7 0.12 7.5

2.8–21
0.23 0.059 0.016 0.28 0.026 0.0069 2

1.2–2.9
BDE99 0.32 1.2 0.07 2.3

0.80–4.9
0.059 0.031 0.023 0.24 0.014 0.0037 1.4

0.81–1.8
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such as PACs, OPCs, BTs and BDEs. PACs are the most prominent organic
contaminant in sedimentation ponds, and levels exceed levels that are ex-
pected to affect sediment living organisms. Concentrations of alkylated
PACs were high in sedimentation ponds, and the percentage was higher
in sedimentation ponds compared to reference. Alkylated PACs are ex-
pected to be of the same toxicological concern as parent PACs and should
therefore be included in future analyses of sediments in traffic relatedma-
trices. BDEs were shown to bioaccumulate and biomagnify both in sedi-
mentation ponds and in reference, and concentrations were higher in
sedimentation ponds than reference. The bioaccumulation potential of
OPCs and BTs were low. However, concentrations of compounds from
both these groups were only detected in fish from sedimentation ponds,
not in fish from reference sites. PACs have low potential to bioaccumulate
in higher organisms due tometabolic conversion and excretion but accu-
mulate in plants and non-metabolising organisms. Furthermore, PACs
also bind strongly to particulate phases such as soot and therefore may
be less bioavailable for uptake.
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