
Aalborg Universitet

Relationship between Polycyclic Aromatic Hydrocarbons in Sediments and
Invertebrates of Natural and Artificial Stormwater Retention Ponds

Stephansen, Diana A.; Arias, Carlos A; Brix, Hans; Fejerskov, Morten L.; Nielsen, Asbjørn
Haaning
Published in:
Water

DOI (link to publication from Publisher):
10.3390/w12072020

Creative Commons License
CC BY 4.0

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Stephansen, D. A., Arias, C. A., Brix, H., Fejerskov, M. L., & Nielsen, A. H. (2020). Relationship between
Polycyclic Aromatic Hydrocarbons in Sediments and Invertebrates of Natural and Artificial Stormwater Retention
Ponds. Water, 12(7), Article 2020. https://doi.org/10.3390/w12072020

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.3390/w12072020
https://vbn.aau.dk/en/publications/4ab77076-d952-4ab4-9129-fbf69f072dda
https://doi.org/10.3390/w12072020


Downloaded from vbn.aau.dk on: December 04, 2025



water

Article

Relationship between Polycyclic Aromatic
Hydrocarbons in Sediments and Invertebrates of
Natural and Artificial Stormwater Retention Ponds

Diana A. Stephansen 1,*, Carlos A. Arias 2 , Hans Brix 2 , Morten L. Fejerskov 3 and
Asbjørn H. Nielsen 1

1 Department of the Built Environment, Aalborg University, Thomas Manns Vej 23, 9220 Aalborg,
Denmark; ahn@build.aau.dk

2 Department of Biology, Aarhus University, Ole Worms Allé 1, 8000 Aarhus C, Denmark;
carlos.arias@bios.au.dk (C.A.A.); hans.brix@bios.au.dk (H.B.)

3 NIRAS, Ceres Allé 3, 8000 Aarhus, Denmark; mlp@niras.dk
* Correspondence: dast@build.aau.dk; Tel.: +45-4156-2882

Received: 8 June 2020; Accepted: 12 July 2020; Published: 16 July 2020
����������
�������

Abstract: Sediments and invertebrates were sampled from 9 stormwater retention ponds (SWRPs)
and 11 natural, shallow lakes in Denmark. Samples were analyzed for 13 polycyclic aromatic
hydrocarbons (PAHs). The SWRPs received urban and highway runoff from various types of drainage
areas and the lakes were located in areas of various land uses. Comparing PAHs in the sediments of
the SWRPs and the lakes, it was found that levels of total PAH were similar in the two aquatic systems,
with median values of 0.94 and 0.63 mg·(kg·DM)−1 in sediments of SWRPs and lakes, respectively.
However, the SWRP sediments tended to have higher concentrations of high-molecular-weight
PAHs than the lakes. A similar pattern was seen for PAHs accumulated in invertebrates where the
median of total PAH was 2.8 and 2.1 mg·(kg·DM)−1 for SWRPs and lakes, respectively. Principal
component analysis on the PAH distribution in the sediments and invertebrates showed that ponds
receiving highway runoff clustered with lakes in forests and farmland. The same was the case for
some of the ponds receiving runoff from residential areas. Overall, results showed that sediment
PAH levels in all SWRPs receiving runoff from highways were similar to the levels found in some
of the investigated natural, shallow lakes, as were the sediment PAH levels from some of the
residential SWRPs. Furthermore, there was no systematic trend that one type of water body exceeded
environmental quality standards (EQS) values more often than others. Together this indicates that at
least some SWRPs can sustain an invertebrate ecosystem without the organisms experiencing higher
bioaccumulation of PAHs then what is the case in shallow lakes of the same region.

Keywords: stormwater runoff; polycyclic aromatic hydrocarbons; accumulation; land use; drainage
area; principal component analysis

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are common contaminants in aquatic and terrestrial
environments. Several of them are perceived as environmentally problematic, as they have been
shown to be carcinogenic and tend to bioaccumulate, while some also can cause endocrine disruption
and have tissue-specific toxicity [1,2]. Consequently, several PAHs are viewed as priority pollutants,
for example by the European Union [3]. For some of these, the EU Water Framework Directive gives
environmental quality standards (EQS) for water, and also for some biota. Other examples are the
standards put forward by the Helsinki Commission (HELCOM) for the Baltic Sea or the Canadian
sediment quality guidelines, setting standards for marine and freshwater sediments [4,5].
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PAHs are ubiquitous in the urban atmosphere and are introduced to the environment by natural
and anthropogenic combustion processes [6,7]. Some of the major natural sources of PAHs in the
atmosphere are forest and prairie fires and volcanic eruptions. In modern times, however, the dominant
emission sources are various anthropogenic activities: combustion of fossil fuels, incineration of
domestic waste, residential heating, industrial processes like asphalt and aluminum production and
oil refining [8,9]. PAHs are emitted to the atmosphere and transported over long distances as gases
and aerosols [10,11]. They are hydrophobic, adhere to air-borne particles and reach top-soils, roads
and urban surfaces mainly by atmospheric deposition. Both dry and wet deposition processes are
of concern, where especially wet deposition efficiently conveys airborne particles to the ground,
causing diffuse contamination over whole landscapes [12,13]. Local sources include vehicular exhaust
emissions, asphalt leaching, particles from tire abrasion and lubricating oils [14–16].

As stormwater runs off impervious surfaces such as roads, parking lots, driveways and roofs,
it washes off many contaminants, including PAHs that, to a large extent, are attached to deposition
particles [13,17]. In densely urbanized areas, the percentage of impervious surfaces is high, generating
rapid transfer of contaminants to downstream aquatic environments [17]. This causes hotspots
where the stormwater runoff is discharged; concentrations of individual PAHs have been reported
at levels exceeding environmental quality standards set by the European Union and that of other
agencies [3,18,19]. Furthermore, PAH concentrations in urban streams have been found to correlate
with the degree of urbanization of the catchment area [20].

Different land uses in a drainage area influence the concentration and composition of PAHs
in the soil and sediment of the receiving environment. A study on urban soils found the highest
concentrations of PAHs in soils bordering streets with moderate to heavy traffic, followed by soils
close to residential streets and open spaces [21]. Treatment of stormwater runoff prior to discharge is
therefore often needed. Detention tanks [22,23] and stormwater retention ponds (SWRPs) are common
and often preferred techniques to meet this objective. These latter comprise a permanent pool of water,
overlaid by a dynamic storage volume. The stored water discharges slowly to the receiving water
body until the water level of the permanent pool is reached. Hereby, SWRPs mitigate emission of
contaminants and reduce hydraulic impacts, such as downstream flooding and erosion of receiving
waterways [24]. In the SWRPs, the stormwater runoff is retained between storm events for a duration
sufficient to permit biological, chemical and physical treatment processes to occur, with sedimentation
being the dominant removal process [25]. A well-designed SWRP, hence, can efficiently remove
pollutants that have a tendency to bind to particles, for example PAHs.

In many ways, SWRPs closely resemble natural, shallow lakes and, in time, they are often
colonized by plants [26], which makes them attractive habitats for water-dwelling wildlife [27–29].
However, when pollutants such as PAHs accumulate in SWRP sediments, they become available for
bioconcentration and bioaccumulation in flora and fauna [30–32]. The objective of this study is to
assess the levels of PAHs in sediments and invertebrates from SWRPs compared to those of natural,
shallow lakes, and to evaluate if these PAH levels can be expected to affect the quality of the habitats
which SWRPs can sustain.

2. Materials and Methods

2.1. Sampling Sites Description and Sample Collection

The study involved the sampling of sediments and invertebrates from 20 SWRPs and lakes in
Denmark (Figure 1). A total of 9 SWRPs and 11 small and shallow lakes not receiving stormwater
runoff from constructed surfaces were sampled from April to July 2010 (Table 1). The regional monthly
average precipitation during this period was 52.1 mm·month−1, while the climate normal for the region
is 51.8 mm·month−1. All sampling sites—SWRPs as well as lakes—maintained a permanent water
pool all year round. The maximum water depth of all SWRPs was between 0.5 and 1.5 m. In order
to cover a wide range of PAH loads, the SWRPs were selected so that a range of typical drainage
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area characteristics were encompassed. Similarly, the lakes were chosen to cover typical uses of the
surrounding land. The SWRPs were grouped into three categories corresponding to the land use
characteristics of the drainage area; highway, industrial or residential. The shallow lakes were rural
and situated in plantation forests, natural regenerated forests, or farmlands, except for one lake located
in an urban area, surrounded by industry. The 20 sampling sites were thus chosen to include the widest
possible variety of PAH loads, in order to cover how urbanization affects bioaccumulation in SWRPs.
The rural lakes situated in forests are surmised to be pristine and less affected by anthropogenic
pollutants, while SWRPs receiving runoff from highways and industrial catchments would be more
affected. One of the SWRPs (PI1) received runoff from a truck centre and filling station, and the
hypothesis was that this pond would have higher PAH levels than the other SWRPs.
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level in the sampling period. 

Figure 1. Sampling locations in Denmark. Orange and green markings indicate stormwater retention
ponds (SWRPs) and natural, shallow lakes, respectively. Letter and number identification can be found
in Table 1.

For all sampling sites, sediment samples were collected as intact cores by means of 5-cm-diameter
PVC cores. Three SWRP sediments were obtained mid-way between the inlet and the outlet, at 0.5–1.0 m
of water depth. Lake sediment cores were taken at 1.0 m water depth, close to the shore: three samples
at different locations in the lakes. The uppermost 5 cm of each core was immediately transferred into
Rilsan bags, thoroughly mixed and kept on ice during transport to the laboratory. This procedure was
repeated three times per sampling sites. One of the SWRPs, PI3, could not be sampled for sediments,
as a heavy storm prior to the sampling campaign had raised the water level and made it impossible
to obtain sediments. Invertebrate samples were nonetheless collected from PI3. The three sediment
subsamples were pooled and analyzed as one sample.

Invertebrate samples were collected using a dip net with 1 mm mesh size. The banks and the
macrophyte beds in the littoral zone were continuously swept for 6 h to ensure that sufficient material
would be collected for PAH analysis. The samples were kept on ice and transported to the laboratory
in 2.5 L containers. Within 24 h, the invertebrates were classified and sorted according to taxa. Most of
the taxa were found in only a limited number of the SWRPs or lakes. The following taxa were selected
and analyzed for PAHs: damselflies (Coenagrionidae), dragonflies (Libellula sp. and Aeschnae sp.),
snails (Planorbidae, Bithyniidae, and Lymnaeidae) and leeches (Hirundinidae) (Table 1). A total of 35
invertebrate samples were collected. As not all taxa were found in each water body, the invertebrates
were grouped by taxa and type of water body (SWRPs and lakes). The taxa grouped into 4 samples of
damselflies collected from the SWRPs and 6 from the lakes; 8 samples of dragonflies from the SWRPs
and 12 from the lakes; 9 samples of snails from the SWRPs and 2 from lakes; and 2 samples of leeches
from ponds and 2 from lakes. Some of the samples of the taxa originated from the same SWRP or lake;



Water 2020, 12, 2020 4 of 15

for example, all 8 dragonflies were collected from only 4 lakes. Further details on which taxa were
collected in which SWRP or lake can be found in Stephansen et al. [33].

Table 1. Classification of SWRPs and natural, shallow lakes. Invertebrates taxa collected and analyzed
for PAHs.

Classification Site Coordinate (x,y)
* Sampling Damselfly Dragonfly Snail Leeches

SWRPs

Residential
PR1 Silkeborg (534071,6227834) 21 April X X
PR2 Århus (570625,6222793) 26 April X
PR3 Lemming (533686,6232904) 9 May X

Industrial/
Commercial

PI1 Sæby (587261,6353092) 4 May X X X
PI2 Odense (584458,6135647) 6 May X X
PI3 Viborg ** (525377,6258999) 30 August X X X

Highway
PH1 Vodskov (563858,6330263) 13 July X X
PH2 Poulstrup (561916,6356514) 15 July X X X
PH3 Harlev (564291,6223660) 27 July X

Lakes

City LC1 Virklund (535053,6221399) 4 August X

Farmland

LA1 Rostrup (557462,6289429) 21 July X
LA2 Ø. Doense (552512,6285226) 21 July X
LA3 Dybvad (581489,6348425) 9 July X X
LA4 Dorf (577434,6342819) 19 May X

Plantation

LP1 Sjørup (504357,6253734) 16 May X X
LP2 Auning (590514,6254288) 21 May X X
LP3 Gl. Rye (543589,6212513) 20 August X X
LP4 Havris Hede (490942,6265182) 25 August X

Forest
LF1 Poulstrup (556420,6315024) 13 May X X X X
LF2 Hundsø (533678,6210669) 23 May X X

* Coordinates are given in UTM 32N. ** No sediments could be sampled from PI3, due to raised water level in the
sampling period.

Sediment and invertebrate samples were frozen and stored at −18 ◦C prior to freeze-drying
(ALPHA 1-2 LD plus, Martin Christ, Germany) in a vacuum at −55 ◦C for 48 h. Hereafter, the samples
were homogenized, following a procedure further described in Stephansen et al. [34]. All samples
were handled only with glass materials, in order to avoid PAH contamination from plastic materials.
All glass materials used for sampling, processing, extraction and analysis were muffled before use at
500 ◦C for at least 4 h to ensure the required cleanness. The campaign did not include water samples,
as pollutant concentrations in the water phase of SWRPs are known to fluctuate to such a degree that
grab samples cannot not be expected to be representative [24].

2.2. Chemical Analysis

PAHs were extracted using microwave-assisted extraction (MAE). For sediments, approximately 2 g
dry freeze-dried matter was used, while 0.15–2.0 g was used for invertebrates. The extraction procedure
recommended by the US Environmental Protection Agency, EPA Method 3546, which suggests MAE
with 1:1 mixture of hexane and acetone, was applied [35]. The subsamples were transferred to Teflon
vessels (50 mL capacity) and 15 mL concentrated solvent was added; 1:1 hexane:acetone (Sigma Aldrich,
Chromasolv for HPLC; Merck for analysis). Prior to extraction, the samples were spiked with an
acetonic solution of recovery standards of perdeuterated PAHs: Anthracene-d10 (Supelco Analytical,
2000 µg·mL−1) and Chrysene-d12 (Supelco Analytical, 2000 µg·mL−1). Extraction conditions for the
microwave oven (Multiwave 3000, Anton Paar, Graz, Austria) followed recommendations by EPA
method 3546, meaning 10 min at 100 ◦C and high pressure [35]. After irradiation, the vessels were
cooled before decanting the extracts into glass bottles. The extraction was then repeated on the same
subsamples with additional 15 mL concentrated solvent. The two supernatants were combined and
subsequently filtered through two separate glass columns to remove water, color and impurities.
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The first column contained 5 g sodium sulphate (Merck, pro analysis) and the second contained 5 g
aluminum oxide (Merck, 90 active neutral). Both materials had been activated at 400 ◦C for 4 h.
The columns were plugged with clean fiberglass. Hexane:acetone (10 mL) was used to prewash the
filters. 30 mL of extracted sample were then filtered over the sodium sulphate column, along with a
small additional amount of hexane:acetone that was used to clean the sample bottles. To flush the
column, 12 mL of hexane:acetone was used. The resulting treated sample was then evaporated to
1 mL by nitrogen blow-down. The procedure was repeated for the aluminum oxide column, here
flushed with 12 mL ethyl acetate. Finally, the sample was reduced to 0.5 mL by nitrogen blow-down.
For PAH quantification an internal standard, triphenylamine (Sigma Aldrich, 98%), was added to the
final sample extracts. Hereafter, the extracts were adjusted to 1 mL with ethyl acetate and stored at
−18 ◦C until PAH quantification.

The quantitative determination of PAHs was conducted by gas chromatography (GC) coupled
with a mass-selective detector (MS) (Trace GC Ultra, Thermo Scientific, Waltham, MA, USA;
DSQII mass-selective detector, Thermo Scientific, Waltham, MA, USA ) using a TR-1MS column,
30 m × 0.25 mm id, with film thickness of 0.25 µm. Extracts (10 µL) were injected by use of an
auto-sampler (TriPlus, Thermo Scientific, Waltham, MA, USA) into splitless mode. The inlet and x-line
were maintained at 280 ◦C. The GC-MS was operated applying the following program: The initial
column temperature was 40 ◦C for 3 min. Hereafter, the temperature was ramped as follows:
(1) ramp at rate 25.0 ◦C min−1 to 140 ◦C; (2) ramp at rate 10.0 ◦C min−1 to 240 ◦C; (3) ramp at rate
5.0 ◦C min−1 to 300 ◦C, where it stayed for 3 min. The temperature of the ion source was fixed
at 200 ◦C. Helium, the carrier gas, flowed at a constant rate of 1.7 mL·min−1. A total of 13 PAHs
(US-EPA recommended priority pollutants, EPA 525 Mix A) were detected by SIM mode (selected ion
monitoring): acenaphthylene (ACY), fluorene (FL), phenanthrene (PHEN), anthracene (ANT), pyrene
(PYR), benzo(a)anthracene (BaA), chrysene (CHY), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
(BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene (DBA), indeno(1,2,3-cd)pyrene (INP) and
benzo(g,h,i)perylene (BPY). The area response factors of PAHs, relative to the internal standard
(triphenylamine), were determined for three PAH-concentrations (0.10, 1.0, 10.0 µg·mL−1). The PAH
standards for quantification were prepared in acetone from a commercial PAH solution (Supelco
Analytical, EPA 525 PAH Mix-B, 500 µg·mL−1) that contained the 13 PAHs. The internal standard was
added to the PAH standards in the same concentration as for the collected samples (50 ng·mL−1).

The samples were processed in batches of 16, containing 1 procedural blank and 2 samples
of certified reference material (Fluka Analytical, BNAs Clay Loam 2–CRM131-100G, Lot: 013243).
The concentrations of the 13 certified reference PAHs were measured; however, BbF and BkF could
not be separated chromatographically from each other. The same was the case for INP and BPY.
These were therefore not validated in correlation with the certified reference material. For ACY
and BaP, all measured reference samples had concentrations within the prediction intervals. For FL,
PHEN, ANT, CHY, and BPY, 62%–77% of the measurements were inside the prediction intervals,
and lastly, PYR and BaA had 54% of measured concentrations within the prediction intervals. Regarding
recovery of added standards, 89% of the Anthracene-d10 determinations were between 60%–140% of
the concentration added, while 82% of the Chrysene-d12 determinations were within that interval.
No recovery corrections were performed.

The limits of detection (LOD) were defined specifically for each individual PAH as the lowest
concentrations that provided chromatographic peaks with a signal-to-noise ratio equal to or greater
than 3. To exclude the possibility that a high content of lipids and proteins in invertebrates interfered
with the so-defined LOD as well as the recovery rate, a matrix consisting of fish flour was spiked
with the 13 PAHs. The samples were extracted and analyzed following the same procedure as for
invertebrates. These validation runs showed that the LOD, as well as the recovery rate, was unaffected
by the applied matrix.
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2.3. Data Analysis

Principal component analysis (PCA) was used to analyze sediment and invertebrate data separately,
looking for internal structures of the data that could explain variance within the data set. The PCA
finds the hypothetical variables, termed components, that explain the most of the variances within the
data, which reduces the multivariate data input to few explanatory variables. PCA was performed
with PC-ORD, MjM Software Design, Gleneden Beach, OR, USA [36]. Scatter plots and loading plots
for the two data sets are displayed in the results. Scatter plots show all the samples plotted in the
coordinate system defined by principal component 1 and 2, whereas loading plots show to what degree
the different PAH compound define the difference and similarities between the samples.

3. Results and Discussion

3.1. Sediments

The sediments from the SWRPs and the small, shallow lakes contained PAH at a wide range
of concentrations (Figure 2). The PAH levels in the SWRP were similar to what has been reported
for comparable systems [37–39], and the concentrations in the lakes were in the upper range of what
has been reported for freshwater sediments [40,41]. There was some variation from site to site in the
PAH concentrations in both types of sediments. Comparing the sum of the 13 PAHs, the median
values in the sediments from the SWRPs (0.75 mg·(kg·DM)−1) and the lakes (0.69 mg·(kg·DM)−1) were
close (see lower right corner in Figure 1). A Mann–Whitney test, applied because the data were not
normal distributed, showed that, but for BPY, the difference between the medians was not statistically
significant (p > 0.05). Considering the calculated median value of the individual PAHs, it was seen
that some had accumulated to a higher degree in the SWRP sediments, compared to that of the lakes
(see the dotted lines in Figure 2). PHEN and PYR occurred at the highest concentrations in both
systems, followed by CHY and BbF/BkF. ACY and ANT were present at the lowest concentrations.
The relative differences between the PAH concentrations of the SWRP sediments and the lake sediments
were found to be most pronounced for BPY, BaP, CHY, INP/DBA and BbF/BkF. IN particular, the BPY
concentrations in SWRP sediments were more than four-fold higher than in lake sediments. For ACY,
ANT, and PYR, the median concentrations in the SWRP sediments and the lake sediments were almost
identical, whereas for FL and PHEN, the median concentrations were slightly higher in the lake
sediments. Only for BPY, the difference between the median concentration of all SWRPs versus the
median concentration of all lakes was statistically significant (Mann–Whitney, p = 0.018). The reason
for some PAHs accumulating to a higher degree in the sediments of the SWRPs is not known, but could
be caused by differences in loads on the two types of water bodies. It could, though, also be caused
by differences in biodegradation of the PAHs as it was the PAHs of highest molecular weight (PYR,
BaA, CHY, BbF/BkF, BaP, INP/DBA and BPY), which had higher concentrations in the SWRP sediments
(Figure 2). The difference in median concentration of these substances in sediments of SWRPs and
lakes increased continuously with the molecular weight of the PAHs where PYR had 34% higher
concentrations in sediments of SWRPs than lakes, while BPY had 415% higher concentrations. This is
likely due to the high-molecular weight PAH being degraded more slowly than low-molecular weight
PAHs [42,43]. Another cause could be that the pathways of PAHs to SWRPs and lakes differ, as the
main pathway to SWRPs probably is surface runoff from impervious surfaces, while this is not the case
for lakes.
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Figure 2. Polycyclic aromatic hydrocarbons (PAH) concentrations in sediments of the SWRPs (orange
bars) and the natural, shallow lakes (green bars). The dotted lines represent the overall median
concentrations in the SWRPs versus the lakes. No sediment sample was obtained in PI3, because of a
raised water level in the sampling period, due to heavy precipitation.

Within the group of SWRPs, PR3 and PI1 had accumulated the highest PAH concentrations in
the sediments. The pond PI1 received stormwater runoff from a truck center and filling station near
the coastal city of Frederikshavn, which has ferry service to both Sweden and Norway. Consequently,
trucks stopping overnight often occupy the catchment area of the pond. Visual observations made
during sampling, e.g., the presence of an oil film on the pond surface, malodor and gas bubbles in the
pond sediments, indicated a generally level of organic pollutants in the incoming stormwater. The pond
PR3, on the other hand, had no such obvious source of pollutants. It received stormwater runoff from
a small village without industrial activity. However, being an urbanized area without district heating
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means that alternative residential heating consisting of oil-fired boilers, automatic stokers and wood
burning stoves are widely used and potential PAH emission sources. Furthermore, such installations
sometimes might burn inappropriate domestic waste, which could give off additional amounts of PAHs.

Of the 11 lakes, the city lake, LC1, had the highest concentrations of PAHs, except for FL, ANT,
and INP/DBA. LC1 sediments had even higher concentrations of BaA, CHY and BbF/BkF than any
of the SWRPs. Based on historical aerial photos, the lake has been dated to be more than 100 years
old [44]. It is not connected to the public sewage or stormwater system, and the lake most likely has a
high water-retention time. Industrial and commercial activities have, over recent decades, developed
around the lake, increasing the risk of uncontrolled discharges of pollutants, which could subsequently
have accumulated in the lake sediments.

Results are inconsistent with the expectation of relatively high levels of PAH in SWRPs that receive
runoff from highways. The logic underlying the expectation remains plausible, as traffic-related
sources, such as vehicle emissions, wear and tear from asphalt, tires, and vehicles have been
reported as major sources of PAHs [15,45], and previous studies have shown that road runoff

in Denmark contained 2.9–90 µg·L−1 of total PAH [46]. These are quite high concentrations compared
to other studies; Tromp et al. [47] found PAH levels in Dutch runoff from highways to be 2.4 µg·L−1.
Similarly, Vollertsen et al. [25] found total PAH concentrations (flow weighted average over one full
year of monitoring) in Norwegian runoff to be 1.8 µg·L−1. Part of the explanation for the differences
could be the regulation of PAH in tires sold on the European market from January 2010 (restriction
number 50 in Annex XVII of REACH limits).

Some investigations indicate that 11%–17% of the PAH content in the road runoff was dissolved,
and the rest was particle-bound [48], and therefore after sedimentation would end up in the SWRP
sediments. Of the particle-bound fraction, El-Mufleh et al. [49] found that roughly half of the PAH was
associated with particles lighter than 1.9 g·cm−3, a density that contributed the main part of the organic
matter in the investigated samples. A screening study of sediments from 70 Danish SWRPs found that
83% of the samples had total PAH concentrations below 4 mg·(kg·DM)−1, and hence were to be treated
as unpolluted soil with respect to this contaminant [39]. Similar to the results of the present study
(Figure 2), Grauert et al. [39] concluded that the SWRPs did not have markedly higher PAH levels than
the natural lakes included in their survey.

For several of the investigated PAHs, there have been put forward EQS values for sediments.
Comparing, for example, values from Canada, Norway and HELCOM [4,5,50], it is seen that
both SWRPs and lakes commonly exceeded EQS values for specific PAHs (Table 2). For example,
for fluorene, where Canada has an EQS of 21.2 µg·(kg·DM)−1 and Norway one of 150 µg·(kg·DM)−1,
all SWRPs and lakes exceeded the Canadian EQS value, while one SWRP exceeded the Norwegian
one. For phenanthrene, where Canada has an EQS of 41.9 µg·(kg·DM)−1 and Norway one of
780 µg·(kg·DM)−1, all SWRPs and lakes exceeded the Canadian EQS value while, while no water body
exceeded the Norwegian one. For anthracene, where Canada has an EQS of 46.9 µg·(kg·DM)−1 and
Norway one of 4.6 µg·(kg·DM)−1, one SWRP and one lake exceeded the Canadian EQS value while,
while all water bodies but one SWRP exceeded the Norwegian one. HELCOM sets EQS for anthracene
to 24 µg·(kg·DM)−1, which was exceeded in 2 out of 8 SWRPs and 4 out of 11 lakes. A similar pattern is
seen for other PAHs were EQS values have been defined. All in all, there was no systematic trend that
one type of water body exceeded EQS values more commonly than others.
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Table 2. Environmental quality standards from Canada, Norway and the Helsinki Commission
(HELCOM) for the Baltic Sea [4,5,50].

Environmental Quality Standards, EQS

Freshwater Sediment
µg·(kg·DM)−1 Biota µg·(kg·WW)−1

Compound Canada Norway HELCOM Canada Norway HELCOM

Napththalene 34.6 27 - - 2400 -
Acenapththylene 5.87 33 - - - -
Acenapththene 6.71 100 - - - -

Fluorene 21.2 150 - - - -
Phenanthrene 41.9 780 - - - -

Anthracene 46.9 4.6 - - 2400 -
Fluoranthene 111 400 24 - 30 30 *

Pyrene 53.0 84 2000 - - -
Benz(a)anthracene 31.7 60 - - 304 -

Chrysene 57.1 280 - - - -
Benzo(a)pyrene 31.9 180 - - 5 5 *

Dibenz(a,h)anthracene 6.22 27 - - - -

* In the tissue of crustaceans and mollusks.

3.2. Invertebrates

Somewhat similar to what was seen for PAHs in sediment, there was a slight tendency
towards high-molecular-weight PAHs occurring at higher concentrations in the invertebrates of
the SWRPs, compared to the lakes (Figure 3). While this was less pronounced than for the sediments,
the high-molecular weight PHAs all had higher median concentrations in SWRP invertebrates than
lake invertebrates, ranging from 12% higher concentrations for PYR to 315% for BPY. However, for BaP,
INP/DBA and BPY most samples were below detection limits and the low-molecular compound
ACY was higher in the SWRP invertebrates than lake invertebrates, hence limiting the validity of
this conclusion.

Few studies have investigated PAH concentrations in invertebrates from systems similar to the
ones of the present study. Nevertheless, the levels of PAH in the biota of the studied water bodies were
generally some orders of magnitude higher than Heintzman et al. [51] found for adult odonates from
an urban area in the USA, substantially higher than Yoon et al. [52] found for fish and invertebrates
in a tidal zone of the Arabian Gulf affected by urban activities and an order of magnitude higher
than Viñas et al. [53] found for wild mussels in an estuary of Spain. However, the PAH levels were
quite similar to what was found for benthic invertebrates in Kongsfjorden, Svalbard [54], and also
to what Thuy et al. [55] reported as common for various bivalves in the ocean. The concentrations
in the invertebrates of the present study were furthermore quite below potential bioaccumulation
levels reported for high-exposure scenarios for arctic and temperate marine invertebrates reported
by Szczybelski et al. [56]. A PCA of invertebrates from the SWRPs (18 biota samples distributed
on 4 taxa, Table 1) and the natural, shallow lakes (19 biota samples distributed on 4 taxa) showed
that PC1 accounted for 30.1% of the total variance, whereas PC2 accounted for 19.7% (Figure 4).
PCA revealed that all invertebrates collected in the natural, shallow lakes clustered together on the
PC1-axis, while they were more spread out on the PC2-axis. Many of the invertebrate samples caught
in the SWRPs also clustered together with invertebrates of the lakes. However, some invertebrates
from SWRPs were scattered towards the lower end of the PC1 axis, and towards the upper end
of the PC2 axis. These differences were mainly caused by higher concentrations of CHY, BbF/BkF,
INP/DBA and PYR in the invertebrate samples. Of the eight invertebrate taxa outside the main cluster,
three originated from the SWRP, PI1, and five were identified as snail species.

Like for sediments, there have been put forward EQS values for biota, albeit to a lesser extent
(Table 2). The European Union and HELCOM has set EQS for benzo(a)pyrene to 5 µg·(kg·DM)−1 [3,4].
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Benzo(a)pyrene was not detected in any invertebrates; however, these EQS values were below the
LOD for this substance in the present study, and it cannot hence be determined if this value actually
was exceeded or not. The Norwegian EPA has set EQS benzo(a)atracene to 304 µg·(kg·DM)−1 [50],
which also was not exceeded in any biota sample. Taking the scarcity of data from similar water bodies
and the specific EQS values into account, it seems that the PAH concentrations in the invertebrates of
the SWRPs, as well as the natural lakes, were not especially high or problematic for the exposed fauna.
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3.3. PAHs in Sediments and Invertebrates

The levels of PAHs in the sediments and invertebrates of the SWRPs were, in general, close to
the levels found in the lakes. Especially the SWRPs receiving runoff from highways and to some
degree the ponds receiving runoff from residential areas were, in this respect, not distinguishable from
the main body of the studied lakes. Still, some of the SWRPs, as well as the city lake, were clearly
distinguishable, indicating that land use is a factor for accumulation of PAHs in both sediments and
invertebrates of SWRPs. Even though the absolute differences in concentration levels were not large,
some of the individual PAHs in some of the SWRPs and lakes were occasionally significantly higher
than the median. For substances where the median concentrations in sediments of SWRPs and lakes
were similar, there was furthermore a tendency that concentrations in the biota were also similar
between the two types of water bodies (ACY, FL, PHEN, ANT, PYR and BaA). For substances where
there tended to be higher levels in the SWRP sediments compared to the lakes, this was also reflected
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in the biota (CHY, BbF/BkF, INP/DBA and BPY). It hence seems that PAH levels in the sediments to
some degree were reflected by concentrations in the invertebrate population of the water bodies.

The median level of PAH in the sediments of all water bodies was 0.75 mg·(kg·DM)−1, which places
them in the upper range of what has been reported for lake sediments around the world [41].
However, the concentrations were still one to two orders of magnitudes below what was reported for
the most polluted natural lakes. At the same time, PAH levels in the invertebrates were in the upper
range of what has been reported for other aquatic environments [55]; however, they seemed not to
exceed EQS values. All in all, the obtained data on PAH in sediments and biota indicate this pollutant
would not cause a deterioration of the aquatic habitats in SWRPs.

4. Conclusions

The concentration of total PAH in sediments and invertebrates from 9 SWRPs and the 11 lakes was
comparable, indicating that the PAH load on the two types of water bodies led to somewhat similar
concentration levels in their sediments and invertebrates. The levels in the SWRPs were similar to what
has been previously reported for such water bodies by other studies, while lakes were in the upper
range of reported concentrations. However, when looking at individual PAHs, differences in the levels
of high molecular weight PAHs could be identified, while the low molecular weight PAHs were similar
in concentration. When doing a PCA analysis on the individual PAHs in the sediments, the SWRPs
receiving highway runoff clustered with lakes in forests and farmlands. A similar phenomenon was
seen for some of the SWRPs receiving runoff from residential areas. Many of the invertebrate taxa
caught in SWRPs receiving highway runoff also clustered with those from natural, shallow lakes.

The observation that PAH levels in the sediment and biota of the SWRPs were rather comparable
to the studied lakes could indicate that these SWRPs were subject to a pollution pressure from PAHs
equivalent to that of the natural, shallow lakes. This seems especially to be the case for SWRPs receiving
highway runoff, which indicates that technical water bodies managing stormwater runoff from at
least some types of drainage areas can sustain invertebrate ecosystems without the biota therein being
subjected to a higher degree of PAH bioaccumulation than natural, shallow lakes of the same region.
Whether or not this is still the case, or if the PAH concentrations have been even further reduced since
the sampling of 2010 due to for example the out-phasing of PAHs in tires, cleaner combustion engines,
and a general trend towards better environmental standards is an important perspective to address in
future studies.
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