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Distribution of polycyclic aromatic hydrocarbons (PAHs)
in the bottom sediments of a dam reservoir, their interaction
with organic matter and risk to benthic fauna
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Abstract
Purpose The aims of the study were to investigate the interaction between fractions of organic matter and polycyclic aromatic
hydrocarbons (PAHs) in bottom sediments and to use mussels as passive biomonitors and consensus-based sediment quality
guidelines for ecological risk assessment in sediments.
Methods Bottom sediment samples were taken from 46 points located in the Rożnów reservoir (Poland). The sediment organic
matter (SOM) characteristics included total carbon (TC), total organic carbon (TOC), humic acid carbon (Cha), fulvic acid carbon
(Cfa), non-hydrolysing carbon (Cnh), and dissolved organic carbon (DOC). The extraction procedure was carried out in bottom
sediments as well as in freeze-dried mussel tissue samples to directly determine the accumulation potential of PAHs to the living
organisms in their natural environment.
Results The content of organic matter fractions was in the following order: Cfa (fulvic acid) > Cnh (non-hydrolysing carbon) >
Cha (humic acid) > DOC (dissolved organic carbon). The mean∑16PAHs (μg kg−1) concentration was 1755.2 ± 724 (total) and
256 ± 254 (bioavailable) in sediments and 1740 ± 72.2 in the mussel tissues. A significant positive correlation was found between
the concentration of PAHs in the mussel tissues and the total and bioavailable concentration of PAHs in bottom sediments.
Conclusion The PAH concentration in bottom sediments depended on the stabile carbon forms Cnh. Principal component
analysis (PCA) suggests that the fine fraction can significantly increase the bioavailability of PAHs and can be an important
factor in the distribution of PAHs in the sediments.
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1 Introduction

Because of their widespread distribution in the environment,
and toxic and carcinogenic properties, polycyclic aromatic
hydrocarbons (PAHs) are included in lists of hazardous sub-
stances (Orecchio andMannico 2010; Yang et al. 2016; Baran
et al. 2017; Li et al. 2018; Ukalska-Jaruga et al. 2019). In the
water ecosystem, PAHs, due to their hydrophobic properties,
are quickly bound to organic particles suspended in water
columns and deposited on bottom sediments (Qiao et al.
2006). Organic matter constitutes the main factor influencing
the PAHs sorption, causing a decrease in their bioavailability,
and reducing ecotoxicological risk for the living organisms
(Wu et al. 2019; Honda and Suzuki 2020). The organic matter
in water is present in a true solution, in colloidal solution, and
as a suspension of organic detritus and live organisms. It nat-
urally follows that each of these forms plays a different role in
the supply of organic matter to sediments and undergoes var-
ious forming processes (Bordovskiy 1965). Therefore, the
heterogeneity of organic matter causes different interactions
with PAHs related to their diversified sorption affinity of these
compounds. According to the literature, the highest sorption
ability to PAHs is exhibited by non-hydrolysing humin frac-
tion, a significantly lower by humic acids, and the lowest by
fulvic acids (Klimkowicz-Pawlas 2009; Orecchio and
Mannico 2010; Lubecki et al. 2019; Ukalska-Jaruga and
Smreczak 2020). These relationships significantly contribute
to the potentially toxic effect of PAHs in water as well as the
environmental risks associated with the transmission of these
compounds into the food chain of terrestrial organisms.
Therefore, a key action of the Environmental Protection
Agency (EPA 1994) outlined the objectives of the
Contaminated Sediment Research Strategy included in the
Sediment Quality Guideline (SQG) (Yang et al. 2016; Baran
et al. 2017; Tarnawski and Baran 2018). In these documents,
the sediment contaminant chemistry has been correlated with
measured biological effects to develop several correlative-
derived toxicity thresholds. Furthermore, a number of other
studies have also indicated that the use of aquatic animals is a
good tool to assess ecological risk connected with PAHs
(Baumard et al. 1999; Kwok et al. 2013; Honda and Suzuki
2020). In the water environment, mussels, as benthic organ-
isms, are a common and ecologically important resource. The
mussels have several special properties, such as wide distribu-
tion, sedentary mode of life, bioaccumulation properties for
pollutants, and easy sampling (Shulkin et al. 2003; Arias et al.
2009; González-Fernández et al. 2017; Honda and Suzuki
2020).

The aims of the study were to (1) investigate the concen-
tration, sources, spatial distribution, and potential bioavailabil-
ity of PAHs in sediments; (2) assess the effect of organic
matter content on PAHs’ distribution in the bottom sediment;
and (3) assess the contamination of sediments with PAHs

using mussels as passive biomonitors and consensus-based
sediment quality guidelines. Evaluations of the interaction be-
tween fractions of organic matter and PAHs in bottom sedi-
ments as well as the response of mussels are useful for a
justified ecological risk assessment.

2 Materials and methods

2.1 Study area and sediment sampling

The Rożnów dam reservoir is located in the Lesser Poland
Voivodeship in southern Poland (Fig. 1). The characteristics
of this reservoir were described in more detail in the previous
studies (Baran et al. 2019; Szara et al. 2020). This reservoir is
susceptible to an intensive silting process, as the annual influx
of sediments was even over 2 million m3 (in the period before
the construction of additional relieving reservoirs in the upper
part of the Dunajec river) (Szarek-Gwiazda 2014; Baran et al.
2019). Bottom sediment samples were taken from 46 points
located throughout the entire bowl of the Rożnów reservoir
using the Ekman sampler (Fig. 1). The top layer of the sedi-
ment was collected at a depth of 0–15 cm. The samples were
stored in the dark under controlled conditions (temperature of
4 °C) pending the chemical analyses. The mussels (Anodonta
anatine) were sampled from 10 sampling points (3, 7, 15, 23,
25, 33, 35, 36, 41, 45, and) (Fig. 1). Immediately after collec-
tion, mussels were transferred in the ice cool box to the labo-
ratory. The mussels were kept for 24 h in filtered water under
conditions corresponding to those at the sampling site to re-
move the gut content. Next, mussel samples were lyophilised
and homogenised in a mortar.

2.2 Chemical analysis

2.2.1 Organic matter fractions

The sediment organic matter (SOM) characteristics included
total carbon (TC), total organic carbon (TOC), humic acid
carbon (Cha), fulvic acid carbon (Cfa), non-hydrolysing car-
bon (Cnh), and dissolved organic carbon (DOC). Different
SOM fractions were analysed according to the methodology
described in details in our previous study (Ukalska-Jaruga
et al. 2019).

2.2.2 Extraction and analysis of PAHs

The PAH analysis involved determination of sixteen individ-
ual compounds according to the US EPA List. The extraction
procedure was carried out in bottom sediments as well as in
freeze-dried mussel tissue samples to directly determine the
accumulation potential of PAHs to the living organisms in
their natural environment. Moreover, the PAHs were
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determined in sediments in two forms, total and bioavailable,
for better recognition of bioaccessibility and bioactivity pro-
cesses of these compounds. Analysis of total PAH concentra-
tion was based on the extraction with dichloromethane in an
ASE200 Accelerated Solvent Extractor (Dionex Co.,
Sunnyvale, CA, USA). Firstly, ground and homogenised sam-
ples (bottom sediments: grain size ≤ 0.10 mm, 5 g, and mussel
0.2 g) were mixed with 2 g of diatomaceous earth and spiked
with 10 μl of a recovery standard containing five deuterated
PAHs (PAH-31, Dr. Ehrenstorfer GmbH, Augsburg,
Germany). After extraction, the concentrated solution was
cleaned up on activated silica gel (16 h at 135 °C) and eluted
by hexane. For the analysis of bioavailable PAH concentra-
tion, sediment sample (5 g) was homogenised for 40 min in an
ultrasonic bath with 30 mL of 2-propanol and extracted for
60 min (ISO 17402: 2008; Riding et al. 2013; Cachada et al.
2014). The concentrations of PAHs were determined by gas

chromatography triple mass spectrometry on an Agilent
7890B GC system (Agilent Tech., Santa Clara, CA, USA),
equipped with an Agilent 7000C detector and an Agilent 7693
Autosampler (Table 1SM, Fig. 1SM). Sample analysis was
performed in the multiple reactor monitoring (MRM) mode
with three transitions for diagnostic ions. Quality control mea-
sures included analysis of a certified reference material (CRM
131, ANAB Accredited Tested Laboratory), duplicate matrix
samples, and a solvent blank sample. The precision expressed
as a relative standard deviation (RSD) determined for a single
sample did not exceed 5%, and the recovery for individual
compounds from CRM 131 was on average 87%. The limit
of quantification (LoQ) for individual PAH compounds
ranged 0.02–2.10 μg kg−1, while the limit of detection
(LoD) was within the 0.01–0.81 μg kg−1 range. The analyses
were performed in relation to the US EPAMethod 8000C US
EPA: 2003 as well as EN 16181: 2018.

Fig. 1 Location of the Rożnów
Reservoir and sampling stations
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2.3 Assessment of potential ecological risk

Risk assessment connected with PAH concentration in bottom
sediments was carried out using biota-sediment accumulation
factor (BSAF) and sediment quality guidelines (SQGs). The
BSAF was calculated as the ratio between concentration of
PAHs in mussels and concentration of PAHs in the bottom
sediment. The PAH concentration was normalised to sediment
with 1% (10 g kg−1) of TOC, as recommended (Macdonald
et al. 2000; Kwok et al. 2013). The concentration of PAHs in
bottom sediments was also compared with the consensus-
based sediment quality guideline values referred to as TEC
(threshold effect concentration) and PEC (probable effect con-
centration) (Macdonald et al. 2000). The hazard quotient (HQ)
and the mean PEC quotient (PECq) for 16 PAHs were calcu-
lated (Tarnawski and Baran 2018). If HQ < 1, frequent ad-
verse ecological effects are excepted. According to PECq
values, bottom sediments were divided into four categories:
non-adverse effect (PECq < 0.1), slightly adverse effect (0.1 <
PECq < 0.5), moderate effect (0.5 < PECq < 1.0), and strong
effect (PECq > 1.5) (Tavakoly Sany et al. 2014).

2.4 Statistical and graphical analysis

All statistical analyses (mean, standard deviation, minimum,
maximum, the coefficient of variation (CV%), Pearson’s cor-
relation matrix and principal component analysis (PCA)) were
performed using the Statistica 13 and the Statgraphics
Centurion (version XVII, Statpoint Technologies, The
Plains, VA, USA) software package. Variability maps were
created using the Surfer 8.0 software.

3 Results

3.1 Organic matter content

The total carbon (TC) content in bottom sediments ranged
from 5.31 to 44.47 g kg−1 dw, with a mean content of
28.01 g kg−1 dw (Table 1). The average total organic carbon
was 15.56 g kg−1 dw (Table 1). The determined TOC contents
were, on average, 55.5% of the TC content, which indicates
limited processes of organic matter formation in bottom sed-
iments. Moreover, the TC and TOC were characterised by
relatively small diversification of their content in the analysed
sediments (CV = 24% and CV = 31%, respectively). Lower
TOC concentrations were detected in the inlet zone (13.66 g
kg−1 dw) and in the outlet zone (13.84 g kg−1 dw) of the
reservoir compared to the middle zone (17.22 g kg−1 dw)
(Fig. 2). A similar distribution was found for humic acid car-
bon (Cha), with contents ranging from 0.13 to 1.28 g kg−1 dw
(Table 1, Fig. 2). The content of C extractable (Cext) (∑Cha +
Cfa) in the sediment samples ranged from 1.01 to 15.06 g kg−1

dw and Cnh (C non-hydrolysing) from 0.49 to 13.99 g kg−1

dw. The analysed individual carbon fractions accounted on
average 58% of the TOC for Cext and 42% of the TOC for
Cnh. This indicates that the humification process in sediments
occurs slowly with the predominant content of extractable-
labile fractions. Additionally, Cext fractions constitute the pre-
dominant part of TOC, and their concentration was the least
heterogeneous (Cext = 39%) (Table 1). Moreover, the result
showed that content of Cha was 18 times smaller than the
content of carbon in the Cfa. The analysis of the distribution
of the fulvic acid carbon (Cfa) content in the bottom sediment
samples collected from the Rożnów reservoir revealed that the
highest organic matter fraction was present in the reservoir
outlet zone. Among the analysed organic matter fractions of
sediments, the greatest variation was observed in the content
of non-hydrolysing carbon Cnh (CV = 68%), and its highest
value was noted in sediments from the reservoir middle zone.
It should be highlighted that the Cnh contents shown in Fig. 2
clearly indicate the existence of different conditions in both
reservoir zones. The DOC content was similar to Cha, with
much less variation (CV = 28%) (Table 1).

3.2 Concentration of PAHs in bottom sediment

The total and bioavailable concentrations of ∑16 PAHs and
individual compounds in the sediments are shown in Table 2,
and spatial distribution of ∑16 PAHs in Fig. 2. The total
∑16PAH concentration in the surface sediments ranged
226–3980 μg kg−1 dw, with a mean of 1755.2 μg kg−1 dw.
Phen was a predominant compound followed by Fln, PYR,
BbF, CH, BaA, BaP, BkF, Flu, and Naph, whereas IPY, Bper,
Anth, Acen, and Acyn were found at the lowest levels. The 16
US EPA PAHs were grouped into 2-ring (Naph), 3-ring
(Acyn, Acen, Flu, Phen, and Anth), 4-ring (Fln, PYR, CH,
and BaA), 5-ring (BbF, BkF, BaP, and DahA), and 6-ring
(IPY and Bper) hydrocarbons. The mean concentration of
lower molecular weight PAHs (2- and 3-ring) was 489.9 μg

Table 1 Content of carbon in the fractions of organic matter in bottom
sediments

Parameter Mean ± SD Min Max CV
g kg−1 dw %

TC 28.01 ± 6.66 5.31 44.47 24

TOC 15.56 ± 4.77 2.37 24.51 31

C extractable (Cext) 9.05 ± 3.50 1.01 15.06 39

C humic acid (Cha) 0.48 ± 0.23 0.13 1.28 49

C fulvic acid (Cfa) 8.56 ± 3.49 0.87 14.44 41

C non-hydrolyzing (Cnh) 6.51 ± 4.10 0.49 13.99 68

DOC 0.35 ± 0.10 0.12 0.52 28

SD standard deviation, Min minimum value, Max maximum value, CV
coefficient of variation (%)
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kg−1, accounting 27.9% of their total PAH content, while the
mean concentration of highermolecular weight PAHs (4- to 6-
ring) was 1265.3 μg kg−1, comprising around 72.1% of the
∑16 PAH (Table 2). The PAH profile was dominated by 4-
ring hydrocarbons (47% of the total concentration of contam-
inants), with lower share of 3- and 5-ring compounds (25 and
20%, respectively). The 2- and 6-ring PAHs accounted only
for 3 and 5%, respectively (Table 2). The highest variability in
the concentration of PAHs was found for Bper, BaP, IPY, and
Anth, while the lowest for Flu and Phen. However, the vari-
ability of their concentration, calculated at CV = 42%, sug-
gests the medium variation in the total concentration of
analysed hydrocarbons (Table 2, Fig. 2). In addition, the spa-
tial distributions (Fig. 2) indicate the highest level of the total
∑16PAHs accumulation in the inlet zone (1937 μg kg−1 dw),
while slightly less in the middle zone (1753μg kg−1 dw) of the
reservoir, and lowest in the outlet zone, close to the dam
(1640 μg kg−1 dw).

The bioavailable concentrations of∑16 PAHs in sediments
ranged from 8.05 to 980 μg kg−1 dw, with a mean concentra-
tion of 256 ± 254 (μg kg−1 dw) (Table 2). The PYR was a
predominant compound followed by Phen, Fln, BaA, BkF,
BbF, and CH, whereas other PAHs were found at the lowest
levels (< 10 μg kg−1 dw). Among all analysed hydrocarbons,
4-ring (66%) compounds dominated to the greatest extent,
while other PAHs constituting 3- and 5-ring compounds
(16%, respectively), as well as 2- and 6- ring compounds
accounted for less than 2% of the total concentration
(Table 2). The highest bioavailable concentration of ∑16
PAHs was recorded in the middle zone (355.3 μg kg−1 dw),
slightly lower (283.5 μg kg−1 dw) in the inlet zone, while in
the outlet zone the level of PAHs was almost 5 times lower
(70.6 μg kg−1 dw) (Fig. 2), which accounted for 20%, 16%,
and 4% of the total PAHs, respectively. The mean concentra-
tion of lower molecular weight PAHs (2- and 3-ring) was
44 μg kg−1 dw, making 17% of the total PAH mass, while
the mean concentration of higher molecular weight PAHs (4-
to 6-ring) was 212 μg kg−1 dw, comprising around 83% of the
∑ PAH mass (Table 2).

3.3 Sources of PAHs in bottom sediment

Different methods are used to identify the source of PAHs.
These are proportion analysis, diagnostic PAHs ratios, and
PCA analysis (Tobiszewski and Namieśnik 2012; Tavakoly
Sany et al. 2014). It has been reported (Wu et al. 2019; Yunker
et al. 2002;) that HMW PAHs (≥ 4-ring) are mainly generated
by high-temperature combustion processes (e.g. vehicular ex-
haust and industrial coal combustion), while LMW PAHs are
mainly generated by low- or moderate-temperature combus-
tion processes (e.g. biomass combustion and domestic coal
burning). The observed distribution of PAH in the studied
sediments indicates the dominance of combustion over

petrogenic sources (Tobiszewski and Namieśnik 2012; Zhao
et al. 2017; Ugochukwu et al. 2019), and it is in line with
earlier study of Baran et al. (2017). To better characterise
possible PAH sources, several diagnostic molecular ratios
(DMRs) were used in the study (Table 3). Due to their stabil-
ity, the most commonly used PAH isomer ratios are Fln/(Fln+
PYR), BaA/(BaA+CH), and IPY/(IPY+Bper) (Tavakoly Sany
et al. 2014; Liu et al. 2017; Zhao et al. 2017; Klimkowicz-
Pawlas et al. 2017; Shilla and Routh 2018; Pheiffer et al.
2018; Liang et al. 2019). A Fln/(Fln+PYR) ratio < 0.4, as well
as BaA/(BaA+CH) and IPY/(IPY+Bper) < 0.2 indicate petro-
leum input (Zhao et al. 2017; Yunker et al. 2002). The com-
bustion of coal and biomass is demonstrated if Fln/(Fln+PYR)
and IPY/(IPY+Bper) is higher than 0.5 and BaA/(BaA+CH) is
above 0.35 (Tobiszewski and Namieśnik 2012; Liang et al.
2019). The ratio of 0.2–0.35, 0.4–0.5, and 0.2–0.5 for BaA/
(BaA+CH), Fln/(Fln+PYR), and IPY/(IPY+Bper), respective-
ly, suggest mixed sources (especially liquid fossil fuel com-
bustion and vehicle and crude oil spillage) (Jiao et al. 2015;
Klimkowicz-Pawlas et al. 2017).

Some authors recommended other DMRs, e.g. LMW/
HMW, Phen/Anth, Anth/(Anth+Phen), Fln/PYR or CH/
BaA, as a reliable diagnostic tool to differentiate between
pyrogenic and petrogenic origin. The values of LMW/HMW
and CH/BaA < 1, Phen/Anth < 10, Anth/(Anth+Phen) > 0.1,
and Fln/PYR > 1 suggest that PAHs originate from pyrogenic
sources (Tavakoly Sany et al. 2014; Jiao et al. 2015; Shilla and
Routh 2018; Ugochukwu et al. 2019). In this study, the Fln/
(Fln+PYR) ratio ranged from 0.44 to 0.66 with a mean of
0.55, which indicates the prevalence of pyrogenic PAHs
sources in 93% of sediment samples (Table 3, Fig. 3). This
is confirmed by the BaA/(BaA+CH) values ranging from 0.20
to 0.80 with ratio above 0.35 in 89% of sediment samples, as
well as the LMW/HMW ratio below 1 in all samples (0.23–
0.91), and the Fln/PYR values above 1 in 93% of sediment
samples. In the case of IPY/(IPY+Bper), values > 0.5 were
reported in 64% of sediments, indicating combustion of coal,
wood, or grass as a PAH source. However, in 29% and 7% of
sediments, the IPY/(IPY+Bper) ratio was between 0.2–0.5
and < 0.2, respectively. This may suggest mixed PAH
sources, liquid fossil fuel combustion, or a petroleum source.
The possible origin of hydrocarbons from both pyrogenic and
petrogenic sources is also confirmed by the Phen/Anth and
CH/BaA ratios. The Phen/Anth ratio ranged from 3.98 to
91.98 and reached values above 15 (petrogenic origin) and
below 10 (pyrogenic origin) in 31 and 56% of sediments,
respectively. The CH/BaA ratio ranged between 0.26 and
3.91, and in 67% of sediments, it was > 1 (petrogenic source)
and in 33% below 1 (values characteristic for pyrogenic PAHs
origin).

In order to improve the accuracy of the PAH sources iden-
tification, the PCA analysis with varimax rotation was also
applied to explore the sources fingerprint in sediments from
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the Rożnów reservoir (Table 4). The PCA analysis classified
the dataset of PAHs into three principal components (PCs)
that control 78% of the data variability. The first factor
(43.4% of variance) had high loading values for 4-ring
PAHs (Fln, PYR, CH, and BaA), and for 5-ring compounds
(BbF, BkF, and BaP), suggesting the predominance of pyro-
genic sources. The second factor corresponded to 23.1% of
the total PAHs was dominated by Acen, Flu, Phen, Anth, Fln,
and PYR. It is believed that these compounds are derived from
petrogenic sources and are the tracers for volatilisation or spill
of petroleum products (Yunker et al. 2002; Tavakoly Sany
et al. 2014; Zhao et al. 2017). The third factor explained
11.5% of the total PAHs variance and was highly loaded on
IPY, DahA, Bper, Naph, and Acyn (Table 4). Characteristic of
PAHs related to PC3 indicates the mixed (petrogenic and py-
rogenic) sources of these contaminants in sediment from the
Rożnów reservoir. The Rożnów reservoir has been function-
ing for almost 80 years, and it encloses a mountainous catch-
ment basin of an agricultural character, which is intensely
subjected to intense siltation (Baran et al. 2019). Along with
the flows and the sediment, impurities from the catchment

area of more than 4800 km2 flow into the reservoir. The main
sources of pollution are municipal sewage, craft plants includ-
ing tanneries, agriculture, and products from the use of motor
vehicles. Currently, the inflow of pollutants is significantly
reduced as a result of the elevated construction of reservoirs,
the operation of sewage treatment plants, and the reduction of
illegal discharges from craft and industrial plants. Pollution
may come from the reservoir’s own catchment area: tourist
resorts, local pollution of tourist sites, and motorboat and sail-
ing harbours. The higher content of PAHs in the reservoir
middle zone (Fig. 2) is due to the location of marinas and
motorboats in this area, which are the source of fuel leaks.

3.4 Organic matter impact on PAHs accumulation in
bottom sediment

Results of correlations between total PAHs, potential bioavail-
able PAHs, and particular fractions of organic matter clearly
indicate that the PAH concentration in bottom sediments de-
pends on the stabile carbon forms Cnh. Generally, a signifi-
cant positive correlation was found between the content of
TOC (r = 0.331–0.504) and Cnh (r = 0.364–0.768) and the
concentration of PAHs in bottom sediments (Table 5). The
correlation analysis revealed only significant relationships be-
tween DOC and total ∑16PAHs and 3-ring compounds; Cfa

�Fig. 2 Spatial distribution of total and bioavailable concentration of
∑16PAHs (μg kg−1 dw) as well as fractions of organic matter (TOC,
Cfa, Cha, Cnh g kg−1 dw) in bottom sediments

Table 2 Concentration (μg kg−1 dw) of polycyclic aromatic hydrocarbons (PAHs) in bottom sediments and mussels

PAHs Bottom sediments (n = 46) Mussels (n = 10)

Bioavailable Total

Mean ± SD Min Max CV (%) Mean ± SD Min Max CV (%) Mean ± SD BSAF

2-rings Naph 3.39 ± 3.91 0.46 15.70 115 53.9 ± 26.5 0.00 112 48 136 ± 7.18 3.75

3-rings Acyn 0.83 ± 0.73 ND 2.42 8 9.17 ± 5.1 0.00 16.49 54 ND nd

Acen 1.66 ± 1.78 ND 9.19 107 21.14 ± 9.87 0.00 53.19 47 ND nd

Flu 4.13 ± 3.87 0.73 16.06 94 54.0 ± 20.1 7.70 114 37 103 ± 23.59 2.85

Phen 32.0 ± 29.6 4.04 110 93 315 ± 116 45.73 603 37 200 ± 39.50 0.95

Anth 2.07 ± 2.90 0.25 11.01 140 36.7 ± 30.1 4.22 120 83 74.7 ± 14.65 3.06

4-rings Fln 31.8 ± 33.6 0.30 125 106 310 ± 154 13.14 789 50 175 ± 5.86 0.85

PYR 103 ± 108 0.27 422 106 255 ± 123 16.78 645 49 214 ± 5.59 1.26

CH 10.7 ± 13.3 ND 73.2 124 145 ± 95 6.86 465 66 90.5 ± 10.28 0.94

BaA 23.4 ± 27.4 ND 115 117 121 ± 68 4.25 303 57 167 ± 30.74 2.07

5-rings BkF 17.9 ± 21.6 ND 57.59 120 86.0 ± 52 13.30 197 61 100 ± 9.31 1.75

BbF 13.4 ± 21.0 ND 63.53 156 155 ± 116 2.83 555 76 119 ± 2.17 1.16

BaP 9.28 ± 23.6 ND 135 255 92.83 ± 75 7.86 382 82 123. ± 13.72 1.99

DahA ND - - - 19.69 ± 14 2.61 65.32 69 88.7 ± 9.33 6.61

6-rings IPY 0.81 ± 0.81 ND 2.74 100 42.45 ± 35 5.23 143 81 85.0 ± 7.36 2.94

Bper 1.91 ± 2.01 ND 5.14 105 38.3 ± 34 0.68 143 87 64.1 ± 2.72 2.45

∑PAHs 256 ± 254 8.05 980 110 1755.2 ± 724 226 3980 42 1740 ± 72.2 1.49

SD – standard deviation; Min – minimum value; Max – maximum value; CV – coefficient of variation (%); ND – not detected
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and 2-ring PAHs; and Cha and 5- and 6-ring PAHs.
Moreover, the highest correlation coefficient value with
TOC and Cnh was observed for 4-ring PAHs, and it was
higher for potentially bioavailable PAHs than for total
PAHs. Principal component analysis (PCA) confirmed the
above relation and also allowed to find interesting relation-
ships between the content of organic matter fraction and
PAHs in bottom sediments (Table 6). The other basic proper-
ties of bottom sediments (pH, granulometric fractions) were
presented in our previous studies (Szara et al. 2020). The two
PC factors described 66.6% of the variances. The first factor
(PC1) accounted for 44.2% of the variance and was signifi-
cantly positively correlated with the TOC, Cnh, total concen-
tration of 3-, 4-, and 5-ring PAHs, ∑16PAHs, bioavailable
concentration of all PAHs, and negatively to clay fraction.
The second factor (PC2) explained only 17.4% of the variance
with high positive loading on clay, TC, Cext, Cfa, DOC, total
concentration of 2-ring PAHs, and negative correlation with
sand fraction (Table 6). The first factor was found to be
strongly significantly correlated with the PAHs and Cnh con-
tent, indicating that stable forms of organic matter play an
important role in the accumulation, transport and sorption of

total PAHs in bottom sediments, and hence, in the reduced
bioavailability of these compounds. Moreover, PCA (PC2)
and correlation analysis found significant correlations be-
tween labile forms of organic matter (Cext, Cfa, DOC) and
total concentration of 2- and 3-ring PAHs. This implies that
the Cfa and DOC can play an important role in the sorption
and availability of these substances. The second factor sug-
gests that the fine (silt and clay) fraction also has an important
role in the concentration and distribution of PAHs in bottom
sediments.

3.5 Ecological risk assessment for benthic fauna

3.5.1 Concentration of PAHs in mussels and BSAFs

The accumulation of PAHs in the mussel tissues showed var-
iability with a concentration of the sum of 16 PAHs equal to
1740 ± 72.2 μg kg−1 (Table 2). The PAH profile in mussels
was dominated by 4-ring hydrocarbons (37% of ∑16 PAHs),
with lower share of 3- and 5-ring compounds (21% and 25%,
respectively), while 2- and 6-ring PAHs accounted for only
8% and 9%, respectively (Table 2). Among the detected

Table 3 Molecular ratios
(DMRs) for evaluation of PAHs
contamination sources

DMRs Reference value for DMRs Molecular ratios of PAHs in our study (n = 46)

Petrogenic origin Pyrogenic

origin

Mean SD Min Max CV

Phen/Anth > 15 < 10 17.28 19.55 3.98 91.98 113

Anth/(Anth+Phen) < 0.1 > 0.1 0.10 0.06 0.01 0.20 56

Fln/PYR < 1 > 1 1.22 0.17 0.78 1.90 14

Fln/(Fln+PYR) < 0.4 > 0.5 0.55 0.03 0.44 0.66 6

BaA/(BaA+CH) < 0.2 > 0.35 0.47 0.14 0.20 0.80 30

CH/BaA > 1 < 1 1.33 0.80 0.26 3.91 60

IPY/(IPY+Bper) < 0.2 > 0.5 0.56 0.19 0.12 0.97 34

LMW/HMW > 1 < 1 0.43 0.16 0.23 0.91 37

LMW lowermolecular PAHs (fromNaph to Anth),HMW higher molecular PAHs (from Fln to Bper), SD standard
deviation,Minminimum value,Maxmaximum value,CV coefficient of variation (%); reference values for DMRs
based on the literature (Yunker et al. 2002; Tobiszewski and Namieśnik 2012; Ugochukwu et al. 2019).

Fig. 3 Bivariate plot for diagnostic ratios of IPY/(IPY+Bper) and BaA/(BaA+CH) versus Fln/(Fln+PYR)
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compounds, similarly as for bottom sediments, PYR and
Phen were found at highest concentration, and the lowest
concentration was determined for Bper. Moreover, the mus-
sels contained nearly 3 times more HMW-PAHs relative to
the LMW-PAHs. The BSAFs values of PAHs were in the
range of 0.85 (Flu) to 6.61 (DahA) (Table 2). The highest
mean values of BSAF were found for 2-ring PAHs (3.75),

followed by 3-ring (3.06) > 5-ring (2.87) > 4-ring (2.07) > 6-
ring (1.49) PAHs. The study also found a significant positive
correlation between the concentration of PAHs in the mussel
tissues and in the bottom sediments; correlation coefficient (at
p ≤ 0.05) for total PAHs and for bioavailable PAHs was r =
0.98 and r = 0. 83, respectively. For comparison, in the study
of Baumard et al. (1999), the total PAH concentration in the
mussel tissues from the Western Baltic Sea was between 90
and 3900μg kg−1 and the value of BSAFs ranged from 0.02 to
72. Other studies revealed that PAH concentration in mussels
(Brachidontes sp. and Tagelus sp.) ranged from 348 to
1597 μg kg−1 and, in fish, showed a mean level of 1095 μg
kg−1 in all tissues (Arias et al. 2009). Concentrations of LMW-
PAHs in soft tissues ofMytilus spp. in different sampling sites:
Grevelingen (the North Sea), Westerschelde (the North Sea),
the Gulf of Gdańsk (the Baltic Sea) and Ile de Revv (Faxaflói
Bay) were higher than HMW-PAHs. Additionally, Naph and
Phen contributed most to total PAH concentrations in the
mussel tissues with the percentage contribution of 36.1% to
90.9% (Olenycz et al. 2015).

Table 4 PCA analysis of the PAHs profile in sediments from the
Rożnów reservoir

PAHs PC 1 PC 2 PC 3

Naph 0.091 0.420 0.767

Acyn − 0.237 0.395 0.586

Acen 0.209 0.829 0.002

Flu 0.133 0.922 0.007

Phen 0.271 0.824 − 0.032

Anth 0.384 0.666 0.108

Fln 0.676 0.687 − 0.125

PYR 0.677 0.658 − 0.040

CH 0.870 0.242 0.024

BaA 0.735 0.424 − 0.033

BkF 0.718 − 0.065 0.377

BbF 0.825 0.363 − 0.039

BaP 0.780 0.164 0.222

IPY 0.148 − 0.165 0.947

DahA 0.150 − 0.107 0.931

Bper 0.078 − 0.119 0.895

Total variance (%) 43.4 23.1 11.5

Cumulative (%) 43.4 66.5 78.0

Loadings > 0.5 are shown in bold; n = 46

Table 5 Relationships between PAHs and organic matter fractions in
the bottom sediment

PAHs TOC Cext Cha Cfa Cnh DOC

Total 2-rings 0.331* 0.388 0.079 0.384 0.065 0.152

3-rings 0.441 0.158 0.064 0.155 0.364 0.472

4-rings 0.462 − 0.113 0.255 − 0.131 0.596 0.240

5-rings 0.367 − 0.164 0.335 − 0.188 0.531 0.037

6-rings 0.056 0.183 0.184 0.171 -0.080 0.012

∑16 0.272 − 0.133 0.214 − 0.149 0.403 0.374

Potential
bioavailable

2-rings 0.493 − 0.103 0.185 − 0.117 0.623 0.297

3-rings 0.485 − 0.262 0.143 − 0.274 0.738 0.268

4-rings 0.504 − 0.275 0.264 − 0.295 0.768 0.222

5-rings 0.411 − 0.326 0.292 − 0.348 0.706 0.125

6-rings 0.339 − 0.282 0.405 -0.312 0.592 0.176

∑16 0.473 − 0.243 0.219 -0.260 0.710 0.290

*Correlation coefficients significant at the level of p < 0.05 are shown in
bold, (n = 46)

Table 6 Principle component analysis of PAHs, organic matter, and
granulometric composition of sediment

Parameters PC1 PC2

Sand − 0.006 − 0.730

Silt 0.366 0.467

Clay − 0.619 0.577

TC 0.337 0.610

TOC 0.507 0.405

Cext − 0.297 0.746

Ckh 0.302 0.090

Cfa − 0.320 0.744

Cnh 0.789 − 0.131

DOC 0.244 0.634

2-rings 0.264 0.634

3-rings 0.607 0.453

4-rings 0.852 0.157

5-rings 0.803 0.046

6-rings − 0.025 0.376

∑PAHs16 0.773 0.316

2-rings* 0.862 0.165

3-rings* 0.934 − 0.022

4-rings* 0.974 − 0.042

5-rings* 0.939 − 0.137

6-rings* 0.840 − 0.003

∑PAHs16* 0.956 0.013

Total variance (%) 44.2 17.4

Cumulative (%) 44.2 61.6

Loadings > 0.5 are shown in bold; n = 46. *potential bioavailable PAHs
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3.5.2 Risk assessment based on SQGs

The sediment concentration of individual PAHs, such as
Naph, Flu, Phen, Fln, CH, BaP, IPY, DahA, and Bper was ≤
TEC values and indicated a lower possibility of an adverse
ecological effect. The concentrations of Acyn (69% of sam-
ples), Acen (95% of samples), PYR (20% of samples), and
BaA (2% of samples) in sediments were between the TEC and
PEC values. The highest values of hazard quotients (HQ) in
sediments were found for 3-ring PAHs (0.27–1.43) and the
lower for 6-ring PAHs (0.0–0.09). The HQ value > 1 was
observed only for 3- and 4-ring PAHs in 13% and 4% of
sediment samples, respectively. The mean PECq of PAHs
ranged from 0.02 to 0.20. Significantly higher value of
PECq was found for LMW PAHs than HMW PAHs in sedi-
ments. Generally, the ecological risk assessment revealed that
the total concentration of PAHs was likely to cause a non-
adverse effect (PECq < 0.1 in 58% of samples) or slightly
adverse effect (0.1 < PECq <0.5 in 42% of samples). Our
earlier studies showed that the ∑16PAH concentration in the
surface sediments collected from ten reservoirs located in
south-eastern Poland ranged from 150 to 33900 μg kg−1 dw
(Baran et al. 2017; Tarnawski and Baran 2018). The total
PAH concentration in bottom sediments was arranged in the
following order: Rybnik > Rzeszów > Brzóza Królewska >
Brzóza Stadnicka > Besko > Chechło > Ożanna > Głuchów >
Narożniki. However, the PAH concentration in sediments
depended on the location of the reservoir, i.e. the intensity of
antopopression. Compared to the above PAHs level, their
content in sediments of the Rożnów reservoir was rather low
(Table 2).

4 Discussion

The determined values and differentiation of TC, TOC, and
individual fractions of organic matter in samples of bottom
sediments of the Rożnów reservoir resulted from the specific
structure of the reservoir, including its coastline and, probably,
also its depth, affecting shifting of sediments. In deeper zones
of the reservoir, the shifting of bottom sediments and organic
matter contained in them is lower than in shallower zones
(Mielnik et al. 2009; Baran et al. 2019). The depth and the
shifting of bottom sediments will directly determine not only
the sediment content but also aeration and, consequently,
transformation of organic matter deposited in them. This is
confirmed by a much higher Chn content and a lower Cha
content, especially Cfa in the reservoir middle zone, which
clearly decreases in the outlet direction, indicating a more
intense transformation of organic matter in this part of the
reservoir. The relationship between the reservoir depth and
the organic matter content in bottom sediments is also
highlighted in the study of Rozpondek et al. (2017). It should

be noted that there is a possibility of organic matter accumu-
lation in shallower areas of the reservoir, and, as indicated by
the studies, this is related to the distribution and death of
aquatic vegetation (Rozpondek et al. 2017). According to
Brzozowska et al. (2005) and Kowalczewska-Madura et al.
(2011), in addition to the bottom sediment depth and shifting
rate, temperature is an important factor affecting the accumu-
lation and transformation of organic matter. Kowalczewska-
Madura et al. (2011) demonstrated that decomposition is more
intensive in bottom sediments coming from shallower areas
with higher temperatures and better oxygenation.

Several studies found that TOC has an important role in the
control of PAH concentration in sediments (Liu et al. 2008;
Jiang et al. 2009; Chen and Chen 2011; Yang et al. 2011,
2016; Nascimento et al. 2017). However, other studies indi-
cated no significant correlation between these parameters
(Nudi et al. 2007; Mostafa et al. 2009). Yang et al. (2016)
and Nascimento et al. (2017) found significant correlation
only with the LMW-PAHs and TOC. The LMW-PAHs are
connected with autochthonous TOC of plankton origin and
allochthonous TOC of terrestrial origin. HMW-PAHs have
affinity for black carbon (Nascimento et al. 2017; Lubecki
et al. 2019). Some authors reported that non-hydrolysable car-
bon (Cnh) and black carbon (BC) are known as strong sorbent
for PAHs and other organic pollutants in sediments (Feng
et al. 2016; Lubecki et al. 2019; Baran et al. 2020). It was
observed that the total and potential bioavailable concentra-
tion of PAHs had more often significant positive correlation
with Cnh, then other humic substances (Cha and Cfa). In our
opinion, Cnh can play an important role in the transport, dis-
tribution, and sorption of PAHs in the sediment of the Rożnów
reservoir. Generally, the affinity of PAHs for Cnh is higher
than that for Cha; however, in this study, the content of Cnh
was the highest in organic matter, then Cha (Table 1). Thus, it
can accumulate more hydrophobic PAHs. The affinity be-
tween PAHs and Cnh was present, because this fraction is
more stable and stronger in the case of sorption of organic
pollutants. Our results also indicated that Chn and 4- and 5-
ring PAH concentrations in the bottom sediment are of the
same origin. This is also indirectly visible in the results of
the PCA analysis and a higher value of the PAHs correlation
coefficient with Chn than with TOC. This indicates their de-
position as a result of high-temperature combustion and co-
emission from black carbon, shoot, charcoal, or external or-
ganic materials: sewage, agricultural leachate. Other authors
also observed higher binding capacities for inorganic and or-
ganic pollutants by non-hydrolysing carbon than by humic
and fulvic acids (Zhang et al. 2009; Yang et al. 2011; Bai
et al. 2018). The study of Ukalska-Jaruga et al. (2019) dem-
onstrated significant relation between Cnh and PAHs and no
links between Cfa, Cha, and hydrocarbons in soil. Moreover,
the above authors observed stronger links between Cnh and
PAHs for LMW PAHs than for HMW PAHs. Zhang et al.
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(2009) clearly indicated that more aromatic carbon in Cnh
fractions can result in higher Koc values of BaP and the dom-
inance of Cnh in BaP sorption by sediments than other frac-
tions of organic matter. Non-hydrolysable carbon is the insol-
uble fraction of organic matter, and, with comparison to other
humic substances, it is relatively resistant to decomposition
(Bai et al. 2018). Thus, we may expect a higher correlation
of PAHswith Cnh than TOC. The Chn surface is covered with
various functional groups: C(C–H/C–C), C–O(C–OH/C–O–
C), C=O, and –COO, which may interact with PAHs possibly
via multiple mechanisms, such as hydrophobic interactions
including alkyl and aromatic carbon domains and π-π inter-
actions with aromatic carbon domains (Ukalska-Jaruga et al.
2019; Ukalska-Jaruga and Smreczak 2020).

In an aquatic environment, the relation of PAHs with DOC
(labile form of organic matter) is multi-threaded and can re-
duce the freely dissolved concentration, increase solubility or
enhance diffusive mass transfer, and may have a large impact
on their bioconcentration in the organisms (Tejeda-Agredano
et al. 2014). The study of Tejeda-Agredano et al. (2014) re-
vealed a strong correlation between 5- or more-ring PAHs and
DOC and no significant relationships between 4- or fewer-
ring PAHs. In contrast, significant relation between labile
fraction of organic matter and 3-ring PAHs was observed in
our study. However, it should be emphasised that significant
relationship between Cfa, DOC, and PAHs was rarely ob-
served, which indicates that these fractions of organic matter
will not be important in the accumulation and distribution of
PAHs in the bottom sediments of the Rożnów reservoir.

The sediment grain-size distribution is also an important
agent governing PAH concentration, and it should be taken
into consideration (Orecchio and Mannico 2010; Baran et al.
2017). In the study, a significant correlation was also observed
between PAH concentration and the silt and clay fraction, but
a significant negative correlation for PAHs and the sand
fraction. The TOC content is commonly associated with the
amount of silt and clay present in sediments. The finest
fractions, such as silt and clay, have larger relative surface
areas than sand particles and can adsorb colloidal and
dissolved organic matter forming sedimentary complexes.
Orecchio and Mannico (2010) reported that the interaction
of PAHs with the mineral fraction of the sediment and their
distribution in the organic matter are likely mechanisms re-
ducing PAHs in sediments. Other authors found that the ac-
cumulation of PCDDs/Fs and PAHs were also affected by the
proportion of the finest particles, containing organic matter as
the important sorbent (Baran et al. 2020).

The bioaccumulation of PAHs in aquatic organisms is re-
lated to several factors, such as the concentration and Kow

value of each PAHs, the lifestyle of organisms and their ca-
pacity to metabolise PAHs, and the content of organic matter
in sediments (Arias et al. 2009; Al-Busaidi et al. 2013; Honda
and Suzuki 2020). The mussels, as filter-feeding organisms,

take up pollutants in two ways: the direct one is the absorption
of substances from water phase through the gills, and the
indirect one is the absorption of substances adsorbed on the
small grain-size fraction of particles through the digestive sys-
tem (Baumard et al. 1999). Therefore, mussels can directly
absorb LMW PAHs, while HMW PAHs are mainly ingested
through the digestive system. For instance, Phen and PYR are
absorbed in 88% and 74%, respectively, while BaP is
absorbed through particle ingestion (Al-Busaidi et al. 2013).
In the present study, slightly higher values of the BSAF coef-
ficient were observed for LMW PAHs than for HMW PAHs.
In general, our results were expected, since LMW PAHs with
low Kow values tend to be more mobile between sediments
and water, causing higher bioaccumulation in the organisms.
Moreover, lipophilic compounds, e.g. HMW PAHs, have a
higher tendency to bind to the sediment organic matter and
show less partitioning from sediments to water and therefore
lower mobility and bioaccumulation in the organisms (Kwok
et al. 2013; Honda and Suzuki 2020). Generally, it is believed
that PAHs availability is reduced in sediments of high organic
matter content. In addition, PAHs are strongly adsorbed on the
sediment grains (fine fraction), and their bioavailability de-
creases compared to the sandy sediments (Orecchio and
Mannico 2010). In sediments rich in fine fraction, the filtrating
behaviour of the mussels can be related to the high PAH
concentration in their tissues, because mussels take up from
the finest fraction not only nutrients through filtering, but also
pollutants. The mussels exposed to sandy sediments are there-
fore not highly exposed to fine fraction-adsorbed pollutants.
The low organic carbon content is generally observed in sandy
sediments; the binding of hydrophobic PAHs is reduced, mak-
ing the dissolved fraction of hydrocarbons the major source of
contamination with PAHs (Baumard et al. 1999; Orecchio and
Mannico 2010). Therefore, suspended and deposited
particular-bound forms and aqueous phases are the most bio-
available fractions of PAHs metabolised by filter-feeding or-
ganisms. We found positive correlation between PAHs and
the silt and clay fraction and negative with sand. Therefore,
the dominance of fine particles in bottom sediment from the
Rożnów reservoir can significantly increase the bioavailability
of PAHs and be an important factor in the distribution of
PAHs in the analysed sediments.

5 Conclusions

The PAH profile in bottom sediments and mussels was dom-
inated by 4-ring hydrocarbons. The mussels contained nearly
3 times more HMW PAHs relative to LMW PAHs. A signif-
icant positive correlation between the concentration of PAHs
in the mussel tissues and the total (at p ≤ 0.05; r = 0.98) and
bioavailable (at p ≤ 0.05; r = 0.83) concentration of PAHs in
the bottom sediments was observed. The ecological risk
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assessment revealed that the total concentration of PAHs was
likely to cause a non-adverse effect (58% of samples) or
slightly adverse effect (42% of samples). Results of correla-
tions and PCA indicate that the PAH concentration in bottom
sediments depends on the stabile carbon forms Cnh. The study
revealed that stable forms of organic matter play an important
role in the accumulation, transport and sorption of total PAHs
in bottom sediments, and hence, in the reduced bioavailability
of these compounds.Moreover, the PCA suggests that the fine
(silt and clay) fraction can significantly increase the bioavail-
ability of PAHs and be an important factor in the distribution
of PAHs in the analysed sediments.
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