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Abstract

This study is was designed to assess the ecological risk associated with chemical pollution caused by heavy metals and PAHs
on the basis of their ecotoxicological properties in sediments collected from the Rzeszéw dam reservoir (Poland). The sedi-
ment samples were collected from three sampling stations: S1—inlet, backwater station, S2—middle of reservoir, S3 outlet,
near the dam. The sediments’ toxicity was evaluated using a battery of bioassays (Phytotoxkit, Phytotestkit, Ostracodtoxkit F,
and Microtox). The highest content of metals (120.5 mg Zn; 22.65 mg Pb; 8.20 mg Cd « kg™' dw) and all PAHs (39361 pg
« kg™! dw) in sediments was found at station S1. The lowest content of metals (86.72 mg Zn; 18.07 mg Cu; 17.20 mg Pb;
3.62 mg Cu; 28.78 mg Ni; 30.52 mg Cr « kg~! dw) and PAHs (X4390 pg « kg~! dw) was found in the sediment from station
S2. The ecological risk assessment of the six metals and eight PAHs revealed a high potential toxicity in sediments from
stations S1 (PECq = 0.69) and S3 (PECq = 0.56) and a low potential toxicity in sediments from station S2 (PECq = 0.38).
The studies also showed the actual toxicity of sediments for the test organisms. The sediment pore water was least toxic
compared to the whole sediment: solid phases > whole sediment > pore water. The most sensitive organism for metals and
PAHs in bottom sediments was Lepidium sativum, and in pore water—Sorghum saccharatum. The concentration of metals
and PAHs in bottom sediments generally did not affect the toxicity for other organisms. Clay content and organic C content
are likely to be important factors, which control heavy metal and PAH concentrations in the sediments. Data analysis by PCA
found the same origin of metals as well as PAHs—mainly anthropogenic sources. The obtained information demonstrated
the need to integrate ecotoxicological and chemical methods for an appropriate ecological risk assessment.

Bottom sediments are an important part of aquatic eco-
systems (Forstner and Salomons 2010; Smal et al. 2015).
They are a source of nutrients for microorganisms, plants
and animal organisms; therefore, they constitute an impor-
tant component of matter and the energy cycle in water
reservoirs. Conversely, they are an important place and
source of contamination for the aquatic food web (Cesar
et al. 2006). Sediments may accumulate different mineral
and organic contaminants at a concentration higher than the
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water column, thus producing harmful effects on the benthic
organisms and for organisms, which feed on benthos. The
pollution of the aquatic environment by heavy metals and
PAHs has been known as one of the most challenging pol-
lution issues due to the toxicity, persistence, and bioaccumu-
lation (Buruaem et al. 2013; Fu et al. 2014; Li et al. 2015;
Sukhdhane et al. 2015; Wang et al. 2016; Zhonghua et al.
2016). Many authors found that the analysis of the concen-
tration of heavy metals and PAHs in sediments could be used
to investigate anthropogenic impacts on the aquatic environ-
ment and assess the ecological risk (Hoss et al. 2010; Buru-
aem et al. 2013; Ekere et al. 2017; Ezkwe and Utong 2017).
Moreover, the chemical composition of bottom sediments
is a good source of information about the human impact on
the aquatic environment and an important indicator of the
geochemical status in the river catchment (Roig et al. 2015;
Urbaniak et al. 2015).

The assessment of the chemical status of sediments is
important for identifying the type, concentration, and source
of chemical substances and their metabolites, but it does not
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always show data about the effect of the pollution on organ-
isms, and it does not provide any information on the synergic
and antagonistic factors and their bioavailability (Wadhia and
Thompson 2007; Mankiewicz-Boczek et al. 2008; Narracci
et al. 2009; Tuikka et al. 2011, Witt et al. 2014, Buruaem
et al. 2013; Baran and Tarnawski 2015). From the viewpoint
of risk to the aquatic environment, it is important to determine
to what extent pollution in sediments negatively impacts this
environment, and if they may be considered as a stressor for
organisms. Therefore, a challenge for the scientists dealing
with aquatic risk assessment is to reveal the relations between
the pollutants of sediments and the biological community
response (Zotina et al. 2015; Kuzmanovic et al. 2016). How-
ever, the biological status is not always in coherence with the
chemical one (Roig et al. 2013). Few authors have explained
this trend by the adaptation mechanisms of organisms under
chronic exposure or regional specificities of the communities
that cause high tolerance under extreme conditions (Wojtasik
2009; Roig et al. 2015; de Castro-Catala et al. 2016). There-
fore, the present ecotoxicological studies seem to be a good
technique to integrate the biological response under the pres-
ence of different substances in nonadapted organisms. Bioas-
says are useful, cost-effective, and rapid tools, because their
application enables a real assessment of the risk resulting from
the presence of multiple chemical stressors in bottom sedi-
ments, their bioavailability, toxicity, and interaction (Latif and
Licek 2004; Mankiewicz-Boczek et al. 2008; Goncalves et al.
2013; Besser et al. 2014; Baran and Tarnawski 2015). How-
ever, in ecotoxicological studies, an important factor is the
selection of appropriate multiple tests—batteries of bioassays.
It is crucial that the organisms belong to various taxonomic
groups and represent various levels of the food chain (pro-
ducers, consumers, and decomposers) (Blasco and Pico 2009;
Hoss et al. 2010; Tuikka et al. 2011; Baran and Tarnawski
2013; de Castro-Catala et al. 2016).

The purpose of this study was (1) to assess the content
of heavy metals and PAHs in sediments collected from the
Rzesz6w dam reservoir, (2) to evaluate the toxicity of sedi-
ments, sediment elutriates and pore water using four bioassays,
and (3) to analyze a possible relationship between the observed
toxicity and concentration of metals and PAHs. This study
was designed not only to investigate the contents of heavy
metals and PAHs in bottom sediments but also to assess their
ecotoxicity and integrate the above-mentioned parameters in
a complex assessment of risk associated with the occurrence
of chemical substances in sediments.
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Materials and Methods
Study Area and Sampling

The bottom sediment originated from the Rzeszéw res-
ervoir situated on the Wistok River in the Podkarpackie
Voivodeship, southeastern Poland. The Rzeszéw reservoir
was built as a result of the division of the Wistok river val-
ley (at km 63 + 760) by a barrage built in the early 1970s.
Its total capacity is 1.8 m. m?, and its area is 68.2 ha. It
has an elongated shape with a length of approximately
6.74 km and a width ranging from 40 to 600 m. Its main
functions include: enabling a water intake for the Rzeszow
city water supply system, flood control, and creating con-
ditions for recreation for the inhabitants of the city and
its surroundings (Michalec and Tarnawski 2008; Gruca-
Rokosz and Tomaszak 2015; Baran et al. 2015). Together
with tributaries and the reservoir bowl area, the middle
course of the Wistok River is under protection as part
of the Natura 2000 program. Measurements taken after
14 years of the reservoir operation revealed that its capac-
ity had diminished by approximately 66%, with a loss of
18.5 ha of impoundment area, constituting permanently
or periodically overgrown islands and shallows (Koniarz
et al. 2015). Currently, after 44 years of exploitation, as
a result of excessive silting, the Rzeszow reservoir has
lost a significant part of its original capacity. The result
of the fill up is a partial loss of its two fundamental func-
tions, i.e., a decline of the possibility of collecting water
by surface intakes for the city of Rzeszéw and industrial
water and the possibility of using it for recreational and
sport purposes. In 2010, a permit was issued allowing for
the extraction of 1.5 m. m> of bottom sediments (stretched
over 3.6 km) by the silting up method. The works were
performed with numerous time limits on account of fowl,
mammals, fish, and amphibian close seasons. The obtained
excavated material, depending on its granulometry, was
used for construction works (gravel, sand) and on urban
green areas after being mixed with peat (fine-grained sand,
dust, silt). Based on the analysis, it was stated that the
tested sediments can be preliminarily accepted for form-
ing soil liners in municipal waste disposal sites (Ko$ and
Zawisza 2012).

The sediment samples were collected from three sam-
pling stations: S1 was located in the inlet (backwater sta-
tion), S2 was situated in the middle of reservoir, and S3
was positioned outlet (near to dam) (Fig. 1). An Ekman
sampler was used to collect sediment samples from the
top layer (0—15 cm). Five or six samples were collected
from each zone and mixed to average the properties of
sediment samples representing individual zones (dis-
tance of 10-50 m? area; from 2 to 4 dm> volume of each
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Fig. 1 Location of the reservoir
and three station samples
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subsample) and bulked together to form one composite
sample. Pore water was obtained by the centrifugation
(5000 rpm, 15 min.) of sediments, and placed in 100 cm?
polypropylene conical test tubes. The pore water samples
and sediment samples were refrigerated until they were
analyzed (Baran and Tarnawski 2013).

Chemical Analysis

Basic parameters, such as particle size distribution, pH,
conductivity, organic C, and total nitrogen, were analyzed
in the sediment samples (Baran and Tarnawski 2015). The
total heavy metal concentration in the sediment and pore
water was analyzed using the ICP-OES (Inductively Cou-
pled Plasma Optical Emission Spectroscopy) method on
Optima 7300 DV (Perkin-Elmer), as described previously
(Baran and Tarnawski 2013, 2015). The analytical results
of the quality control samples showed a good agreement
with the certified value reference material (CRM 16-050),
recoveries ranging from 93.6 (Cd) to 105.4% (Ni). The con-
centrations of the eight PAHs [naphthalene (NAP), phen-
anthrene (PHE), anthracene (ANT), fluoranthene (FLT),
pyrene (PYR), benzo(a)anthracene BAA, chrysene CHR,
and benzo(a)pyrene (BAP)] were determined by gas chro-
matography—mass spectrometry on a Varian GC/MS/MS
4000 equipped with an ion trap. A detailed description of
the analytical procedure was previously described by Baran

Dam of Rzeszdéw reservoir

- water area
- sediments area (islands
- industrial area

- urban area

- willage and agriculture area
- green and recreation area

1 km 2 km

et al. (2017). The recoveries ranged from 80% (CHR) to
98.5% (NAP). In addition, the limit of detection (LOD) was
2 ug - kg=! dw, and the limit of quantification (LOQ) was
6 ug - kg~! dw (Baran et al. 2017).

Ecotoxicity Tests

Four bioassays were used to assess the bottom sediments and
the pore water toxicity: Phytotoxkit (sediment), Phytotest-
kit (pore water), Ostracodtoxkit F (sediment), and Micro-
tox (sediment elutriate, pore water). Two parameters were
measured in the Phytotoxkit and Phytotestkit bioassay: the
inhibition of seed germination (IG) as well as root length
inhibition (IR) of Sinapis alba, Lepidium sativum and Sor-
ghum saccharatum (Phytotoxkit 2004). In the Ostarcodtoxkit
test, the toxicity of samples was also assessed using two end-
points: the mortality and the growth inhibition of crustacean
Heterocypris incongruens (Ostracodtoxkit 2001). A decrease
in the luminescence of bacteria Vibrio fischeri (Microtox®)
was used to assess the toxicity of the sediment and pore
water samples. The measurement of the change in lumines-
cence was performed with an 81.9% Screening Test using
the Microtox M500 Analyzer (MicrobicsCorporation 1992).
The bioassays were carried out in 3 (Phytotoxkit, Phytotest-
kit, Microtox) and 6 (Ostracodtoxkit) repetitions. The tests
were performed according to standard procedures (Phyto-
toxkit 2004, Ostracodtoxkit 2001, MicrobicsCorporation
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1992). The test methods were described in our previous stud-
ies (Baran and Tarnawski 2013, 2015). The toxicity results
were presented as a Percent effect (PE %) and classified into
one of five classes (Matejczyk et al. 2011).

Potential of Ecological Risk Assessment

The concentrations of heavy metals and PAHs in bottom
sediments were compared with the consensus-based sedi-
ment quality guideline values referred to as TEC (Threshold
Effect Concentration) and PEC (Probable Effect Concentra-
tion), (Macdonald et al. 2000). The hazard quotient (HQ)
was calculated based on the individual metal and PAH con-
centration as well as the concentration to its corresponding
PEC (Khairy et al. 2009):

C
HQ = PEC
C represents the measured values of heavy metals or PAHs
in the sediments, and PEC is the Probable Effect Concentra-
tion (Macdonald et al. 2000).

All HQ in the pore water have been calculated by using
the freshwater US EPA screening benchmarks for aquatic
ecosystem protection (Roig et al. 2015). When HQ > 1, fre-
quent adverse ecological effects are excepted (Khairy et al.
2009). In addition, the mean PEC quotient (PECq) for seven
metals and eight PAHs was calculated as:

<
PECq = — &€
n

C represents the measured values of heavy metals or PAHs
in the sediments, PEC is the Probable Effect Concentra-
tion (Macdonald et al. 2000), and n is the number of tested
chemical compounds.

The mean PECq was the average ratio of each metal and
PAH concentration to its corresponding PEC. The sediment

samples were predicted to be nontoxic, indicating a low
potential toxicity to the benthic fauna when the mean PECq
was < 0.5. If the mean PECq was > 0.5, the sediments were
toxic, pointing out a high potential risk to the benthic fauna
(Perrodin et al. 2006).

Statistical Analysis

Statistical analysis was performed and involved determina-
tion of mean, standard deviation. The relationships between
the analyzed parameters (chemical and ecotoxicological) in
sediments were assessed using Pearson correlation coeffi-
cients and PCA. A Microsoft Excel 2007 spreadsheet and
the Statistica 12.5 package were used for the analysis and
presentation of the obtained results.

Results and Discussion
Physicochemical Properties of Bottom Sediments

The sediments showed a neutral as well as an alkaline reac-
tion, and a pH was ranging from 7.06 (S1) to 7.18 (S2). The
electrolytic conductivity ranged from 0.14 (S3) to 0.34 mS «
cm~! (S2). The content of organic C in the bottom sediments
was low and within the range from 1.98 (S2) to 2.89% (S1).
Carbon to nitrogen ratios (C/N) were between 9.97 (S1) and
11.35 (S2). Generally, clay fraction [48% (S2)-57% (S1)]
were dominant in the bottom sediments collected from the
Rzeszow reservoir. Based on the grain size fraction, the bot-
tom material contains from 7% (S2) to 9% (S3) sand and
from 35% (S1, S3) to 45% (S2) silt.

The concentration of the total heavy metal content in the
sediments was between 86.72 and 120.5 mg Zn; between
18.07 and 24.20 mg Cu; between 30.52 and 40.07 mg Cr;
between 17.20 and 22.65 mg Pb; between 2.92 and 8.20 mg
Cd; between 28.78 and 38.10 mg Ni « kg~! dw (Table 1).

Table 1 Total heavy metal

N Station 7Zn Cu Pb Cd Ni Cr

concentration in bottom

sediment Sediment (mg - kg~ dw)
S1 120.5+2.72  20.15+0.71 22.65+0.81 820+0.42 33.53+049 3590+3.32
S2 86.72+1.77 18.07+0.14 17.20+0.28 3.67+0.32 28.78+0.53 30.52+1.84
S3 1133 +£523 2420+1.63 20.18+124 292+0.18 38.10+0.35 40.07+2.16
TEC/PEC*  121/459 31.6/149 35.8/128 0.99/4.98 22.7/48.6 43.3/111
Pore water (ug - dm™>)
S1 122.6 £ 6.72  8.66 + 0.57 0.60 = 0.02 nd 9.99 + 0.69 1570 £ 1.0
S2 128.8 +13.0 9.28 +0.45 2.34 +£0.61 nd 1290 £0.99 1825+0.3
S3 81.95+7.70 1286 +£0.67 1.64 +0.30 nd 9.79 £ 0.63 16.64 + 1.14
US EPA? 120 9 2.5 0.25 52 85

nd Not detected

*Macdonald et al. (2000) and Roig et al. (2015)
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Station S1 showed the highest Zn, Pb and Cd concentra-
tions in the bottom sediments. The highest Cu, Cr and Ni
concentrations were found in the bottom sediment from sta-
tion S3. The lowest concentration of Zn, Cu, Pb, Ni, and Cr
was found in the sediment from station S2, and Cd—from
S3. Sediment contamination with heavy metals was assessed
based on Bojakowska’s geochemical quality classes of bot-
tom sediments (Bojakowska 2001). The above classification
distinguishes four classes: [—noncontaminated sediments,
II—moderately contaminated sediments, Ill—highly con-
taminated sediments, and IV—very highly contaminated
sediments. According to this criterion, the sediment sam-
ples were classified as class II (moderately contaminated
sediments) due to an elevated concentration of Cu (S2, S3),
Cd (S1) and Ni (all stations). A relatively high concentration
of Ni and Cd is a good indicator of a recent anthropogenic
pollution (Ekere et al. 2017). Nickel is commonly used in
industry and it can be found at high concentration in fresh-
water areas surrounding developed urban areas (de Castro-
Catala et al. 2016).

The concentration of the metals in pore water was low
as compared to the total concentration in the sediment. The
metal concentration in the pore water ranged (ug » dm™>)
from 81.95 to 128.8 ug Zn; from 8.66 to 12.86 ug Cu, from
15.70 to 18.25 pg Cr; from 0.60 to 2.34 ug Pb; from 9.79 to
12.90 ug Ni. However, cadmium concentration was below
the detection limit in the pore water (Table 1). In the study
by Roig et al. (2015), a lower concentration of Zn, Pb was
found, along with a higher concentration of Cr, Cu, Ni, and
Cd in pore water compared to our study. The concentrations
of metals in pore water ranged from < 0.02 to 0.06 pg Cd;
from 34.8 to 223 pg Cr; from 2.82 to 94.6 pg Cu; from 0.26
to 14.96 pg Ni; from < 0.02 to 0.11 pg Pb, and from < 0.2 to
10.7 pg Zn « dm™ (Roig et al. 2015). The concentration of
Zn (S1, S2), Cu (S2, S3) in the pore water slightly exceeded
the standards for surface water (Table 1).

The concentrations of each PAH and the total PAH in
the bottom sediments are given in Table 2. The PAH con-
centrations in the sediments taken from the three sampling
stations varied in a different extent depending on the type
of substance: 40-50 ng NAP; 350-530 pg PHE; 40-90 pg

Table 2 PAHs concentration in bottom sediment

ANT; 1100-2260 pg FLT; 970-1840 pg PYR; 410-810 pg
BAA; 730-1380 pg CHR; and 1180-2400 pug BAP « kg~!
dw. The Y PAHs concentration in the surface sediments
ranged from 4820 to 9350 pg « kg~! dw. The highest con-
centration of PAHs was found in sediments taken from
the Rzeszow reservoir from station S1 (inlet, backwater
station), and the lowest one from station S2. In the litera-
ture, we found four categories of ) PAH pollution levels
in bottom sediments: low (0-100 pg - kg~! dw), moderate
(100-1000 pg - kg~! dw), high (1000-5000 pg - kg™ dw),
and very high (> 5000 ug - kg~! dw) (Baumard et al. 1999).
Sediments from the Rzeszéw reservoir had high concen-
trations of PAHs (III class). The reservoir is under strong
human pressure associated with industry, long-range trans-
port of PAHs and local agriculture, which causes severe
erosion of the land (Koniarz et al. 2015; Bartoszek et al.
2015; Baran et al. 2017). Bartoszek et al. (2015) showed
that the greatest impact on the quality of bottom sediments is
connected with the presence of BAP. The concentrations of
BAP in the obtained samples also were high, in the range of
1180-2400 pg » kg~! dw. Moreover, BAP and FLT were the
major compounds constituting, on average, approximately
26 and 23% of total PAHs, followed by PYR and CHR—19
and 14% of total PAHs, respectively.

Assessment of Ecological Risk

The sediments were predicted to be non-toxic if the con-
centrations of heavy metals and PAHs were lower than
the TECs (Threshold Effect Concentrations) (Tables 1, 2).
However, if the concentrations of metals and PAHs were
higher than the PECs (Probable Effect Concentration), the
sediments were predicted to be toxic (Tables 1, 2). Sedi-
ments with contaminant concentrations between the TEC
and PEC were predicted to be neither toxic nor nontoxic
(Macdonald et al. 2000). In the case of nickel and cad-
mium, TEC values were exceeded, and PEC values for cad-
mium were exceeded in all the stations. For other metals,
their concentrations in the bottom sediments were lower
than TEC values (Table 1). For individual PAHs concen-
tration in sediments, such as PYR, FLT, CHR (station

Staton NAP  PHE ANT  FLT PYR BAA CHR BAP SPAH LWM HWM
ug e kg™ dw

s1 51410 530425 90+14 2260+100 1840+44 810+38 1380+ 108 2400+109 9361 671 8690

s2 4042 340426 40+11 1100+58 970425 410439 730452  1180+85 4810 420 4390

s3 50+7  520+46 87+13 1770485  1440+52 750+19 1080+ 110 2350+56 8047 657 7390

TEC* 176 204 57.2 423 195 108 166 150 - - -

PEC* 561 1170 845 2230 1520 1050 1290 1450 - - -

*Macdonald et al. (2000)
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S1), and BAP (stations S1, S3), a higher possibility of the
occurrence of an adverse ecological effect was indicated.
The concentrations of PHE, BAA (all stations), FLT, CHR,
PYR (stations S2, S3), ANT (stations S1, S3), BAP (sta-
tion S2) in the sediments were between the TEC and PEC
values, indicating a lower possibility of the occurrence
of an adverse ecological effect (Table 2). Moreover, we
found that NAP (all stations) and ANT (station S2) are not
contaminants of any major concern (Table 4). The value
of the hazard quotients (HQ) in the sediment > 1 was
observed only for Cd, FLT, PYR, CHR (station S1), and
BAP (stations S1, S2). The mean PECq of heavy metals
and PAHs ranged from 0.38 to 0.69 (Table 3). The highest
value of PECq was found for sediments from station S1
(inlet) and the lowest value for sediments from station S2
(middle). Generally, the risk assessment revealed that the
total content of metals and PAHs was likely to cause a high

potential toxicity to biological communities (PECq > 0.5)
in sediments from stations S1 and S3. A low potential
toxicity to the benthic fauna (PECq < 0.5) was shown for
sediments from station S2. Other authors have divided
PEC quotients 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 heavy effect
(PECq > 1.0) (Ingersoll et al. 2001; Tavakoly Sany et al.
2014). Based on these ranges, a slightly adverse effect
on the benthic fauna was shown for sediments from sta-
tion S2, whereas a moderate effect was found for sedi-
ments from stations S1 and S3 (Table 3). Considering the
value of HQ for metals in pore water, Zn (S2) and Cu
(S2, S3) were the elements that contributed the most to
the risk. A low risk connected with metals (PECq < 0.5)
was shown for pore water from station 1, and a high risk
(PECq > 0.5)—from stations S2, S3.

Table 3 Hazard quotients calculated for chemical substance in the sediment and pore water

Station  Zn Cu Pb Cd Ni Cr NAP PHE ANT FLT PYR BAA CHR BAP PECq*
Sediment
S1 026 0.14 0.18 1.65 069 032 0.09 0.45 0.11 1.01 1.21 0.77 1.07 1.66 0.69
S2 0.19 0.12 0.13 074 059 027 0.07 0.29 0.05 049  0.64 0.39 0.57 0.81 0.38
S3 025 0.16 0.16 059 078 036 0.09 0.44 0.10 0.79 095 0.71 0.84 1.62 0.56
Pore water
S1 095 096 024 0.00 0.19 0.18 - - - - - - - - 0.42
S2 1.07 1.03 094 000 025 021 - - - - - - - - 0.58
S3 0.68 143 066 0.00 0.19 020 - - - - - - - - 0.53
*Mean PEC quotient
Table 4 Toxicity of bottom sediment
Station Phytotoxkit Ostracodtoxkit F Microtox
Germination inhibition Roots growth inhibition Mortality Growth inhibition Luminescence
Ls Sa Ss Ls Sa Ss H. incongruens V. fischeri
Percent effect PE %
Whole bottom sediments
S1 0+0 0+0 30£0 60 +2.8 9+1.6 15+£25 00 -6+3 8+ 14
S2 20+0 0+0 15+0 40+09 22420 5+10 0x0 -4+05 9+12
S3 30+0 0+0 10+0 54+15 62 +3.7 -5+£09 +0.5 -5+038 8+0.6
Solid phases of sediments
S1 18 +3 20+0 40+0 76 + 0.6 35+90 64+04 5+05 19+7 9+3
S2 14+0 0+0 30+0 48 +0.8 8+1.0 47+03 15+2 37+3 18+ 0.5
S3 4+0 10+ 0 0+0 46 +29 24 +8.0 44+13 15x2 21 + +3
Pore water
S1 8+0 0+0 33+0 -11+12 1+0.2 12+ 04 - - -21+6
S2 9+0 0+0 +0 20+£2.6 83+1.4 615 - - -8+4
S3 0+0 0+0 22+0 19+27 -3+0.7 32+13 - - 30+5

Ls L. sativum, Sa S. alba, Ss S. saccharatum
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Sediment and Pore Water Toxicity

Plant germination inhibition ranged from 0 to 40% (solid
phases), from 0 to 33% (pore water), and from 0 to 30%
(whole sediment). The inhibition of root growth was
between 8 and 76% (solid phases), between — 11 and 32%
(pore water), and between — 5 and 62% (whole sediment)
(Table 4). H. incongruens mortality varied between 0 and
15% and the growth inhibition ranged from — 6 to 37%
(Table 4). V. fischeri luminescence inhibition was from 9
to 18% (solid phases), from 8 to 9% (whole sediment), and
from — 21 to 30% (pore water) (Table 4). All bottom sedi-
ments were classified as toxicity class III (S1, S3) and II
(S2) (Table 5). The sediments’ solid phases exhibited class
III (S 1) and IT (S2, S3). The least toxicity was found for the
pore water, which was classified as toxicity class I (S1, S2)
and II (S3). Sediments from station S2 showed the lowest
toxicity to the test organisms (Table 4), and sediments from
station S1 had the highest toxicity (Table 4). Generally, more
toxicity was found in sediment bioassays than in pore water
bioassays. The mean toxicity of the samples can be placed in
the following order: solid phases > whole sediment > pore
water. Our results are in agreement with the studies of Baran
and Tarnawski (2013, 2015) as well as de Castro-Catala
et al. (2016). However, some authors have indicated that
the pore water test is more likely to detect toxicity than the
solid-phase tests (Winger et al. 2000; Roig et al. 2015). The
study of Buruaem et al. (2013) showed that pore water is
more toxic than the whole sediment. The authors suggest
that the test organisms in pore water are exposed to dis-
solved contaminants, which are easily absorbed by diffusion
through their body surface. Pore water is a space filled with
water between sediment grains, which constantly remains in
contact with sediments; therefore, it may exchange pollut-
ants between them. This makes pore water a valuable tool for
the assessment of the potential bioavailability of chemical

Table 5 Hazard classification

Samples Station  Class®  Toxicity

Whole bottom sediments S1 I Acute toxicity
S2 I Slight acute toxicity
S3 1 Acute toxicity

Solid phases of sediments  S1 il Acute toxicity
S2 I Slight acute toxicity
S3 I Slight acute toxicity

Pore water S1 I No acute toxicity
S2 1 No acute toxicity
S3 I Slight acute toxicity

Class: I no acute toxicity PE < 20%; II slight acute toxicity
20% < PE < 50%; III acute toxicity 50% < PE < 75%; IV high acute
toxicity 75% < PE < 100%; very high acute toxicity PE > 100%

substances or their toxicity (Baran and Tarnawski 2015;
Roig et al. 2015). Moreover, pore water is more concen-
trated than surface waters, but it is important to emphasize
that benthic organisms are highly exposed to it (de Castro-
Catala et al. 2016). Generally, plants showed the highest
sensitivity compared to other organisms. In the study, the
lowest sensitivity was observed in H. incongruens (solid
phases, whole sediment) and S. alba (pore water) (Table 4).
The greatest number of toxic responses in the whole sedi-
ment was found for L. sativum (root inhibition); in the solid
phases—for L. sativum and S. saccharatum (root inhibition);
and in pore water—for S. saccharatum (germination inhi-
bition and root inhibition). We found that L. sativum was
the most sensitive plant species (bottom sediment) along
with S. saccharatum (pore water). This result is in agree-
ment with our early study focusing on the toxicity of bottom
sediments from the Rybnik reservoir (Baran and Tarnawski
2015). However, in the studies of Czerniawska-Kusza et al.
(2006) and Baran and Tarnawski (2013), it was reported that
S. saccharatum is the most sensitive plant compared with L.
sativum and S. alba. Among the test plants, S. alba was the
least sensitive to the concentration of chemical substances
in the bottom sediments. Similar results were obtained in
the studies on the toxicity of sediments from the Zestawice
reservoir (Baran and Tarnawski 2013). Mankiewicz-Boczek
et al. (2008) presented the highest number of toxic responses
in the Phytotoxkit test, followed by the Microtox® and the
Ostracodtoxkit. F. Roig et al. (2011, 2015) and Kudtak et al.
(2011) found that algae tests seem to be more sensitive than
other organisms in pore water and bottom sediment samples.
We think that the reason for the high sensitivity of plants
compared to V. fischeri and H. incongruens is related to their
growth conditions. The growth of a plant can be limited
both by toxicants and by nutrient deficiencies in the bottom
sediment. Zotina et al. (2015) found the limitations of the
Elodea shoot and root growth under a nutrient deficiency.
However, Lahr et al. (2003) indicated that crustaceans 7.
platyurus and D. magna were the most sensitive organisms
in a battery of bioassays with pore water. In the study of
Roig et al. (2015), among different bioassays performed in
the whole bottom sediment samples, Chironomus riparius
was the most sensitive organism.

Correlation Coefficient and PCA Analysis

The concentrations of heavy metals (Cr, Ni, Zn, Cu, Pb)
and all PAHs were significantly positively correlated with
clay content and significantly negatively correlated with
silt (Table 6). We think that the high positive correlation
between metals, PAHs, and clay content is due to the degree
of the silting of reservoirs. The intensive silting process con-
tributes to the inflow of fine (mineral or organic) fractions
of both natural and anthropogenic origin. Fine fractions
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have high sorption capacities for metals and PAHs (Dahle
et al. 2003). Moreover, the clay content is the dominant frac-
tion in the bottom sediments of the Rzeszow reservoir. We
also found a significantly positive correlation between the
concentrations of Cr, NAP, PHE, ANT, BAP, and sand and
between the concentrations of Ni, Cu, all PAHs, and organic
C. The concentrations of metals and PAHs did not corre-
late with the values of the sediment pH. Many authors have
found that the positive correlations of metals and PAHs with
the organic carbon content in the sediments might be attrib-
uted to anthropogenic impacts (Shaheen and Rinklebe 2014;
Baran et al. 2016). Organic carbon is an important param-
eter governing the distribution and adsorption of PAHs in
bottom sediments (Dahle et al. 2003; Wang et al. 2013). A
strong relationship between PAH concentrations and organic
matter content or clay fraction in bottom sediments is often
observed (Oros and Rosa 2004; Khairy et al. 2009; Lubecki
and Kowalewska 2010; Baran et al. 2017). Moreover, rela-
tionships among the individual metals were significantly,
positively correlated with one another and with the PAHs
(except Cd) (Fig. 2a). A similar relationship was found for
PAHs (Fig. 2a). Strong positive correlations between indi-
vidual pairs of heavy metals and PAHs indicate that they
have a similar source and move together to the reservoir
(Rinklebe and Shaheen 2014; Shaheen and Rinklebe 2014;
Baran et al. 2016; Ekere et al. 2017). There are two main
sources of PAH contaminations: petrogenic and pyrolytic.
Generally, petrogenic PAHs are characterized by the pre-
dominance of low molecular weight PAHs (2- and 3-ring
PAHSs), while pyrogenic PAHs are characterized by a higher
molecular weight PAHs (above 4-ring PAHs) (Kafilzadeh

Sa-IG Ss-I‘G

1.0

VEAIL |

PCA2: 22.20%

1.0 -

\ \ | \
(a)

-1.0 -0.5 0.0 0.5
PCA 1: 76.84%

Fig.2 Results of PCA relationships between chemical and ecotoxico-
logical factors in bottom sediments (a) and pore water (b). /G Ls inhi-
bition of germination of L. sativum; IR Ls inhibition of root growth of
L. sativum; IG Sa inhibition of germination of S. alba; IR Sa inhibi-

Hi-IG

2015). Moreover, the ratio between PAHs was used to
identify possible PAHs sources in the samples. The ratio
between LMW/HMW < 1 (low molecular weight PAHs/
high molecular weight PAHs) implies PAHs of a pyrolytic
origin (Tavakoly Sany et al. 2014; dos Santos et al. 2017).
Pyrolytic sources comprise an incomplete combustion of
organic compounds, such as fossil fuels, whereas the petro-
genic PAHs are formed by petroleum products. We found
that 4-ring PAHs were prevalent in the sediments form the
Rzeszéw reservoir (66% of total PAHs). The HMW PAHs
contributed between 91 and 93% of the overall concentration
of PAHs in the sediments, which implies the domination of
pyrogenic sources. BAP often is used as an indicator for
PAHs originating from combustion (Ekere et al. 2017). In
the study, a high correlation between BAP and other PAHs
was found, which indicates that combustion is the primary
sources of the PAHs (Fig. 2a).

In the pore water, we found a significantly positive cor-
relation only between Ni and Zn and Pb (r = 0.84, r = 0.71,
p < 0.05, respectively) and a significantly negative correla-
tion between Cu and Zn (r = 0.78, p < 0.05; Fig. 2b).

Some correlations were performed to relate the con-
centrations of metals and PAHs in the sediments and the
results of toxicity to the test organisms (Table 6; Fig. 2). For
instance, the inhibition of germination and root growth of L.
sativum in the sediments correlated significantly, positively
with Cr, Ni, Zn, Pb, Cu, and PAHSs; S. alba and S. saccha-
ratum inhibition of germination and root growth correlated
significantly, positively with Cd (Table 6). Most relations
of H. incongruens and V. fischeri were negative. It indicates
that the concentration of the metals and PAHs in bottom

1.0—

0.5—

0.0—

PCA 2: 31.52%

-0.5—

1.0—

(b)

0.0
PCA 1: 51.58%

0.5

tion of root growth of S. alba; IG Ss inhibition of germination of S.
saccharatum; IR Ss inhibition of root growth of S. saccharatum; M Hi
mortality of H. incongruens; IG Hi inhibition of growth of H. incon-
gruens; IL Vfinhibition of luminescence of V. fischeri
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sediments did not affect their toxicity to the test organisms
(Table 6). The above data are in indirect concordance with
the HQ value. According to the HQ, substances that con-
tributed more to the overall toxicity of the sediments were
Cd followed by Ni and BAP, followed by PYR, CHR, and
FLT (Table 3). Considering the correlations between mean
PECqgs and the ecotoxicity effects of bottom sediments, a
significantly positive correlation with L. sativum and a sig-
nificantly negative correlation with H. incongruens and V.
fischeri (Table 6) were found. Our other study revealed a
significant and positive correlation between mean PECgs,
and the luminescence inhibition of V. fischeri as well as
growth inhibition of H. incongruens (Baran et al. 2016).
A significant correlation was found between luminescence
inhibition in V. fischeri and growth inhibition in H. incon-
gruens (r =0.99, p < 0.05) as well as between germination
and root growth inhibitions of S. alba and S. saccchartum
(r=10.99, p < 0.05). Therefore, it would seem that the cor-
relation analysis showed a similar sensitivity to toxicants in
the sediments. Generally, relations between the reaction of
test plants and the reaction of H. incongruens or V. fischeri
were negative (Fig. 2b). The study did not find many rela-
tionships with pore water. In the pore water, a significantly
positive correlation was observed only between Cu and root
inhibition of S. saccharatum and luminescence inhibition
of V. fischeri (r = 0.89, r =0.99, p < 0.05, respectively) as
well as a significantly negative correlation between Cu, Cr
and germination inhibition of L. sativum and S. sacchara-
tum (r = —0.93, r = — 0.85, p < 0.05, respectively). This is
because Cu in pore water seems to be the most critical ele-
ment. We also found that Cu was the most critical element
in pore water regarding HQ (Table 3). This observation is in
concordance with Khangarot and Ray (1989) and Roig et al.
(2013). In the pore water, we also found a significant correla-
tion between root growth inhibition of S. alba and germina-
tion inhibition of L. sativum (positive) as well as root growth
inhibition of S. saccharatum (negative) (Fig. 2b). Germina-
tion inhibition of L. sativum was significantly, negatively
correlated with root growth inhibition of S. saccharatum
and V. fischerii. Moreover, root growth inhibition of S. sac-
charatum was significantly, positively correlated with the
reaction of V. fischerii (Fig. 2b).

There have not been many reactions with pore water and
bottom sediment bioassays, but a total consent between the
solid phase and the pore water toxicity test is not necessar-
ily desirable (Roig et al. 2015). Doe et al. (2003) found that
different levels of agreement between the solid phase and
the pore water bioassay are to be expected when toxicity is
due to a moderate concentration of contamination, as in our
present study. Moreover, not many significant correlations
between the total metal concentrations in bottom sediments
and the pore water metal concentration have been observed.
We found a significantly negative correlation between the

@ Springer

concentration of Cr in pore water and Zn, Ni, Pb, and Cu
in bottom sediments (» = from — 0.82 to — 0.89, p < 0.05,
respectively). Total metal concentration in sediments is gen-
erally unrelated to the most bioavailable fraction of metals
in pore water (Baran and Tarnawski 2015; Roig et al. 2015).
The main factors affecting the mobility and bioavailability
of heavy metals from bottom sediments include reaction,
organic matter content and grain size distribution (Prokop
et al. 2003; Peakall and Burger 2003; Du Laing et al. 2009;
Czerniawska-Kusza and Kusza 2011; de Castro-Catala et al.
2016). Bottom sediments from the Rzeszéw reservoir were
classified as a group of clay deposits with alkaline reaction.
Therefore, these properties might have influenced the poor
solubility and mobility of the heavy metals from the solid
phase of sediments to pore water. Our previous study found
a low leachability of metals from the Rzeszéw bottom sedi-
ments (Baran et al. 2015).

The analysis of the main components partially confirmed
the previous observations. There were four distinct groups
of compounds in the bottom sediments (Fig. 2a). The first
and most numerous groups of factors or characteristics of
the bottom sediment include: Cu, Ni, Cr, BAA, PHE, BAP,
ANT, and NAP. The second group consists of Zn, Pb, PYR,
CHR, FLT, Ls-IR, and Ls-IG. The third group consists of
Cd, Sa-IR, Sa-IG, SS-IR, and Ss-IG. The last and least
numerous group includes V{-L, Hi-IG, and Hi-M (Fig. 2a).
The first group and the second group, although they form
separate groupings on the chart, also remain positively cor-
related with each other, but it is not as strong of a correlation
as in the case of intergroup parts. The third group does not
show any significant correlation, positive or negative, with
the two previous groups. The fourth group is, in general,
significantly, negatively correlated with the two previous
groups. It was established that the first, second, and fourth
groups are the main components of the first factor (PCA1).
This factor accounted for 76.84% of the variance (Fig. 2a).
This factor correlated with the concentrations of metals
(without Cd), PAHs, and toxicity to L. sativum, V. fischerii,
and H. incongruens. The third group (Cd, toxicity to S. sac-
charatum and S. alba) is a component of the second factor
(Fig. 2a). In the pore water, the PCA1 accounted for 51.58%
of the variance, and correlated with the concentrations of
Cu, Cr, Zn, toxicity to S. alba (Sa-IR), L. sativum (Ls-1G),
S. saccharatum (Ss-IR), and V. fischeri (Fig. 2b). The sec-
ond factor (PCA2) accounted for 31.52% of the variances
and the combined concentration of Pb, Cr and toxicity to L.
sativum (LS-IR) and S. saccharatum (Ss-1G) (Fig. 2b). The
first two primary factors accounted for 99% (bottom sedi-
ment) and 83% (pore water) of the total variance in the set
of the analyzed results. The positive loadings were observed
among metals and PAHs, which suggested similar sources
of anthropogenic origins. Moreover, its tributary—the Riv-
ers Wistok—is highly polluted with nutrients; the drainage



Archives of Environmental Contamination and Toxicology (2018) 74:395-407

405

basin here is mainly agricultural, with a few industrial
centers.

Conclusions

We have presented the environmental risk associated with
heavy metal and PAHs concentration in the bottom sediment
on the basis of their ecotoxicological properties. We found
the highest toxicity to organisms and the highest concentra-
tion of metals (Zn, Pb, Cd) and all PAHs in sediments at
station S1 (inlet, backwater station) and the lowest at sta-
tion S2 (middle). Sediments from the Rzeszow Reservoir
are moderately contaminated with heavy metals and PAHs,
which is a result of industry (combustion processes) and the
impact of transportation in the area of the reservoir location.
Clay content and organic C content are likely to be impor-
tant factors, which control heavy metal and PAH concentra-
tions in sediments. Moreover, positive correlations between
individual pairs of heavy metals and PAHs prove that they
have a similar source and move together to the reservoir
sediments. The PEC quotients of the six metals and eight
PAHs indicated a high potential toxicity of sediments from
stations S1 and S3 and a low potential toxicity of sediments
from station S2. We found that the bottom sediments from
the Rzesz6w reservoir were toxic. All bottom sediments and
solid phases were classified as toxicity class III (acute tox-
icity) and II (slight acute toxicity). The pore water samples
were classified as toxicity class I (no acute toxicity) and II
(slight acute toxicity). The tested organisms presented dif-
ferent sensitivities. The most sensitive organism for metals
and PAHs in bottom sediments was L. sativum, and in pore
water—S. saccharatum. The phytotoxicity of the sediments
for S. alba and S. saccharatum was caused mainly by Cd.
The concentration of metals and PAHs in bottom sediments
did not affect the toxicity for H. incongruens and V. fischeri.

In summary, the innovative potential of our results—a
battery of biotests with organisms from different trophic
levels—allows for a better sediment toxicity assessment.
The integration of ecotoxicological and chemicals methods
is necessary for an appropriate ecological risk assessment,
and it presents satisfactory results. The results of this study
provide a useful aid for sustainable reservoir management
in the region.

Acknowledgements The work was financed from the subsidy for sci-
ence granted by the Polish Ministry of Science and Higher Education.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Baran A, Tarnawski M (2013) Phytotoxkit/Phytotestkit and Microtox®
as tools for toxicity assessment of sediments. Ecotoxicol Environ
Saf 98:19-27

Baran A, Tarnawski M (2015) Assessment of heavy metals mobility
and toxicity in contaminated sediments by sequential extrac-
tion and a battery of bioassays. Ecotoxicology 24(6):1279-1293

Baran A, Tarnawski M, Michalec B (2015) Assessment of metal
leachability and toxicity from sediment potentially stored on
land. Water SA 41(5):606-613

Baran A, Tarnawski M, Koniarz T (2016) Spatial distribution
of trace elements and ecotoxicity of bottom sediments in
Rybnik reservoir, Silesian-Poland. Environ Sci Pollut Res
23(17):17255-17268

Baran A, Tarnawski M, Urbariski K, Klimkowicz-Pawlas A, Spatek
1 (2017) Concentration, sources and risk assessment of PAHs
in bottom sediments. Environ Sci Pollut Res. https://doi.
org/10.1007/s11356-017-9944-y

Bartoszek L, Koszelnik P, Gruca-Rokosz M (2015) Assessment
of agriculture use of the bottom sediments forms eutrophic
Rzesz6éw Reservoir. Ann Set Environ Prot 17:394-409

Baumard P, Budzinski H, Garrigues P, Dizr H, Hansen PD (1999)
Polycyclic aromatic hydrocarbons in recent sediments and
mussels (Mytilus edulis) from the western Baltic sea: occur-
rence, bioavailability and seasonal variations. Mar Environ Res
4:17-47

Besser JM, Brumbaugh WG, Ingersoll ChG (2014) Characterizing
toxicity of metal—contaminated sediments from mining areas.
Appl Geochem. https://doi.org/10.1016/j.apgeochem.2014.05.021

Blasco C, Pico Y (2009) Prospects for combining chemical and bio-
logical methods for integrated environmental assessment. Trends
Anal Chem 28:745-757

Bojakowska I (2001) Criteria for evaluation of water sediments pollu-
tion. Polish Geol Rev 49(3):213-219 [in Polish]

Buruaem LM, de Castro I, Hortellani MA et al (2013) Integrated qual-
ity assessment of sediments from harbor areas in Santos-Sao
Vicente Estuarine System, Southern Brazil. Estuar Cost Shelf
Sci 130:179-189

Cesar A, Pereira C, Santos A et al (2006) Ecotoxicological assessment
of sediments from the Santos and Sao Vicente estuarine system—
Brazil. Braz J Oceanogr 54(1):55-63

Czerniawska-Kusza I, Kusza G (2011) The potential of the Phytotoxkit
microbiotest for hazard evaluation of sediments in eutrophic fresh-
water ecosystems. Environ Mont Assess 179:113-121

Czerniawska-Kusza I, Ciesielczuk T, Kusza G, Cichon A (2006) Com-
parison of the Phytotoxkit microbiotest and chemical variables
for toxicity evaluation of sediments. Environ Toxicol 21:367-372

Dahle S, Savinov V, Matishov G, Evenset A, Neas K (2003) Polycy-
clic aromatic hydrocarbons (PAHs) in bottom sediments of the
Kara Sea shelf, Gulf of Ob and Yenisei Bay. Sci Total Environ
306:57-71

de Castro-Catala N, Kuzmanovic M, Roig N et al (2016) Ecotoxicity
of sediments in rivers: invertebrate community, toxicity bioassays
and toxic unit approach as complementary assessment tools. Sci
Total Environ 540:297-306

Doe K, Burton Jr GA, Ho K (2003) Porewater toxicity testing: an over-
view. In: Carr RS, Nipper M (eds) Porewater toxcity testing: bio-
logical, chemical, and ecological considerations, chap 6. SETAC
Press, Pensacola, FL, pp 125-142

dos Santos M, de Almeida Brehm F, Filippe T, Reichert G, Rodrigues
de Azevedo J (2017) PAHs diagnostic ratios for the distinction
of petrogenic and pyrogenic sources: applicability in the Upper
Iguassu Watershed—Parana. Brazil. Braz J] Water Res. https://doi.
org/10.1590/2318-0331.011716084

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11356-017-9944-y
https://doi.org/10.1007/s11356-017-9944-y
https://doi.org/10.1016/j.apgeochem.2014.05.021
https://doi.org/10.1590/2318-0331.011716084
https://doi.org/10.1590/2318-0331.011716084

406

Archives of Environmental Contamination and Toxicology (2018) 74:395-407

Du Laing G, Rinklebe J, Vandecasteele B, Meers E, Tack FMG (2009)
Trace metal behaviour in estuarine and riverine floodplain soils
and sediments: a review. Sci Total Environ 407:3972-3985

Ekere N, Yakubu N, Ihedioha J (2017) Ecological risk assessment of
heavy metals and polycyclic aromatic hydrocarbons in sediments
of rivers Niger and Benue confluence, Lokoja, Central Nigeria.
Environ Sci Pollut Res 24:18966-18978

Ezkwe CI, Utong IC (2017) Hydrocarbon pollution and potential
ecological risk of heavy metals in the sediments of the Oturuba
Creek, Niger Delta, Niger. J Environ Geogr 10(1-2):1-10

Forstner U, Salomons W (2010) Sediment research, management and
police. J Soil Sediment 10:1440-1452

FuJ, Zhao Ch, Luo Y et al (2014) Heavy metals in surface sediments
of the Jialu River, china: their relations to environmental fac-
tors. J Hazard Mater 270:102-109

Goncalves SF, Calado R, Gomes NCM et al (2013) An ecotoxico-
logical analysis of sediment quality in European Atlantic har-
bor emphasizes the current limitation of the Water Framework
Directive. Mar Pollut Bull 72:197-204

Gruca-Rokosz R, Tomaszak J (2015) Methane and carbon dioxide
in the sediment of a eutrophic reservoir: production pathways
and diffusion fluxes at the sediment—water interface. Water Air
Soil Pollut 226:16

Hoss S, Ahlf W, Fahnenstich C et al (2010) Variability of sediment-
contact test in freshwater sediments with low-level anthropo-
genic contamination—determination of toxicity thresholds.
Environ Pollut 158:2999-3010

Ingersoll CG, Macdonald D, Wang N et al (2001) Predictions of
sediment toxicity using consensus-based freshwater sediment
quality guidelines. Arch Environ Contam Toxicol 41:8-21

Kafilzadeh F (2015) Distribution and sources of polycyclic aromatic
hydrocarbons in water and sediments of the Soltan Abad River,
Iran. Egypt J Aquat Res 41:227-231

Khairy MA, Kolb M, Mostafa AR, El-Fiky A, Bahadir M (2009)
Risk assessment of polycyclic aromatic hydrocarbons in Medi-
terranean semi-enclosed basin affected by human activities. J
Hazard Mater 170:389-397

Khangarot BS, Ray PK (1989) Investigation of correlation between
physiochemical properties of metals and their toxicity to the
water flea Daphnia magna Straus. Ecotoxicol Environ Saf
18:109-120

Koniarz T, Baran A, Tarnawski M (2015) Assessment of the content
and spatial distribution of lead in bottom sediment Rzeszéw
reservoir. Logistyka 4:9195-9205 (in Polish)

Kos$ K, Zawisza E (2012) Usability evaluation of bottoms sediment
from Rzeszowski reservoir for soil liners in municipal waste
disposal sites. Acta Sci Pol Formatio Circumst 11(4):49-60

Kudtak B, Wolska L, Namie$nik J (2011) Determination of EC 50
toxicity data of selected heavy metals toward Heterocypris
incongruens and their comparison to direst-contact and micro-
biotests. Environ Monit Assess 174:509-516

Kuzmanovi¢ M, Lopez-Doval J, de Casto-Catala N et al (2016) Eco-
toxicological risk assessment of chemical pollution in four Ibe-
rian river basins and its relationship with the aquatic macroin-
vertebrate community status. Sci Total Environ 540:324-333

Lahr J, Maas-Diepeveen JL, Stuijfzand SC et al (2003) Responses
in sediment bioassays used in the Netherlands: can observed
toxicity be explained by routinely monitored priority pollutants?
Water Res 37:1691-1710

Latif M, Licek E (2004) Toxicity assessment of wastewaters, river
water and sediments in Austria using cost-effective microbi-
otests. Environ Toxicol 19(4):302-309

Li J, Dong H, Zhang D et al (2015) Sources and ecological risk
assessment of PAHs in surface sediments from Bohai Sea
and northern part of the Yellow Sea, China. Mar Pollut Bull
96:485-490

@ Springer

Lubecki L, Kowalewska G (2010) Distribution and fate of polycyclic
aromatic hydrocarbons (PAHSs) in recent sediments from the Gulf
of Gdarisk (SE Baltic). Oceanologia 52(4):669-703

Macdonald DD, Ingersoll CG, Berger TA (2000) Development and
evaluation of consensus-based sediment quality guidelines for
freshwater ecosystems. Arch Environ Contam Toxicol 39:20-31

Mankiewicz-Boczek J, Natecz-Jawecki G, Drobniewska A et al
(2008) Application of microbiotest battery for complete toxic-
ity assessment of rivers. Ecotoxicol Environ Saf 71:830-836

Matejczyk M, Plaza GA, Natgcz-Jawecki G et al (2011) Estimation
of the environmental risk posed by landfills using chemical,
microbiological and ecotoxicological testing of leachates. Che-
mosphere 82:1017-1023

Michalec B, Tarnawski M (2008) The influence of small water res-
ervoir operational changes on capacity reduction. Environ Prot
Eng 34(3):117-124 (in Polish)

MicrobicsCorporation (1992) Microtox manual toxicity testing hand-
book. MicrobicsCorporation, Carlsbad

Narracci M, Cavallo RA, Acquaviva ML et al (2009) A test battery
approach for ecotoxicological characterization of Mar Piccolo
sediment in Taranto (Ionian Sea, southern Italy). Environ Monit
Assess 148:307-314

Oros DR, Rosa JRM (2004) Polycyclic aromatic hydrocarbons in
San Francisco Estuary sediments. Mar Chem 86(3-4):169-184

Ostracodtoxkit F (2001) Direct contact toxicity test for freshwater
sediments. Standard operational procedure. MicroBioTest Inc,
Nazareth, p 35

Peakall D, Burger J (2003) Methodologies for assessing exposure to
metals: speciation, bioavability of metals and ecological host
factors. Ecotoxicol Environ Saf 56:110-121

Perrodin Y, Babut M, Bedell JP et al (2006) Assessment of eco-
toxicological risks related to depositing dredged materials from
canals in northern France on soil. Environ Int 32:804-814

Phytotoxkit F (2004) Seed germination and early growth microbi-
otest with higher plants. Standard operational procedure. Micro-
BioTest Inc, Nazareth, p 24

Prokop Z, Vangheluwe ML, Van Sprang PA et al (2003) Mobility
and toxicity of metals in sandy sediment deposited. Ecotoxicol
Environ Saf 54:65-73

Rinklebe J, Shaheen SM (2014) Assessing the mobilization of cad-
mium, lead, and nickiel using a seven-step sequential extrac-
tion technique in contaminated floodplain soil profiles along the
Central Elbe River, Germany. Water Air Soil Pollut 225:2039

Roig N, Sierra J, Nadal M et al (2011) Novel approach for assessing
heavy metal pollution and ecotoxicological status of rivers by
means of passive sampling methods. Environ Int 37:671-677

Roig N, Sierra J, Ortiz JD et al (2013) Integrated study of metal
behavior in Mediterranean stream ecosystem: a case—study. J
Hazard Mater 263:122-130

Roig N, Sierra J, Nadal M et al (2015) Assessment of sediment
ecotxicology status as a complementary tool for the evaluation
of surface water quality: the Ebro River Basin case study. Sci
Total Environ 503-504:269-278

Shaheen SM, Rinklebe J (2014) Geochemical fractions of chromium,
copper, and zinc and their vertical distribution in floodplain soil
profiles along the Central Elbe. Geoderma 228-229:152-159

Smal H, Liggza S, Wojcik-Kapusta A et al (2015) Spatial distribu-
tion and risk assessment of heavy metals in bottom sediments
of two small dam reservoirs (south-east Poland). Arch Environ
Prot 41(4):67-80

Sukhdhane KS, Pandey PK, Nennila A, Purushothaman CS, Ajima
MNO (2015) Sources, distribution and risk assessment of poly-
cyclic aromatic hydrocarbons in the Mangrove sediments of
Thane Creek, Maharashtra, India. Environ Mon Assess 187:274



Archives of Environmental Contamination and Toxicology (2018) 74:395-407

407

Tavakoly Sany SB, Salleh A, Sulaiman AH (2012) Distribution charac-
teristics and ecological risk of heavy metals in surface sediments
of west port, Malaysia. Environ Prot Eng 28(4):139-155

Tuikka A, Schmitt C, Hoss S et al (2011) Toxicity assessment of sedi-
ments from three European river basins using sediment contact
test battery. Ecotoxicol Environ Saf 74:123-131

Urbaniak M, Zieliniski M, Wagner I (2015) Seasonal distribution of
PCDDs/PCDFs in the small urban reservoirs. J Environ Res
9(2):745-752

Wadhia K, Thompson KC (2007) Low-cost ecotoxicity testing of envi-
ronmental samples using microbiotests for potential implementa-
tion of water framework directive. Trends Anal Chem 26:307-322

Wang X-T, Miao Y, Zhang Y et al (2013) Polycyclic aromatic hydrocar-
bons (PAHs) in urban soils of the megacity Shanghai: occurrence,
source apportionment and potential human health risk. Sci Total
Environ 447:80-89

Wang Ch, Zou X, Zhao Y et al (2016) Distribution, sources and eco-
logical risk assessment of polycyclic aromatic hydrocarbons in
the water and suspended sediments from the middle and lower
reaches of the Yangtze River, China. Environ Sci Pollut Res
23:17158-17170

Winger PV, Lasier PJ, White DH, Seginak JT (2000) Effect of con-
taminants in dredge material from the lower Savannah River. Arch
Environ Contam Toxicol 38:128-136

Witt M, Kobusiriska M, Maciak J, Niemrycz E (2014) Geostatisti-
cal methods for estimation of toxicity of marine bottom sedi-
ments based on the Gdarisk Basin area. Int J Oceanogr Hydrobiol
43(3):247-256

Wojtasik B (2009) Evaluation of the stage of development of the littoral
of Czorsztyniski and Sromowiecki reservoirs (Pieniny Mountains,
Poland) on the basis of analyses of meiobentos assemblages. Eco-
hydrol Hydrobiol 9(2-4):149-157

Zhonghua Z, Zhang L, Wu J (2016) Polycyclic aromatic hydrocarbons
(PAHs) and organochlorine pesticides (OCPs) in sediments from
lakes along middle-lower reaches of the Yangtze river and the
Huaihe River of China. Limnol Oceanogr 61:47-60

Zotina T, Trofimova E, Medvedeva M et al (2015) Use of the
aquatic plant Elodea canadensis to assess toxicity and gen-
toxicity of Yenisei River sediments. Environ Toxicol Chem
34(10):2310-2321

@ Springer



	Use of Chemical Indicators and Bioassays in Bottom Sediment Ecological Risk Assessment
	Abstract
	Materials and Methods
	Study Area and Sampling
	Chemical Analysis
	Ecotoxicity Tests
	Potential of Ecological Risk Assessment
	Statistical Analysis

	Results and Discussion
	Physicochemical Properties of Bottom Sediments
	Assessment of Ecological Risk
	Sediment and Pore Water Toxicity
	Correlation Coefficient and PCA Analysis

	Conclusions
	Acknowledgements 
	References




