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Introduction: Unioniade is a species-rich family of freshwater mussels with an
almost worldwide distribution. In Central European rivers Unio crassus, Unio
tumidus and Unio pictorum have relatively high populations. In order to
characterize the habitats of these suspension feeders, their nutrient supply and
potential metal contaminants were investigated in near-bottom suspended (NBS)
sediments and bottom sediments (BS) collected at four sampling locations along
the Tisza River.

Methods: The grain size distribution of sediments was determined by laser-
diffraction technique. The total organic carbon (TOC) and the total Kjeldahl
nitrogen (TN) were measured by a TOC analyzer and automated colorimetry,
respectively. The phosphorous and metal concentrations were determined by
inductively coupled plasma mass spectrometry following a microwave assisted
acidic extraction of sediments with aqua regia.

Results: The NBS sediments contained smaller grains than the BS samples, with
roughly 85%–90% of the particles being less than 60 μm, allowing these mussels
to catch them. Contrarily, only 2.47%–51.8% of BS samples were less than 60 μm.
The NBS sediments contained 30, 23, and 15%more organic carbon, nitrogen, and
phosphorous, respectively, than the BS samples. The rounded C:N:P molar ratios
in the NBS sediments were 60:4:1, whereas they were 45:3:1 in the bottom
sediments. The concentration of metals was also greater in the NBS sediments
with the exception of Zn at Tokaj and Fe, Al, Mn, and Cr at Szeged, where prior
contaminations transported by the tributaries Bodrog and Maros are stored in the
top 10 cm of BS.

Discussion:On basis of the measured C:N:P molar ratios it can be stated that soil-
derived organic materials are the main sources of the nutrient elements in the
habitats of suspension feeders in the Tisza River. The finer NBS sediments have
higher specific surface area than the BS and thereby contain more biofilms on the
grains resulting in higher proportion of organic nutrients and metal ions bounded
as complexes or chelates. Comparing the measured metal concentrations of
sediments with the concentration limits summarized in the Consensus-Based
Sediment Quality Guidelines developed for evaluation of potential risk of metal
contaminants in sediments for the benthic-dwelling organisms, it can be
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established that only the Hg concentration exceeded the probable effect
concentration.
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1 Introduction

The freshwater mussels of the familyUnionidae play a dominant
role in freshwater ecosystems due to their suspension-feeding, waste
excretion, and burrowing activities, as outlined by (Goldsmith et al.,
2021). These mussels, which are partially embedded in the bottom
sediments ingest organic nutrients, minerals, and microplastic
particles from both the continuously flowing NBS sediments and
the bottom sediments that have been resuspended by their
burrowing. It implies a continuous interaction between the
mussels and sediments in the benthic habitat. For instance,
sediment impacts on mussels cause smothering, a drop in fish
abundance, and decline in feeding and respiration. The increased
concentration of suspended sediments could have a deleterious
effect on mussel growth, survival, and reproduction, which could
eventually result in changes in diversity (Box and Mossa, 1999). On
the other hand, mussels-mediated nutrient dynamics, biodeposition,
and bioturbation can alter the chemical composition and properties
of sediments (Vaughn and Hakenkamp, 2001; Haag, 2012; Hoellein
et al., 2017). Particulate nutrients (organic C, N, and P) and other
key elements (Fe, Mn, and Si) have a substantial influence on the
ecology and biochemistry of aquatic environments by regulating the
availability of dissolved nutrients, affecting light availability,
influencing phytoplankton stocks, growth, grazing rates and
community structure, as well as affecting food webs (Turner and
Millward, 2002; Beusen et al., 2005; Bilotta and Brazier, 2008; Hickey
et al., 2010).

In order to characterize the habitats of mussels in rivers, it is
necessary to investigate the physical and chemical properties of the
water phase, the NBS sediment, and deposited (bottom) sediments.
However, it should be noted that there is a dynamic feedback
interaction between the river bed, flow, and mobile sediments
(Shu et al., 2020). Despite the fact that there is limited possibility
to uptake dissolved organic carbon and trace elements from the
water phase, as was demonstrated by (Roditi et al., 2000) in Zebra
mussels, the primary process of nutrition is based on the ingestion of
suspended organic particles (Pan and Wen-Xiong, 2004).

To evaluate the nutrient supply of bottom-dwelling species, mostly
the total organic carbon (TOC), total nitrogen (TN), total phosphorous
(TP), as well as the TOC/TN concentration or molar ratios were
measured in the bottom and suspended sediments. The majority of
published data are on bottom sediments since sampling surface
sediments using grab samplers or augers is a relatively
straightforward process compared to sampling suspended sediments
(Supplementary Table S1). On the basis of these selected literature data,
it can be established that in the surface layer of bottom sediments in
riverine environment, the concentrations of TOC, TN, and TP, as well
as the TOC/TN ratio, changed in a relatively wide range of 0.14%–22%,
0.07%–1.45%, 0.04%–0.88%, and 0.9–111, respectively. At this point, it
should be stressed that these nutrient concentrationmeasurements only
describe the surface sediments at the time of sampling, and we must

estimate any short- or long-term changes brought on by physical and
chemical (degradation) processes (Dalu et al., 2019; Islam et al., 2019).

In the case of suspended sediments (suspended particulate
matter, SPM), which include both living (algae, bacteria) and
non-living (e.g., inorganic minerals and organic detritus)
compounds, we must take into account that their depth profiles
in the rivers change continuously based on the hydrologic
characteristics, rainfall or storm events, watershed pattern,
vegetation, hydraulic conditions, physical characteristics (size,
shape, and density) and hydrodynamic behaviour of particles
(Kumar et al., 2021). Since the sampling procedure for suspended
sediments is more sophisticated than for bottom sediments, it is
challenging to receive reliable concentration data on depth profiles
of nutrient elements and contaminants in rivers using different
sampling devices and sampling strategies. Nevertheless, despite the
measurement uncertainty of element concentrations, the C/N
concentration ratios provide reliable information on the origin of
organic compounds. The potential sources of organic materials
include (1) living or dead algae and bacteria, (2) degraded soil
organic matter, and (3) plant materials.

In addition to the transport of nutrients, it is also important to
study the sediment-associated transport of essential and toxic metals
across the mussel habitat. Since all particles are blanketed with
biofilms (Mages et al., 2004; Prieto et al., 2016), the metal ions can be
immobilized in the extracellular polymer matrix by a variety of
mechanisms, including biosorption, precipitation as sulfides or
phosphates, and reductive microbial precipitation (van
Hullebusch et al., 2003). The biofortification factor of biofilms
formed on artificial substrata in the Tisza River varied in the
range of 103 and 105 for different heavy metals (Kröpfl et al.,
2006). Because of these aforementioned processes in the biofilm
layer, it is anticipated that the concentration of metals and
metalloids will be higher in the finer suspended sediments due to
decreasing grain size and increasing specific surface area of particles,
as compared to the deposited bottom sediments. The relationship
between the physico-chemical properties of sediments and their
metal content was studied by (Dendievel et al., 2022) in seven
Western European Rivers. On the basis of a dataset combining
long-time monitoring and scientific data (>12,000 samples), they
quantified the influence of key factors (sediment matrix type, TOC
content, grain size distribution, fractionation, location, and time) on
the metal content of sediments.

Some characteristic pseudo-total concentrations of the most
widely measured metal contaminants (Zn, Cd, Pb, Ni, Cu, and
Cr) in river surface sediments are listed in Supplementary Table S2.
Their concentrations vary by many orders of magnitude in the range
of 0.1–1,000 mg/kg, depending on lithogenic and anthropogenic
sources, textural traits, organic matter contents, mineralogical
composition, and depositional environment of sediment.

In this work, our objectives were (1) to determine the physical
and chemical properties of NBS sediments and bottom sediments
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collected at four sampling locations along the Tisza River within the
habitats of Unionidae mussels (Unio tumidus, Unio crassus, Unio
pictorum), (2) to investigate the relationships between the grain size
of sediments and concentrations of nutrient elements and metal
contaminants (3) to identify the main sources of nutrient elements
on basis of C/N ratios determined in sediments (4) to evaluate the
potential risk of metal contaminants for mussels as bottom-dwelling
animals considering the Concensus-Based Sediment Quality
Guidelines (MacDonald et al., 2000).

2 Materials and methods

2.1 Sampling sites and techniques

The Tisza River, which originates in the Bukovina segment of
the Carpathian Mountains, is the main tributary of the middle
Danube River. Its length and drainage area are 966 km and
157,186 sq. km, respectively. Along the Hungarian section of the
Tisza River, four sampling sites at the settlements of Tímár, Tokaj,
Csongrád, and Szeged, which are located at flow km of 552, 544, 244,
160, respectively, were selected (Figure 1). The sediment samples
were collected in the time period of August 2–4, when the algal
population was relatively high and defined by relatively high
chlorophyll-a levels (20 μg/L). At all sampling sites, three
sampling points located about 6–8 m from the river bank and
spaced roughly 4–5 m apart were selected. At these sampling
points, 5 L of suspension was pumped into amber bottles from
the 10–15 cm thick suspension layer streaming over the bottom of
the riverbed using a portable, pressure-difference “SEDIMONER”
sampler developed by Aqua-Terra Lab Ltd. (Veszprém, Hungary).

Although this sampling method does not produce an isokinetic
sample, it is more accurate when sediments are fine (<63 µm) and
flows are turbulent. Van Veen grab sampler was used for sampling
bottom sediments, allowing samples to be collected from a nearly
10 cm thick surface layer of bottom sediments. About 1 kg of sample
was collected at each sampling point and transferred into plastic
bags with zip-fastener. The suspension and sediment samples were
stored on ice during transport to the laboratory.

FIGURE 1
Hydrographic map of Tisza River and its tributaries arriving from
Slovakia (Bodrog, Sajó) and Romania (Kőrös, Maros). The four sampling
sites located at Timar (1), Tokaj (2), Csongrád (3), and Szeged (4) are
denoted by a red circle.

FIGURE 2
Grain size distribution of NBS sediments (black) and bottom
sediments (red) collected at sampling sites Tímár (A) Tokaj (B),
Csongrád (C), and Szeged (D).
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For the characterization of the water phase, the water
temperature, pH, dissolved oxygen concentration, redox potential,
electric conductivity, and turbidity were measured on-site using a
portable Ponsel-ODEON water quality meter (Fondriest
Environmental, Ohio, United States). During the campaign, the
flow velocity was measured by a rotating current meter (Global
Water Flow Probe FP 211, Xylem, United States). The
concentrations of selected anions, cations, as well as total organic
C and N of water samples obtained after filtration of NBS sediments
were determined by applying DIONEX 5000 ICS + dual channel
ionchromatograph (Thermo Scientific, Massachusetts, United States)
and a MULTI N/C 3100 TC/TN analyzer (Analytik Jena, Jena,
Germany), respectively. The elemental concentrations were
quantified using an inductively coupled plasma mass spectrometer
(Analytik Jena, Jena, Germany). These parameters are listed in the
Supplementary material (Supplementary Tables S3, S4).

2.2 Chemicals and reagents

A WasserLab Automatic unit (Labsystem Ltd., Budapest,
Hungary) was used for generating ultrapure water (resistivity of
18.2 MΩ cm−1). Nitric, hydrochloric, and sulphuric acids, hydrogen
peroxide, and solid natrium hydroxide of analytical grade were
purchased from VWR International Ltd. (Debrecen, Hungary). The
internal and multi-elemental standard solutions were produced by
Sigma-Aldrich Ltd. (Missouri, United States).

2.3 Determination of total suspended solids

The suspension samples were homogenized and three samples
of 200 mL each were separately filtered using pre-combusted glass
fiber filters with a pore size of 0.7 µm. The empty filters were
weighed before the filtration. The loaded filters were dried at
80°C for 12 h and re-weighed to determine the dry mass of solid
particles for calculation of the mass concentration of TSS.

2.4 Determination of grain size distribution

The bottom sediments were wet-sieved over a 2 mm mesh to
eliminate large detritus and benthic organisms and dried at 80°C for
12 h in a laboratory oven together with the suspended sediments.
Three replicates of both sediment samples were individually
homogenized. About 30–90 mg of these samples were
resuspended in 200 cm3 ultrapure water and subjected to 5 min
of ultrasonic treatment at a frequency of 32 kHz. The cumulative
and differential distribution functions were determined with the use
of a Shimadzu SALD-2300 laser diffraction particle size analyzer
(Shimadzu, Kyoto, Japan).

2.5 Chemical characterization of sediment
samples

For measuring the TOC contents, 300–500 mg dried and
homogenized sediment samples were analyzed using a Multi N/C

3100 analyzer (Analytik Jena, Jena, Germany). The total Kjeldahl
nitrogen (TN) of dried sediments was measured by automated
colorimetry with preliminary distillation/digestion on the basis of
Standard Method 1,687 (EPA-821-R-01-004, January 2001).

To determine the pseudo-total concentration of phosphorus
(TP), arsenic, and different metals, 500 mg dried sediments were
treated with 8 cm3 aqua regia at a temperature of 200°C for 20 min in
a TopWave microwave-assisted digestion system (Analytik Jena,
Jena, Germany). Three replicates were prepared for all sediment
samples. Following the sedimentation of solid particles
(predominantly silicates), 2 cm3 of the clear solution was
removed by a pipette and diluted 25-fold with ultrapure water.
After the addition of internal standards (Sc, Y, In) in concentration
of 20 μg/L, the main (Al, Fe, Mn, P) and trace elements (As, Cd, Co,
Cr, Cu, Hg, Li, Ni, Pb, Sn, Zn) were determined using a Plasma
Quant Elite inductively coupled plasma mass spectrometer
(Analytik Jena, Jena, Germany). The operating conditions are
listed in Supplementary Table S5. To characterize the reliability
of this analytical procedure a recovery test was carried out for
8 elements (Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn) analyzing the BCR-
146R (Sigma Aldrich, Missouri, United States) certified reference
material. The recovery values changed in the range of 82%
and 114%.

2.6 Statistical methods

Data were visualized using R statistical software (R Core Team,
2019). The relationship between TOC and metal/metalloid
concentrations was examined by Person’s correlation after
checking the assumption of the normal distribution. Figures
3A–D were drawn with the tkplot function of the “igraph”
package (Csardi and Nepusz, 2006) using the Pearson’s
correlation coefficients and p-values as input data.

3 Results and discussion

3.1 Physical characterization of sediments

The mass concentration of NBS sediment particles fluctuated
between 209 and 274 mg/L. These values are similar to TSS
concentrations of 70–247 mg/L measured at middle depth in the
Yellow River, however, considerably lower than the TSS
concentrations in the 2:1:1 ratio mixed subsurface, middle and
near-bed water samples of Yangtze River (Wang et al., 2012).

The grain size distribution functions of suspended and bottom
sediments originating from the same sampling site are depicted in
Figures 2A–D. The bottom sediments can be characterized by a high
maximum value within the typical sand size range of 60–500 μm,
while the NBS-sediments primarily consist of silt (size range
2–60 µm). In its grain size distribution functions, three different
grain size groups can be observed, signifying the existence of
particles originating from various sources. In all NBS sediments
the maximum values are observable approximately at particle sizes
of 6, 20, and 60 μm. Considering the particle capture efficiency of
mussels, even this size range is important for the nutrient supply of
Unionidae mussels (Kryger and Riisgård, 1988). However, (Tuttle-
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Raycraft and Ackerman, 2018), concluded in their paper that
particle quality rather than size is what modulates suspension
feeding in turbid waters. In the typical clay grain size range
(<2 µm), particles were not detectable in the bottom sediments
collected at Tokaj and Szeged. This phenomenon can be explained
by the hydrodynamic sorting of the rivers (higher stream velocities
at these sampling points (0.25 vs. 0.1 m/s). However, in all NBS
sediment samples, around 5%–10% of the particles were found to be
in this size range. In conclusion, silt predominates among the NBS
sediments investigated, which is consistent with the finding made by
(Bouchez et al., 2011) in the instance of the Amazon River.

It should be noted that our data on grain size measurements do
not accurately reflect the grain size distributions that originally
existed in the mussel habitats. This is because the cohesive
suspended sediments are transported primarily as flocculated
material (Droppo, 2001; Deng et al., 2019), but the flocs were
damaged during the sample preparation by drying and
resuspension of solid particles applying ultrasonic treatment
before the grain size measurements. It implies that the effect of
flocculation processes governed by extracellular polymeric
substances (Lee et al., 2017) is partly eliminated. In order to

avoid these undesirable disturbances and to obtain a true picture
of the particle sizes of suspended sediments, it would be necessary to
apply in-situ methods (e.g., submersible particle size analyzer and
submersible digital holographic camera), as was demonstrated by
(Safar et al., 2022). In the absence of such devices during our
investigations, the suspended particles were collected and
analysed in the conventional manner described in subchapters
2.1 and 2.4.

3.2 Chemical characterization of sediments

3.2.1 Study of nutrient elements
The suspension-feeder mussels can take the main nutrients (C, N,

P) from three different sources: (1) particulate organicmatter, e.g., algae,
plant residues, bacteria, (2) biofilms formed on the surface of all
inorganic and organic particles existing in the water, (3) dissolved
organic compounds from thewater phase. This third source plays only a
negligible role in the supply of nutrients, as it was established by Roditi
et al. (2000) in case of Zebra mussels. However, the biofilms containing
microbial cells and extracellular polymeric substances (polysaccharides,

FIGURE 3
Network representation of the relationships between the concentrations of elements investigated and TOC in the NBS (A,B) and bottom (C,D)
sediments. Elements appear as nodes, while the connecting lines between them represent the correlations. In subfigures (A,C), all correlations are shown,
while in subfigures (B,D), only the significant correlations (p < 0.05) are depicted. The colours of the links indicate the direction of the relationship: red links
denote positive correlations while blue links signify negative correlations. The width of the links is correlated with the strength of the correlation
(i.e., the absolute values of the Pearson’s correlation coefficients).
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lipids, nucleic acids, etc.) serve as a well utilized source of nutrients. The
chemical investigations were focused on the determination of nutrients
(TOC, TN, and TP) and the C:N:P molar ratios. The measured
concentrations of these three nutrient elements in the NBS and the
bottom sediments are listed in Table 1. It can be established that the
TOC concentrations in the NBS sediments were higher by a factor of
1.7–3.4, compared to the bottom ones. An exception was the sampling
site Csongrád, where the river’s velocity was extremely low (≤0.1 m/s) in
a small muddy bay. It should be noted that the TOC values of bottom
sediments were consistent across all sampling sites and only varied in a
narrow concentration range of 9.1–10.6 mg/g.

In the case of TN and TP content, the tendency of concentration
fluctuations between the NBS and bottom sediments is similar to the
TOC. The highest TOC and TN values were measured at the sampling
site Tokaj, below themouth of the tributary Bodrog, whereas the highest
TP values were recorded at Szeged, below the mouth of the tributary
Maros. Summarizing, it can be stated that the nutrient concentrations in
the Tisza River’s NBS sediments at sampling sites with flow rates of
0.1–0.25 m/s are higher than those in the bottom sediments.

The C/N molar ratios were calculated (Table 2) to provide
information on the bacterial-algal, soil-derived, or vascular land-
plant origins of sedimentary organic matter. In reality, organic
molecules from all three sources can participate in the formation of
the current C/N values, albeit in varying proportions. Bacteria and algae
typically have C/N molar ratios between 4 and 7, soil-derived organic

compounds have between 8 and 20, and vascular land plants have 20 or
greater (Meyers, 1994; Tyson, 1995). This distinction arises from the
absence of cellulose in bacteria and algae and its abundance in vascular
plants and the consequent relative richness of proteinaceous material in
the aforementioned microorganisms. Since the C/N molar ratios in the
NBS sediments and bottom sediments varied in the range of
13.7–18 and 13.1–16.3, respectively, it can be stated that the soil-
derived organics are the dominant sources of organic matter in these
samples. Similar C/N values (10–12) were published for Amazon
(Hedges et al., 1986), St. Lawrence (Pocklington and Tan, 1987),
Yellow and Yangtze Rivers (Wang et al., 2012) as well as for rivers
in Central United States (Onstad et al., 2000). Our higher ratios can be
attributed to the near-bottom sampling, while these literature data are
related to surface or middle depth water samples.

The C/P and N/P molar ratios were also higher in the NBS
sediments, with the exception of the muddy bay at sampling site
Csongrád, and their highest values were also detected at sampling
site Tokaj. This indicates that the highest nutrient supply for the
suspension-feeder mussels is available at this settlement below
the inflow of the tributary Bodrog.

3.2.2 Study of metal contaminants
The various metal and As contaminants (Table 3) were typically

present in higher concentrations in the NBS sediments at Timár, Tokaj,
and Csongrád than in the bottom sediments, with exception of Zn in
samples collected at Tokaj. This metal is likely stored in the bottom
sediments as a result of a former Zn contamination delivered by the
tributary Bodrog. In the case of sediments collected at Szeged, a tributary
effect of theMaros River was evident, resulting in higher concentration of
Al,Mn, Cr, and Sn in the bottom sediments. The differences between the
measured metal concentrations in the NBS sediments and the bottom
sediments can be characterized by factor 1.1–2.2. The highest deviations
for most metals in the suspended and deposited sediments were
measured at the sampling site Tokaj, where the TOC and TN
concentrations also had maximum values (Table 1). To evaluate these
measurement data it should also be considered, that the biofilms due to
their free–COOH and–OH groups are able to bind dissolved metal ions
as chelates or complexes. Therefore, decreasing grain size of sediment
particles and increasing specific surface area of biofilms grown on
sediment particles leads to increasing metal concentrations of the
finer NBS sediments. The network representation of relationships
between the concentrations of the investigated components in NBS

TABLE 1 Total organic carbon (TOC), total nitrogen (TN), and total phosphorous (TP) concentrations of NBS and bottom sediments (BS) in the Tisza River.

Sampling site Sediment type TOC (mg/g) TN (mg/g) TP (mg/g)

Tímár NBS 17.3 + 1.4 1.11 + 0.22 0.70 + 0.05

BS 10.2 + 0.9 0.76 + 0.12 0.49 + 0.04

Tokaj NBS 26.3 + 2.2 2.08 + 0.31 0.59 + 0.02

BS 9.1 + 0.8 0.65 + 0.13 0.39 + 0.02

Csongrád NBS 8.8 + 0.7 0.66 + 0.08 0.51 + 0.03

BS 9.4 + 0.8 0.83 + 0.05 0.47 + 0.03

Szeged NBS 16.2 + 1.7 1.37 + 0.18 0.98 + 0.07

BS 10.6 + 1.1 0.75 + 0.04 0.68 + 0.05

TABLE 2 Molar ratios of nutrient elements in the NBS and bottom sediments
(BS) of the Tisza River.

Sampling site Sediment type C/N C/P N/P

Tímár NBS 18.0 63.0 3.63

BS 15.6 53.1 3.12

Tokaj NBS 14.7 113 7.36

BS 16.3 59.4 3.63

Csongrád NBS 15.0 40.8 2.54

BS 13.1 51.0 4.02

Szeged NBS 13.7 42.2 3.03

BS 15.7 39.5 2.42
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and bottom sediments are demonstrated in Figure 3, while the calculated
coefficients are listed in Supplementary Table S6.

On the basis of these statistical data, it can be stated that the
majority of the metals investigated, with exception of Cd, Cr, Hg,
and Sn in NBS and Pb and Zn in bottom sediments, displayed a
strong positive correlation with TOC (correlation coefficient “r”

ranged from 0.68 to 0.98). However, significant positive
correlations (r = 0.98, p = 0.04) with TOC were found solely in
the case of Mn and Pb in the NBS and Ni in the bottom sediments.
Only Hg in NBS and Zn in bottom sediments showed negative
correlation with TOC. Our findings concur with those of
(Dendievel et al., 2022) and (Miranda et al., 2021), who found

TABLE 3 Mean pseudo-total concentrations of major and trace elements in the NBS sediments and bottom sediments (BS) of Tisza River at four different sampling
sites.

Elements Concentration (mg/kg)

Tímár Tokaj Csongrád Szeged

NBS BS NBS BS NBS BS NBS BS

Fe 36,902 27,674 40,188 21,117 25,626 21,135 36,130 36,879

Al 30,702 22,602 34,106 18,608 20,877 19,803 32,064 38,444

Mn 1,117 754 1,300 599 807 771 1,077 1,126

Zn 273 269 240 524 148 134 166 162

Cu 39.8 27.6 42.0 20.8 22.9 18.6 41.8 39.9

Pb 33.0 24.8 39.2 29.6 22.2 18.2 30.0 29.2

Cr 32.3 24.7 32.9 20.0 22.9 22.3 37.8 40.6

Ni 33.2 23.9 31.9 19.3 22.3 19.4 29.4 28.9

Li 27.2 15.2 24.7 11.4 14.4 12.2 20.9 20.6

Co 12.2 9.09 11.6 7.54 8.47 7.20 11.6 10.9

As 11.5 10.0 11.6 8.44 9.80 8.49 9.50 9.27

Hg 2.71 1.75 2.52 1.25 2.94 2.66 4.16 3.93

Cd 1.47 1.45 1.35 1.00 0.987 0.900 1.63 1.53

Sn 0.706 0.274 0.615 0.116 0.460 0.235 0.747 0.87

TABLE 4 Average and concentration range of metals determined in the bottom sediments (BS) and near-bottom sediments (NBS) of Tisza River and the
recommended sediment quality guideline values for metals and associated levels of concern to be used while conducting sediment quality assessment.

Metal/
metalloid

Concentration range
in bottom sediment

(mg/kg)

Average
concentration in
bottom sediment

(mg/kg)

Concentration range
in near-bottom

sediment (mg/kg)

Average
concentration in
near-bottom

sediment (mg/kg)

TEC
(mg/kg)

PEC
(mg/kg)

As 8.44–10.0 9.05 9.50–11.5 10.6 9.79 33.0

Cd 0.900–1.53 1.22 0.980–1.63 1.36 0.990 5.00

Cr 20.0–40.6 26.9 22.9–37.8 31.5 43.4 111

Cu 18.6–39.9 26.8 22.9–42.0 36.6 31.6 149

Fe 21,117–36,879 26,701 25,626–40,100 34,690 20,000 40,000

Pb 18.2–29.6 25.5 22.2–39.2 31.0 35.8 128

Mn 599–1,126 812 807–1,300 1,075 460 1,100

Hg 1.25–3.93 2.40 2.52–4.16 3.08 0.180 1.06

Ni 19.3–28.9 22.9 22.3–33.2 29.2 22.7 48.6

Zn 134–524 272 148–273 2067 121 459
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that the key factors influencing metal concentrations of sediments
are their grain size and TOC content.

Correlations between different elements revealed distinct
pictures, depending on the sediment type. For instance, in the
NBS and bottom sediments, Fe had significant correlations with
Al, Co, Cu, Li, Ni, and Al, Cu, Mn, Pb, respectively. In the NBS
sediments, Zn demonstrated negative correlations with all other
elements (except Pb), while in the bottom sediments, Hg displayed
negative correlations with As, Li, Mn, Ni, Pb, and Zn. However, As
and Zn concentrations did not display any significant correlations
with any other elements in both sediment types.

The Consensus-Based Sediment Quality Guidelines (CBSQGs)
developed byMacDonald et al., 2000, might be usefully viewed in the
context of evaluating the potential risk of metal contaminants. The
CBSQGs contain threshold effect concentrations (TEC) and
probable effect concentrations (PEC) for 10 elements, which are
the concentrations at which toxicity to benthic-dwelling organisms
is predicted to be unlikely and probable, respectively. The
concentration range of metal contaminants determined in the
NBS and bottom sediment samples, as well as the TEC and PEC
values are listed in Table 4. It can be established that the measured
concentrations of As, Cd, Cr, Cu, Pb, and Ni in both type of
sediments was lower than their PEC values. The Fe, Mn, and Zn
concentrations were mostly between their respective TEC and PEC
limits. However, the risk of Hg contamination can be predicted since
its concentration in all sediment samples exceeded the PEC value.

4 Conclusion

It should be emphasized that the chemical information
preserved by bottom sediments characterize a longer integration
period of nutrients and contaminants, such as a fewmonths or years,
depending on the thickness of the investigated sediment layer. The
sampling and investigation of the NBS sediments provide
information on the momentary (temporal) concentration of
contaminants and simultaneously on the actual concentration of
seasonally changing nutrients. Our findings with regards to the
bottom sediments sampled in sizable shellfish fields in the Tisza
River illustrate the geochemical background of this catchment area,
the “zoo-geochemical additives” of bottom-dwelling animals, and
anthropogenic contaminants originating from different industrial
and agricultural sources. In addition, the soil-derived organic
materials contributed the major nutrients in the habitat of
Unionidae mussels and their concentrations were considerably
influenced by the tributaries. Considering the concentration
limits listed in CBSQGs for heavy metals in sediment matrices,
only the Hg contamination can generate a probable toxic effect in
Unionidae mussels as benthic dwelling organisms.
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