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Abstract: The accumulation of pollutants in the sediment along surface water may negatively affect
riparian zones and increase ecological risk. This article investigates the effects of metal sediments
on riparian soil via field monitoring and ICP-OES analysis. To this end, pollution levels, seasonal
changes, and potential sources of the pollutants were determined for the Melen River watershed,
Turkey. The ecological statuses (contamination factor, enrichment factor, index of geo-accumulation,
pollution index, modified pollution index, and potential and modified ecological risk indexes) of the
watershed were also analyzed. Although no significant seasonal differences in the metal sediments
were observed, their spatial distribution in the sediments and riparian soils varied markedly. Cr (11.4
to 136), Co (7.7 to 21.52), Cu (11.4 to 76.6), and Ni (14.06 to 128.2) recorded as mg/kg significantly
increased from the upstream to the downstream. The metals possessing the highest risk in the
sediment and riparian soil regarding the river health were Cu, Co, and Ni. The risk values were
found to be heavily polluted (PI > 3 and MPI > 10), and the risk indexes were above the “desired
environment without the risk”. The risk index was found to be more than 50, and the modified
risk indexes exceeded 200 at many points. The transportation of pollutants in surface water became
evident in the sediment, resulting in adverse effects on the riparian zone and the ecological system.

Keywords: pollution indexes; source identification; ecological risk; metal pollution; river health

1. Introduction

River ecosystems are the main vessels that feed the earth and life. The composi-
tion of rivers, along with their pollution levels, plays a crucial role in shaping ecosystem
dynamics. Among the various pollutants, metals stand out as significant contributors,
demanding careful consideration due to their toxic and carcinogenic potential. Under-
standing their presence and impact is vital for deciphering the intricate mechanisms within
ecosystems [1-4]. Although certain metals serve as essential building blocks for aquatic
life, their concentration beyond specific threshold values can lead to detrimental effects on
living organisms [5,6]. Metal persistence and accumulation in an aquatic environment can
pose a long-term danger to its ecosystem [7]. In river ecosystems, metals have the potential
to accumulate in sediment or undergo transport over hundreds of kilometers in suspended
and dissolved forms [8-11].

The source of metals in aquatic environments can be geogenic or anthropogenic. Pollu-
tion can occur naturally by weathering or artificially by human activities [12-14]. With the
increase in human population, river ecosystems are exposed to the greatest threat. Riparian
zones are particular transition areas between aquatic and terrestrial environments and are
sensitive to the level of metals [15]. They perform essential roles such as nutrient filtra-
tion, flood mitigation, erosion reduction, water purification, and flow regulation [16-18].
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Seasonal flow differences in rivers can significantly affect the riparian soil and sediment.
Regarding environmental health, metals reaching the riparian zone should be monitored,
and the associated risk needs to be assessed [19,20].

Various approaches have been developed to detect primary pollutants in river ecosys-
tems’ sediments and soils and determine their risks [21-23]. The geoaccumulation index
(Igeo), enrichment factor (EF), and contamination factor (CF) were the commonly applied
methods. In addition, the pollution index (PI) and modified indexes have also been used.
Ecological risk indexes and their modified methods are useful as risk assessment methods
for the health of the aquatic ecosystem [7,24].

While studies exist to assess the pollution levels and sources of sediments, compre-
hensive examinations that encompass both sediment and soil within river ecosystems are
scarce. Furthermore, only a limited number of studies have delved into the seasonal risk
assessments of pollutants in the sediment and soil of river ecosystems. Moreover, the extent
to which riparian soil impacts aquatic ecosystems and the associated risk dimensions have
not been thoroughly investigated in the context of environmental health. The primary
objectives of this study are threefold: (i) to elucidate the transport dynamics of metals along
the river and the interactions between riparian soil and sediment; (ii) to identify and assess
metal pollution and its sources in both sediment and riparian soil; and (iii) to conduct a
comprehensive investigation into the seasonal variations of sediment and riparian soil pol-
lution, pollution sources, and ecological risk assessments. Notably, this research represents
the first attempt to explore these aspects within the Melen River watershed in Turkey.

2. Materials and Methods
2.1. Study Area

The Melen Rivers watershed in Turkey was chosen as the study area (Figure 1).
It is located between 40° and 42° north latitude, and 30° and 33° east longitude. The
Melen River pours into the Black Sea. The land use of the basin is 40% forest (natural
meadows, coniferous forests), 32.5% agricultural lands, 3.5% meadows and pastures, and
24% settlements and other areas [25].

= Sampling point

40Km

Figure 1. The Melen River watershed and the location of nine sampling points.

The mean annual temperature of the basin is 13.5 °C, the annual precipitation is
822.8 mm, and the average relative humidity is 75.4%. The lowest temperatures occur
between December and March, and the highest between May and August. Throughout
the year, 21% spring, 14% summer, 19% autumn, and 46% winter precipitation are seen.
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The average temperature 19-20 °C in September, with an average of 4-5 °C in November—
December. It drops to an average of 3-4° C in January as the coldest month. After mid-
February, the average temperature usually rises. Wind speed may be interrupted due to the
mountains surrounding the study area. Due to the low wind speed in autumn and winter,
foggy weather events are seen intensely (36.1 days/year). While evaporation may decrease
to 0 mm in the winter months (December, January, February, March), it increases from April
to July, and the highest evaporation rate is observed in July. The evaporation decreases
again between August and November and reaches the lowest rate in November [26].

The average population of the basin consists of four hundred thousand and includes
three active organized industrial zones. The main sectors are the automotive, textile, food
processing, and forest product industries. Many polluting factors such as agricultural
chemical fertilizers, irregular use of meadows and pastures, livestock practices, domestic or
industrial wastes originating from settlements, pollution caused by vehicles on highways,
and mining activities pose pollution risk for the study area. The percentage of total organic
carbon in the basin’s sediment is between 0.23 and 3.30 [27,28].

2.2. Sampling

Sediment and riparian soil samples were collected from nine points four times in
autumn (November), winter (February), spring (May), and summer (August). The samples
were collected using a 0.1 m? Van Veen sediment trap. Each sample was taken with stainless
steel grub from the top layer of the sediment surface (0-5 cm) and transported to a glass jar
(250 mL). The samples were placed in an ice cooler before being transferred for storage in
the laboratory and then transported with a cooling system. Surface samples can be taken to
monitor the change and accumulation of pollutants in sediment and soil throughout the
year. Although seasons cannot be clearly separated in different regions, annual pollution
can be revealed by surface sampling [29,30].

Each riparian soil sample was collected as a composition of five sub-samples. Triplicate
samples were created from each point. River riparian soil samples were collected from
the surface (0-20 cm depth). The leaves and non-soil materials were removed. In an area
of 1 m?, the five samples were mixed in equal amounts. All soil samples were stored in
sealed polyethylene bags and then kept at 4 °C in the refrigerator for further analysis.
Approximately 250 g of soil was collected from each point and was packaged and stored
at room temperature [20,29]. The coordinates of the sampling points (riparian soil and
sediment) are tabulated in Table 1.

Table 1. Sampling point coordinates.

Point N E Elevation (m) Location
1 40.907455 31.22219 225 upstream
2 40.887861 31.16137 202 upstream
3 40.843652 31.13385 166 upstream
4 40.835489 31.11113 174 tributary
5 40.836464 31.10105 164 urban area
6 40.770528 31.10696 168 tributary
7 40.763547 30.99814 155 tributary
8 40.822176 31.02494 151 downstream
9 40.864534 30.98388 171 downstream

2.3. Sample Preparation, Analytical Instruments, and QA/QC

The sediment samples were dried with the help of Teknosem brand lyophilizer for
one day. The dried samples were ground and homogenized. The method used it as an
analytical procedure for twelve metals (US EPA M.1613). The analysis of metals (Al, Ba, Co,
Cr, Cu, Fe, P, Mn, Nji, Pb, V, and Zn) was measured in the surface sediment and riparian
soil. Cleaning processes were carried out. Sample cups were cleaned with 1:1 diluted hot
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HCI and HNO;s for at least 2 h and dried after washing with distilled water. Polymeric or
glassware storage containers were washed with dilute acid solutions.

Of the surface soil and sediment samples, 0.1 g was weighed in a microwave Teflon
cup, then 4 mL of concentrated HNOj3, 2 mL of concentrated HC, and 1 mL of concentrated
HF were added. Digestion was carried out at 180 °C under high pressure for 20 min. About
300 mg of solid H3BO3 was added to the chilled samples to neutralize. The acidic extracts
in a Teflon container were diluted in 50 mL bottles. These samples were filtered and stored
in polyethylene bottles until analysis in the ICP-OES instrument [30]. Autotuning was
performed for optimum sensitivity conditions. All sampling equipment was thoroughly
washed and rinsed with acetone, followed by hexane, before sampling to avoid cross-
contamination and reveal background contamination. Solvent rinses were analyzed as
control samples and applied the same extraction procedure as the soil and sediment samples
from the river. In the blank samples, no significant target analyses were detected [31,32].
Quality control was prepared for the calibration by using a 1000 mg L~! standard solution
from Merck (multi-element standard solution IV). The limits of the detection values for Al,
Co, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn were 0.63, 0.06,0.23, 0.11, 0.74, 0.08, 0.13, 0.30, 0.05, and
0.069 mg/kg, respectively. The limits of the quantitation values were 1.93, 0.18, 0.78, 0.35,
2.46,0.25,0.41, 0.97, 0.16, and 0.25 mg/kg, respectively. Calibration curves (r?) (ranging
from 0.9956 to 0.9998) were generated automatically for each metal. Three replicates were
used for the measuring.

2.4. Statistical Analysis

Statistical analysis of the compositional metal concentrations in the river riparian soil
and surface sediment samples was performed using Microsoft Excel, CoDAPack version
2.03.01, and SPSS version 25.0. Principal component analysis (PCA) was applied to identify
the possible metal sources measured in riparian soil and sediment samples [6]. Extraction
was performed during PCA analysis. Raw calculated factor loading coefficients varimax-
rotated with Kaiser normalization. Only the leading principal components with significance
were considered.

Normality tests (Kolmogorov-Smirnov and Shapiro-Wilk) were applied to all data.
Skewness and kurtosis values were evaluated according to the normal distribution. As a
result of these analyses, it was observed that some parameters had higher skewness and
curvature and therefore did not show normal distribution.

Composition data requiring transformation has been made available to make sta-
tistical results more accurate. Standard statistical approaches of principal component
analysis (PCA) were applied. Such methodologies were proposed in the early 1980s for
the first time [33]. Components only give information about their relative sizes. A data
analysis transformation was conducted focusing on the components and the ratios between
components [34]. Log-ratio transformation (clr) by the CoDAPack code to “open” the raw
data is expressed as follows:

clr(x) = (log(x1/g(x), - ., log(xD/g(x)))

where x represents the composition vector, g(x) is the geometric mean of the x composition,
and xD is the Euclidean distance between the individual residue variables. Clr conversions
were performed using CoDaPack Edition 2.03.01, which is an Excel-based software for
combinatorial data transformation [35]. The normality of the transformed data was tested.
Skewness and kurtosis were observed normally. The correlation between parameters was
observed. As a result of PCA analysis, the elements were divided into groups and biplot
shapes were created.

2.5. Risk Assessment and Toxicity Analysis

The contamination and ecological risks of metals in the riparian soil and sediment
were calculated. Environmental factors and indexes such as the contamination factor (CF),
enrichment factor (EF), index of geo-accumulation (Igeo), modified and standard pollution



Toxics 2024, 12,213

50f 14

index (PI and MPI), and potential and modified ecological risk indexes (RI and MRI)
were analyzed.

CF is a single and straightforward index indicator used to assess metal contamination.
The element in the sampling area and the same element in the background proportion
provide a reference value (Equation (1)) [7].

CF=~ (1)

where CF is the contamination factor, C; is the metal concentration in a region, and C,, is
the concentration of the same metal in the background or reference. Ef is an enrichment
factor as a useful single-element index that assumes no anthropogenic input and little or
no weathering (Equation (2)).

EF — (Ci/cref )sample

(2)

(ci/ Cref )background

Igeo is also a single-element index that describes metal contamination in sediments
or soil by comparing the current levels with the before levels, which is calculated using
Equation (3).

Ci
Igeo = log, (M) 3

where C; is the measured metal concentration in riparian soil and the sediment, and B;
is the metal’s geochemical background concentration or reference value. The 1.5 factor
accounts for anthropogenic effects and possible background value variations [6].

The modified and standard pollution indexed (MPI and PI), which are improvements
in the pollution index, use CF and EF in their calculation (Equations (4) and (5)) [22].

(4)

Pl = \/(Cfaverage )z‘l‘ (Cfmax)z

2 2
MPI = \/(Efaverage) + (E fmax ) 5

2

The RI and MRI also measure the susceptibility of the biological community to
generally contaminate the river [21]. They consider the CF and EF of the elements,
potential ecological risk factors (Er), and sediment logical toxic response factors (Tr')
(Equations (6) and (7)).

RI=) Er'=) Tr xCF (6)
i=1 i=1
n . n . .
MRI=)Y Er'=) Tr' x EF 7)
i=1 i=1

3. Results
3.1. Riparian Soil and Sediment Pollutant Levels

Riparian soil metal averages were found to be higher than sediment (except Ni). The
averages for all metals in riparian soil and sediment are close in the basin. Although
riparian soil had a higher average, the highest values for all metals (except Pb and P) were
found in sediments. Metals in the watershed were measured and detected at all sample
points. The level of each metal in the surface sediments and riparian soil is presented in
supplementary materials (see Table S1).

In the river system, Cr was found to be the lowest at 11.4 and the highest at 136 mg/kg.
The lowest chromium values were observed at point 3 and the highest values at point 9. At
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point number 4, an increase in accumulation stood out. Cobalt concentration was observed
in the range of 5 to 20 mg/kg, and points 2, 8, and 9 were the highest valued points. The
lowest value was observed at point 3. Copper was in the range of 10-50 mg/kg. The lowest
values were observed at point 3 and the highest at point 6. Lead was in the range of 4 to
10 mg/kg. The lowest values were observed at sample point 3. Nickel was in the range of
20-150 mg/kg, and the highest value was observed at point 7. Vanadium was in the range
of 35-140 mg/kg, and the highest value was observed at point number 6 and point 3 again
had the lowest value. The lowest value was observed at point 3 again for zinc, which was
in the range of 25-75 mg/kg. The lowest values of Al were seen at point 3, and the highest
values were seen at sample point 6. It was in the range of 15,000 to 45,000 mg/kg. A similar
situation was found for Fe. The lowest value was observed at point 3 and the highest value
at point 6 in the range of 18,000-60,000 mg/kg. Manganese was observed at point 1 at the
highest and point 5 at lowest, in the range of 250 to 620 mg/kg. Barium was found in the

range of 40 to 230 mg/kg, with the lowest values at points 3, 6, and 7 (Figure 2).
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Figure 2. Mean riparian soil and sediment concentrations (mg/kg dry matter) in the Melen watershed.

The seasonal pollution levels were observed close to each other regarding all metals
in the sediment and riparian soil. Seasonally, the highest average Ba (80.3-106.3), Cr
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(57.3-60.5), Mn (636-619), Ni (605-673), P (605-673), and V (78.2-80.2) values (mg/kg
dry matter) in the watershed sediments and soils were observed in autumn. The highest
values for any metal were not observed in the summer period. On the contrary, the
lowest Ba, (61.3-88.3) Cr (42.5-44.1), Cu (27.9-29.7), Fe (32,056-32,659), Ni (46.7-45.8), V
(59.1-61.8), and Z (40.8-49.6) values (mg/kg dry matter) were observed in the summer
period. Generally, the seasonal variation in pollutants was around 10%, and the highest
intra-annual variation of about 30% was observed in V and Cr. The seasonal average of
pollutants in the study area is shown in Tables S1 and S2. The values were found to be close
to the average of other studies (except Pb). Ni values were found to be slightly higher in
the Melen River system sediment and riparian soil, and the Pb value was relatively low

(Table 2).

Table 2. Concentration of metals in the river surface sediments and riparian zone soils (mg/kg).

Type Location Cr Ni Zn Pb Cu References
Liaohe River, China 38 27 37 17 28 [20]
Yangtze River, China 89 37 174 60 82 [36]
Louro River, Spain 108 46.4 - 61.8 454 [37]
. Swarnamukhi River, India 85 2 63 21 100 [38]
Sediment 31001 River, Malaysia 33 10 102 30 14 [39]
Gorges River, Australia 39 13 157 67 30 [40]
Red River, Vietham 85 38 127 66 83 [41]

Melen River, Turkey 57.27 50.9 42 515 29.3 This study
Liaohe River, China 34 23 31 17 25 [20]
Riparian soil Beiyun River, China 22.9-114.6 8.8-45.6 36.1-478.3 11.6-61.8 7.1-125.7 [18]
Red River, Vietnam 81 37 127 68 98 [41]

Melen River, Turkey 60.53 49.9 51.9 7.71 31.97 This study

With the effect of precipitation and other factors, the water level in the riparian zone
area was dynamic. Ecological processes and metal exchange in sediments and riparian
soils are overly complex [18,42,43].

3.2. Interaction of the Pollutants

Certain metals showed a significant correlation, but some did not show a significant
relationship in terms of sediment and riparian soil metals. Significant positive correlations
were observed between metals in riparian soil and sediment (Tables S3 and S4). Correlation
results indicated the presence of pollutant groups. Correlations among the pollutants
reflect their origin [36]. If no significant correlation was observed among the elements, the
contaminants were not sourced by a single factor [1].

Although the metal pollution levels did not differ significantly in the river system
seasonally, significant differences were found between the spatial values. The significant
values of the ANOVA test to measure the seasonal and spatial variation of each metal
measured are shown in Tables S5 and S6. According to the ANOVA test results, only P
and Pb differed seasonally. It was found that other metals did not vary in sediment and
soil throughout the year. Spatially, all metals differed in the sediments and soils of the
study area. In another study on sediment seasonal differences, Fikirdesici et al. [44] did
not find statistical significance among the results during the year. Some seasonal changes
were observed for Ni, Mn, and Al. The seasons with the most remarkable difference were
between spring and summer. The highest seasonal differences were observed in our study
for Ni, Cr, Mn, and Al metals.

In the statistical analysis carried out to determine the source of the pollutants, it
was observed that these metals reached the drinking water source and accumulated from
three different source sediment and riparian soil. The principal component analysis results
for all pollutant groups are combined in Tables S7 and S8. PCA results showed that for
metals of riparian soil, the first three major components (Eigenvalue > 1) accounted for
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84.37% of the total variability between samples (39.15% for PC1, 31.40% for PC2, 13.81% for
PC3). PC2 included Ba, Cr, Ni, and P, and PC3 included Pb and Al congeners. Therefore,
most of the metal variation in the dataset can be explained by the first three components
in the riparian soil of the Melen watershed. Three primary metal pollutants were found
in riparian soil and sediment in the basin. The primary metal pollutant sources for the
basin are industry, agricultural activities, and weathering [26]. These activities are the main
polluting factors in riparian soil and sediment. Industry stands out as the first component
(PC1) containing copper, iron, cobalt, manganese, vanadium, and zinc. The second factor
(PC2) represents agricultural activities, and the third component (PC3) represents pollution
caused by weathering.

Regarding the metals in sediment, the first three components (Eigenvalue > 1) ac-
counted for 78.20% of the total variability between the samples (36.60% for PC1, 32.73%
for PC2, 22.65% for PC3). PC2 included Ba, Cr, Ni, and Al, and PC3 only the Pb congener
(Tables S7 and S8). Therefore, most of the metal variation in the dataset can be explained by
the first three components in the sediment of the study area. In both sediment and riparian
soil, Co, Cu, Fe, Mn, V, and Zn clustered in the first group, Ni, Cr, and Ba in the second,
and P in the third group (Figure 3).
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Figure 3. Metal scattering in the Melen River: (a) sediment; and (b) riparian soil.

3.3. Risk Assessments of the Pollutants

Severe pollution and risk were found in basin riparian soil and sediment in terms
of many metals (Tables S9-511). Although low metal values were observed individually
in the river system, “significant contamination” was detected as a contamination factor,
“significant enrichment” of some metals as an enrichment factor, and “moderate contami-
nation” in terms of the Igeo. “Undesired ecological risk” was found for many metals and
points for the risk index calculations. All risk assessments (CF, EF, Igeo, RI, MRI, PI, and
MPI) are combined in Table S9 for sediment and Table S10 for riparian soil. The associated
classes are shown in Tables 3 and 4.
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Table 3. Sediment risk assessment classification.
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The EF and CF of the sediments and riparian soil were analyzed for the metals used to
assess the contamination. Four CF categories suggested by [21] are described as CF < 1 low
contamination; 1 < CF < 3, moderate contamination; 3 < CF < 6, significant contamination;
and CF > 6 very high contamination. However, EF has seven categories: EF < 1 no
enrichment; 1-3 minor; 3-5 moderate; 5-10 significant; 10-25 high; 25-50 very high; and
EF > 50 extremely high enrichment.

Most of the metals in the sediment were found to be uncontaminated, but Ni reached
the highest CF values at points 7 and 9 (5.32 and 4.8). Very severe contamination was
not observed at any sample point. Mn and Ni are significantly contaminated at some
points (1, 7, and 9) of riparian soil. All other metals were observed as uncontaminated or
moderately contaminated. Very high and extremely high enrichment was not observed for
any pollutant in sediment and riparian soil samples. The highest EF values were reached
in Ni, Cu, and Co in the sediment, and Mn and Ni in the soil samples. The lowest values
were observed for Cr, V, and Zn (Table 3).

The Igeo classification is like EF. But for Igeo, if < 0 uncontaminated, 0-1 noncontam-
inated, 1-2 moderately contaminated, 2-3 slightly to heavily, 3-4 heavily, 4-5 heavily to
extremely, >5 extremely contaminated. Uncontaminated values for metals were observed
in most of the sample points. Moderate contamination was found in the sediment only for
nickel at sample points 8 and 9. Heavily, heavily to extremely, and extremely contaminated
values were not observed. Only the contamination values for Ni were found contaminated
in riparian soil. Uncontaminated values were observed for all other metals in terms of Igeo.
The highest values were again found at sample points 7, 8, and 9 (Table 3).
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Table 4. Soil risk assessment classification.
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The PI and modified pollution index (MPI) analyses were made to measure the
ecological situation and risk levels. MPI is a sensitive index that uses an enrichment factor,
classified as follows: unpolluted <0.7 for PI, the value < 1 for MPI indicates unpolluted;
PI value > 3 or MPI value > 10 is classified as heavily polluted [7]. According to PI,
the sediment samples were only heavily polluted by Ni. The same situation was found
according to MPI. Riparian soil samples were heavily polluted by Mn and Ni. The same
situation was found for MPI [30].

The RI was created for a large-scale ecological risk analysis. If there is an RI or MRI
value less than 150, it indicates the desired environment without ecological risk, while if the
RI or MRI value exceeds 600, it means very high risk. In most sample points, the ecological
risk was not observed in the sediment and riparian soil regarding RI and MRI. The highest
risk areas for sediment were at sample points 7 and 8, and the riskiest areas for soil were at
sample points 6 and 7. High ecological risk was not observed at any point (Tables 2 and 3).

Because the EF values were higher in all areas other than CF, the MRI values were
found to be high at the points. As a result of the high Ni and Mn values in the study area,
the highest ecological risk factor is Ni for the riparian soil and sediments. Slight differences
were observed between the results of ecological factors and risk assessments seasonally



Toxics 2024, 12,213

11 of 14

(Table S9). While the highest risk factors were found in summer, the lowest risks and
contamination occurred in autumn.

In the Liaohe River (China), riparian soil and sediment were monitored, and risk
assessments were made [20]. Similar to our study, the riparian zone soil risk values were
higher for heavy metals such as Cr, Ni, Zn, and Cu than in the sediment. The results
indicate more accessible transport for these metals in the sediment.

As a result of the pollution of water resources, an extra pollution situation occurred in
the riparian soil, especially in downstream areas. They have essential roles for the riparian
zone and soil ecosystem health. To monitor and evaluate river and ecosystem health,
riparian soil should be considered an essential factor. Rivers, wetland, and their coastal
areas, such as riparian forests, are closely interrelated [45,46]. For riparian and buffer zones,
pollution retentions have been inadequately evaluated to date [47,48]. Riparian soil should
be given importance for ecosystem and river health, and their risk assessments should
be made.

4. Conclusions

Pollution transport in surface water and its accumulation in sediment adversely affect
the riparian soil and ecosystem health. While many recent studies have focused on soil
pollution detection and modeling (e.g., [49-51]), the importance of the interconnection
between soil pollution and river ecosystems was underscored in our study. It is necessary
to consider the sediment and riparian soil together, to make ecological risk assessments,
and assess ecosystem health. Risky metals were carried by the sediment along the river and
reached levels that cause toxic effects downstream. Metal pollution caused by industrial
facilities, agricultural activities, and natural erosion threatens the river ecosystem. No
significant seasonal differences were observed for sediment and riparian soil, but spatially,
almost all points were found to be statistically different from each other. The ecological
risk values differed with the pollution of the riparian soil from the sediment at many
points. Even if the individual pollutants appear below specific standards, the health of
river ecosystems can be maintained with holistic ecological risk assessments.

Our study focused on assessing the metal content in riverbank sediment along the
Melen River through field measurements. Future research endeavors could integrate remote
sensing and emerging satellite-based data to evaluate metal pollution in the sediment
and riparian soil of tributaries that pose challenges for direct field measurement due
to limited accessibility. Moreover, the adjustment of the number of monitoring stations
and evaluated pollution parameters should be considered based on the size of the basin
under investigation. Future investigations should also explore the toxic effects induced by
various pollutants, particularly those impacting both agricultural ecosystems and human
health [52,53]. Our results indicated that the accumulation of pollutants in the downstream
areas of the basins leads to elevated levels of riparian soil pollution and ecological risks.
Consequently, this emphasizes the crucial role of riparian areas in environmental risk
assessment and underscores the need for increased attention to their management.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics12030213/s1, Table S1: Seasonal and spatial average metal
concentration (mg/kg) of the sediment; Table S2: Seasonal and spatial average metal concentration
(mg/kg) of the soil; Table S3: Sediment metal correlation in the watershed; Table S4: Riparian
soil metal correlation in the watershed; Table S5: Seasonal ANOVA test results of the watershed
metals; Table S6: Spatial ANOVA test results of the watershed metals; Table S7: Sediment and
riparian soil factor analysis result; Table S8. Soil and sediment PCA rotated component matrix;
Table S9: Sediment risk assessment values; Table S10. Soil risk assessment values; Table S11: Seasonal
metal risk assessment results in the watershed.

Author Contributions: Conceptualization, A.C. and B.$.; methodology, A.C.; validation, B.S., A.T.H.
and A.D.M,; formal analysis, A.C.; investigation, A.C. and A.D.M.; resources, A.C.; data curation,
A.C.; writing—original draft preparation, A.C. and A.D.M.; writing—review and editing, B.S., A.T.H.


https://www.mdpi.com/article/10.3390/toxics12030213/s1
https://www.mdpi.com/article/10.3390/toxics12030213/s1

Toxics 2024, 12,213 12 of 14

and A.D.M,; visualization, A.C.; supervision, B.§. and A.T.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Ke, X,; Gui, S,; Huang, H.; Zhang, H.; Wang, C.; Guo, W. Ecological risk assessment and source identification for heavy metals in
surface sediment from the Liaohe River protected area, China. Chemosphere 2017, 175, 473-481. [CrossRef]

2. Hussein, H.A.; Khudair, S.A.; Alwan, M.; Aljawahiry, T.; Qasim, M.T.; Pavlova, I.V. Impact of pollution caused by salmon breeding
centers on river water quality. Caspian J. Environ. Sci. 2022, 20, 1039-1045. [CrossRef]

3. Yaraghi, N.; Ronkanen, A.-K.; Haghighi, A.T.; Aminikhah, M.; Kujala, K.; Klove, B. Impacts of gold mine effluent on water quality
in a pristine sub-Arctic river. J. Hydrol. 2020, 589, 125170. [CrossRef]

4. Al-Taee, I.A.; Al-Khafaji, A.S.; Mahmoud, A.]. Comparative assessment of some heavy metals in water and sediments from Sawa
Lake, South Iraq. Caspian J. Environ. Sci. 2024, 22, 197-210. [CrossRef]

5. Wang, Z.; Lu, X.; Zhang, K. Distribution and contamination of metals and biogenic elements in sediments from Zhifu Bay of the
Yellow Sea, China. J. Environ. Sci. 2015, 41, 6-15. [CrossRef]

6. Hanedar, A.; Glines, E.; Giines, Y.; Tanik, A.; Kagar, H,; Ozdemir, B.E. Spatial distribution and source apportionment of metals in
sediments of Meri¢-Ergene Basin, Turkey. Environ. Earth Sci. 2021, 80, 622. [CrossRef]

7. Duodu, G.O,; Goonetilleke, A.; Ayoko, G.A. Comparison of pollution indices for the assessment of heavy metal in Brisbane River
sediment. Environ. Pollut. 2016, 219, 1077-1091. [CrossRef]

8.  Resongles, E.; Casiot, C.; Freydier, R.; Dezileau, L.; Viers, ].; Elbaz-Poulichet, F. Persisting impact of historical mining activity to
metal (Pb, Zn, Cd, T, Hg) and metal-loid (As, Sb) enrichment in sediments of the Gardon River, Southern France. Sci. Total Environ.
2014, 481, 509-521. [CrossRef] [PubMed]

9. Xu,F;Liu, Z; Cao, Y,; Qiu, L.; Feng, J.; Xu, E; Tian, X. Assessment of heavy metal contamination in urban river sediments in the
Jiaozhou Bay catchment, Qingdao, China. CATENA 2017, 150, 9-16. [CrossRef]

10. Rinklebe, J.; Antoniadis, V.; Shaheen, S.M.; Rosche, O.; Altermann, M. Health risk assessment of potentially toxic elements in soils
along the Central Elbe River, Germany. Environ. Int. 2019, 126, 76-88. [CrossRef] [PubMed]

11.  Xiao, H.; Shahab, A.; Xi, B.; Chang, Q.; You, S.; Li, ].; Sun, X.; Huang, H.; Li, X. Heavy metal pollution, ecological risk, spatial
distribution, and source identification in sediments of the Lijiang River, China. Environ. Pollut. 2021, 269, 116189. [CrossRef]
[PubMed]

12.  Lenart-Boron, A.; Boroni, P. The effect of industrial heavy metal pollution on microbial abundance and diversity in soils—A
review. In Environmental Risk Assessment of Soil Contamination; IntechOpen: London, UK, 2014. [CrossRef]

13. Yang, Y; Liu, Z,; Chen, F; Wu, S.; Zhang, L.; Kang, M.; Li, ]. Assessment of trace element contamination in sediment cores from
the Pearl River and estuary, South China: Geochemical and multivariate analysis approaches. Environ. Monit. Assess. 2014, 186,
8089-8107. [CrossRef] [PubMed]

14. Ahmad, K.; Muhammad, S.; Ali, W.; Jadoon, I.A.K,; Rasool, A. Occurrence, source identification and potential risk evaluation
of heavy metals in sediments of the Hunza River and its tributaries, Gilgit-Baltistan. Environ. Technol. Innov. 2020, 18, 100700.
[CrossRef]

15.  Schipper, A.M.; Lotterman, K.; Leuven, R.S.; Ragas, A.M.; de Kroon, H.; Hendriks, A.]. Plant communities in relation to flooding
and soil contamination in a lowland Rhine River floodplain. Environ. Pollut. 2011, 159, 182-189. [CrossRef] [PubMed]

16. Rahmani-Rezaeieh, A.; Mohammadi, M.; Mehr, A.D. Climate change impacts on floodway and floodway fringe: A case study in
Shahrchay River Basin, Iran. Arab. ]. Geosci. 2020, 13, 494. [CrossRef]

17.  Firisa, T.G.; Geletu, A K.; Wondimu, K.T.; Kedir, WM. Proximate composition, levels of heavy metals and their associated risk
assessment in ginger (Zingiber officinale roscoe). Int. J. Sustain. Energy Environ. Res. 2023, 12, 46-57. [CrossRef]

18. Liu, S,; Pan, G.; Zhang, Y.; Xu, J.; Ma, R.; Shen, Z.; Dong, S. Risk assessment of soil heavy metals associated with land use
variations in the riparian zones of a typical urban river gradient. Ecotoxicol. Environ. Saf. 2019, 181, 435—444. [CrossRef]

19. Vu, C.T; Lin, C.; Nguyen, K.A.; Shern, C.-C.; Kuo, Y.-M. Ecological risk assessment of heavy metals sampled in sediments and
water of the Houjing River, Taiwan. Environ. Earth Sci. 2018, 77, 388. [CrossRef]

20. Wang, H.; Chang, H.; Walker, T.R.; Wang, Y.; Wu, H.; Luo, Q.; Wang, X.; Zhao, Y. Characterization and risk assessment of metals
in surface sediments and riparian zone soils of Liaohe River, China. Appl. Geochem. 2021, 134, 105104. [CrossRef]

21. Hakanson, L. An ecological risk index for aquatic pollution control: A sedimentological approach. Water Res. 1980, 14, 975-1001.
[CrossRef]

22. Brady, ].P; Ayoko, G.A.; Martens, W.N.; Goonetilleke, A. Development of a hybrid pollution index for heavy metals in marine

and estuarine sediments. Environ. Monit. Assess. 2015, 187, 306. [CrossRef]


https://doi.org/10.1016/j.chemosphere.2017.02.029
https://doi.org/10.22124/cjes.2022.6067
https://doi.org/10.1016/j.jhydrol.2020.125170
https://doi.org/10.22124/cjes.2024.7464
https://doi.org/10.1016/j.jes.2015.06.009
https://doi.org/10.1007/s12665-021-09913-y
https://doi.org/10.1016/j.envpol.2016.09.008
https://doi.org/10.1016/j.scitotenv.2014.02.078
https://www.ncbi.nlm.nih.gov/pubmed/24631614
https://doi.org/10.1016/j.catena.2016.11.004
https://doi.org/10.1016/j.envint.2019.02.011
https://www.ncbi.nlm.nih.gov/pubmed/30784803
https://doi.org/10.1016/j.envpol.2020.116189
https://www.ncbi.nlm.nih.gov/pubmed/33288295
https://doi.org/10.5772/57406
https://doi.org/10.1007/s10661-014-3989-x
https://www.ncbi.nlm.nih.gov/pubmed/25159811
https://doi.org/10.1016/j.eti.2020.100700
https://doi.org/10.1016/j.envpol.2010.09.006
https://www.ncbi.nlm.nih.gov/pubmed/20933313
https://doi.org/10.1007/s12517-020-05444-1
https://doi.org/10.18488/13.v12i2.3585
https://doi.org/10.1016/j.ecoenv.2019.04.060
https://doi.org/10.1007/s12665-018-7573-5
https://doi.org/10.1016/j.apgeochem.2021.105104
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1007/s10661-015-4563-x

Toxics 2024, 12,213 13 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ustaoglu, F. Ecotoxicological risk assessment and source identification of heavy metals in the surface sediments of Comlekci
stream, Giresun, Turkey. Environ. Forensics 2021, 22, 130-142. [CrossRef]

Miao, X.; Hao, Y.; Zhang, F.; Zou, S.; Ye, S.; Xie, Z. Spatial distribution of heavy metals and their potential sources in the soil of
Yellow River Delta: A traditional oil field in China. Environ. Geochem. Health 2019, 42, 7-26. [CrossRef] [PubMed]

Celebi, A. Trace metal surface water inflow and retention in different terms of the wetland. Desalination Water Treat. 2015, 57,
18806-18816. [CrossRef]

Celebi, A.; Sengortir, B.; Klove, B. Seasonal and Spatial Variations of Metals in Melen Watershed Groundwater, Turkey.
CLEAN—Soil Air Water 2015, 43, 739-745. [CrossRef]

Celebi, A.; Sengortir, B.; Klove, B. Human health risk assessment of dissolved metals in groundwater and surface waters in the
Melen watershed, Turkey. J. Environ. Sci. Health Part A 2013, 49, 153-161. [CrossRef]

Keskin, S. Geochemical properties of Melen river sediments (Dtizce plain). Omer Halisdemir Univ. |. Eng. Sci. 2018, 7, 1072-1077.
(In Turkish) [CrossRef]

Ren, W.; Geng, Y.; Ma, Z; Sun, L.; Xue, B.; Fujita, T. Reconsidering brownfield redevelopment strategy in China’s old industrial
zone: A health risk assessment of heavy metal contamination. Environ. Sci. Pollut. Res. 2015, 22, 2765-2775. [CrossRef]

Gizel, B.; Canli, O.; Aslan, E. Spatial distribution, source identification and ecological risk assessment of POPs and heavy metals
in lake sediments of Istanbul, Turkey. Mar. Pollut. Bull. 2022, 175, 113172. [CrossRef]

Ding, B.; Celebi, A.; Avaz, G.; Canli, O.; Giizel, B.; Eren, B.; Yetis, U. Spatial distribution and source identification of persistent
organic pollutants in the sediments of the Yesilirmak River and coastal area in the Black Sea. Mar. Pollut. Bull. 2021, 172, 112884.
[CrossRef]

Giizel, B.; Canly, O.; Celebi, A. Characterization, source and risk assessments of sediment contaminants (PCDD/Fs, DL-PCBs,
PAHs, PCBs, OCPs, metals) in the urban water supply area. Appl. Geochem. 2022, 143, 105394. [CrossRef]

Aitchison, J. The Statistical Analysis of Compositional Data; Chapman and Hall: London, UK, 1986. [CrossRef]

Faith, M.K. Centered Log-Ratio (clr) Transformation and Robust Principal Component Analysis of Long-Term NDVI Data Reveal
Vegetation Activity Linked to Climate Processes. Climate 2015, 3, 135-149. [CrossRef]

Thi6-Henestrosa, S.; Martin-Fernandez, J.A. Dealing with Compositional Data: The Freeware CoDaPack. |. Int. Assoc. Math. Geol.
2005, 37, 773-793. [CrossRef]

Wang, L.; Wang, Y.P.; Xu, C.X.; An, Z.Y. Pollution characteristics and ecological risk assessment of heavy metals in the surface
sediments of the Yangtze River. Environ. Sci. 2012, 33, 2599-2606.

Filgueiras, A.; Lavilla, I.; Bendicho, C. Evaluation of distribution, mobility and binding behaviour of heavy metals in surficial
sediments of Louro River (Galicia, Spain) using chemometric analysis: A case study. Sci. Total Environ. 2004, 330, 115-129.
[CrossRef]

Patel, P; Raju, N.J.; Reddy, B.C.S.R.; Suresh, U.; Sankar, D.B.; Reddy, T.V.K. Heavy metal contamination in river water and
sediments of the Swarnamukhi River Basin, India: Risk assessment and environmental implications. Environ. Geochem. Health
2017, 40, 609-623. [CrossRef] [PubMed]

Elias, S.; Ibrahim, S.; Samuding, K.; Ab Rahman, S.; Wo, Y M.; Daung, J.A.D. Multivariate analysis for source identification of
pollution in sediment of Linggi River, Malaysia. Environ. Monit. Assess. 2018, 190, 257. [CrossRef]

Alyazichi, YM.; Jones, B.G.; McLean, E.; Pease, J.; Brown, H. Geochemical Assessment of Trace Element Pollution in Surface
Sediments from the Georges River, Southern Sydney, Australia. Arch. Environ. Contam. Toxicol. 2016, 72, 247-259. [CrossRef]
Nguyen, T.T.H.; Zhang, W.; Li, Z,; Li, J.; Ge, C,; Liu, J.; Bai, X.; Feng, H.; Yu, L. Assessment of heavy metal pollution in Red River
surface sediments, Vietnam. Mar. Pollut. Bull. 2016, 113, 513-519. [CrossRef]

Haghighi, A.T,; Yaraghi, N.; Sonmez, M.E.; Darabi, H.; Kum, G.; Celebi, A.; Klove, B. An index-based approach for assessment of
upstream-downstream flow regime alteration. J. Hydrol. 2021, 600, 126697. [CrossRef]

Xie, C.; Yan, L.; Liang, A.; Jiang, R.; Man, Z.; Che, S. Seasonal and spatial characterisation of soil properties, nitrification and
denitrification at the urban river-riparian interface with permeable revetments. Appl. Soil Ecol. 2022, 173, 104372. [CrossRef]
Fikirdesici-Ergen, $.; Tekatl, C.; Giirbtizer, P.; Uciincii-Tunca, E.; Tiire, H.; Biltekin, D.; Kurtulus, B.; Tunca, E. Elemental
accumulation in the surficial sediment of Kesikkoprii, Cubuk II and Asartepe Dam Lakes (Ankara) and potential sediment
toxicity. Chem. Ecol. 2021, 37, 552-572. [CrossRef]

Turunen, J.; Markkula, J.; Rajakallio, M.; Aroviita, J. Riparian forests mitigate harmful ecological effects of agricultural diffuse
pollution in medium-sized streams. Sci. Total Environ. 2019, 649, 495-503. [CrossRef]

Zhang, T.; Song, B.; Han, G.; Zhao, H.; Hu, Q.; Zhao, Y.; Liu, H. Effects of coastal wetland reclamation on soil organic carbon, total
nitrogen, and total phosphorus in China: A meta-analysis. Land Degrad. Dev. 2023, 34, 3340-3349. [CrossRef]

Stutter, M.; Costa, F.B.; Huallachain, D. The interactions of site-specific factors on riparian buffer effectiveness across multiple
pollutants: A review. Sci. Total Environ. 2021, 798, 149238. [CrossRef]

Wen, Z.; Wang, Q.; Ma, Y;; Jacinthe, P.A; Liu, G.; Li, S.; Shang, Y.; Tao, H.; Fang, C.; Lyu, L.; et al. Remote estimates of suspended
particulate matter in global lakes using machine learning models. Int. Soil Water Conserv. Res. 2024, 12, 200-216. [CrossRef]
Zhao, Y.; Hao, Y.; Cheng, K.; Wang, L.; Dong, W.; Liu, Z.; Yang, F. Artificial humic acid mediated migration of phosphorus in soil:
Experiment and modelling. CATENA 2024, 238, 107896. [CrossRef]

Bai, B.; Xu, T,; Nie, Q.; Li, P. Temperature-driven migration of heavy metal Pb2+ along with moisture movement in unsaturated
soils. Int. |. Heat Mass Transf. 2020, 153, 119573. [CrossRef]


https://doi.org/10.1080/15275922.2020.1806148
https://doi.org/10.1007/s10653-018-0234-5
https://www.ncbi.nlm.nih.gov/pubmed/30600451
https://doi.org/10.1080/19443994.2015.1094417
https://doi.org/10.1002/clen.201300774
https://doi.org/10.1080/10934529.2013.838842
https://doi.org/10.28948/ngumuh.502158
https://doi.org/10.1007/s11356-014-3548-6
https://doi.org/10.1016/j.marpolbul.2021.113172
https://doi.org/10.1016/j.marpolbul.2021.112884
https://doi.org/10.1016/j.apgeochem.2022.105394
https://doi.org/10.1002/bimj.4710300705
https://doi.org/10.3390/cli3010135
https://doi.org/10.1007/s11004-005-7379-3
https://doi.org/10.1016/j.scitotenv.2004.03.038
https://doi.org/10.1007/s10653-017-0006-7
https://www.ncbi.nlm.nih.gov/pubmed/28695304
https://doi.org/10.1007/s10661-018-6632-4
https://doi.org/10.1007/s00244-016-0343-z
https://doi.org/10.1016/j.marpolbul.2016.08.030
https://doi.org/10.1016/j.jhydrol.2021.126697
https://doi.org/10.1016/j.apsoil.2021.104372
https://doi.org/10.1080/02757540.2021.1902509
https://doi.org/10.1016/j.scitotenv.2018.08.427
https://doi.org/10.1002/ldr.4687
https://doi.org/10.1016/j.scitotenv.2021.149238
https://doi.org/10.1016/j.iswcr.2023.07.002
https://doi.org/10.1016/j.catena.2024.107896
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119573

Toxics 2024, 12,213 14 of 14

51. Liu,J.; Wang, Y.; Li, Y; Pefiuelas, J.; Zhao, Y.; Sardans, J.; Tetzlaff, D.; Liu, J.; Liu, X.; Yuan, H.; et al. Soil ecological stoichiometry
synchronously regulates stream nitrogen and phosphorus concentrations and ratios. CATENA 2023, 231, 107357. [CrossRef]

52. Yi,],;Li H.; Zhao, Y;; Shao, M.; Zhang, H.; Liu, M. Assessing soil water balance to optimize irrigation schedules of flood-irrigated
maize fields with different cultivation histories in the arid region. Agric. Water Manag. 2022, 265, 107543. [CrossRef]

53. Lan, T;Lan, T;Hu, Y;; Hu, Y,; Cheng, L.; Cheng, L.; Chen, L.; Chen, L.; Guan, X.; Guan, X.; et al. Floods and diarrheal morbidity:
Evidence on the relationship, effect modifiers, and attributable risk from Sichuan Province, China. J. Glob. Health 2022, 12, 11007.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.catena.2023.107357
https://doi.org/10.1016/j.agwat.2022.107543
https://doi.org/10.7189/jogh.12.11007

	Introduction 
	Materials and Methods 
	Study Area 
	Sampling 
	Sample Preparation, Analytical Instruments, and QA/QC 
	Statistical Analysis 
	Risk Assessment and Toxicity Analysis 

	Results 
	Riparian Soil and Sediment Pollutant Levels 
	Interaction of the Pollutants 
	Risk Assessments of the Pollutants 

	Conclusions 
	References

