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Abstract: Heavy metals play a crucial role in the environment due to their toxicity, persistence, and
bioaccumulation ability, which can lead to severe ecological and health risks. This study aimed to
investigate the impact of urbanization and agricultural practices on the heavy metal content in the
sediments of the Bug River catchment. To this end, 96 surface sediment samples were collected
from various points in the Bug River catchment, including from urban, agricultural, and forested
areas. The samples for laboratory analysis were collected in July 2018, 2019, and 2020 in the Polish
part of the Bug River watershed. Heavy metal (Zn, Pb, Cr, Ni, Cu, Fe, Mn, and Cd) concentrations
were determined using atomic absorption spectroscopy (AAS). The geoaccumulation index (Igeo),

contamination factor (CF), and pollution load index (PLI) were used to assess the degree of sediment
contamination. The results indicate higher concentrations of heavy metals in urban sediments, where
cadmium concentrations reached up to 2.5 mg/kg, compared to agricultural and forested areas,
where concentrations were significantly lower. The average Igeo value for cadmium was 0.24 in
agricultural areas and 0.15 in urban areas, suggesting the predominance of anthropogenic influences
over natural sources. The highest PLI values were found in urban areas, reaching a maximum of 0.33,
indicating higher pollution levels. Statistical analysis revealed that urban emissions and agricultural
activities significantly influenced the presence of these metals in the Bug River sediments. This
study’s conclusions emphasize that effective river water quality management requires continuous
monitoring and an understanding of anthropogenic and natural pollution sources. The results
contribute to a better understanding the interactions between human activities and water quality,
crucial for planning protection and remediation strategies. Additionally, this study provides critical
insights into optimizing pollution management strategies and developing remediation methods,
serving local and regional policymakers in planning protective actions.

Keywords: geochemical assessment; heavy metals; Bug River; sediments; agricultural activities

1. Introduction

Heavy metals are among the most studied, hazardous, and problematic pollutants.
They can enter surface waters through natural rock-weathering processes and human
activities [1,2]. The natural sources of heavy metals include processes such as the erosion
of parent rocks and volcanic activity. In contrast, human activities can introduce heavy
metals into surface waters via industrial wastewater, mine drainage, transportation, and
agricultural runoff due to intensive fertilization, as well as tourism, aquaculture, and
fishing activities [3–7]. The presence of heavy metals in the aquatic environment is mainly
attributed to human activities. The rapid development of countries and cities, urbanization,
and industrialization have led to the deterioration of surface water quality, including in
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increased contamination. Heavy metal contamination becomes particularly problematic
in industrial regions, where concentrated manufacturing activities generate significant
amounts of waste containing heavy metals that can exceed the natural capacity of the
environment to neutralize them. The impact of these metals on the aquatic environment is
long-lasting, as they tend to accumulate in river sediments, becoming a persistent source of
pollution in aquatic ecosystems [8,9].

River sediments are particularly susceptible to heavy metal contamination. Metals
from human activities usually occur in higher concentrations and can have a more toxic
impact on aquatic fauna and flora than those from natural sources. They can bioaccumulate
in aquatic organisms and enter the food chain, potentially significantly affecting human
health [10,11]. Heavy metals, which are not biodegradable, undergo biotransformation
through the complex physicochemical and biological processes in aquatic ecosystems [12].
These processes are crucial for determining the mobility and bioavailability of heavy metals
in the water–sediment–river system [13,14]. These phenomena are particularly significant
in areas where natural buffering mechanisms, such as the binding of metals by sediments
rich in organic matter or metal oxides, are overwhelmed by the continuous inputs of pol-
lutants. Therefore, monitoring river sediments is fundamental for assessing the state of
contamination and the ecotoxicological risk posed to aquatic environments and public
health. Analyzing the chemical composition of sediments not only allows for the identifica-
tion of current contaminants but also for predicting future changes in their accumulation
or dispersion. A long-term perspective on surface water quality management should
effectively consider both point and diffuse sources of heavy metal pollution to minimize
their impact on river ecosystems. Understanding and controlling these processes are crucial
for developing pollution management strategies and protecting water resources [10,14].

Heavy metals are characterized by low water solubility, which facilitates sedimentation
and accumulation in river sediments. The migration of heavy metals in a river system
mainly depends on sediments, particularly their organic matter content and granulometric
composition [15,16]. The presence and concentration of heavy metals in river sediments are
linked to the influence of diverse pollution sources and the geological structure and climatic
conditions affecting the natural erosional processes of parent rocks. Each catchment area
has a unique pattern of delivering pollutants, including heavy metals, to surface waters,
primarily depending on the type and density of pollution sources [17]. Land use practices
play a significant role in water and riverbed sediment contamination. In addition to land use
methods, the landscape structure of a catchment is also crucial for river contamination with
heavy metals. It should be noted that due to the overlapping of natural and anthropogenic
influences and natural river processes, the content of heavy metals in the same riverbed
can vary significantly [18].

River sediments are an essential source of information regarding the degree of anthro-
pogenic pressure in the aquatic environment, and their chemical composition is an essential
indicator of the geochemical situation in the river catchment area [19]. The accumulation of
heavy metals in sediments is regulated by various processes, depending on the properties
of the sediments and the metals. These processes include the sorption and complexation
of fine particles such as clay minerals, iron and manganese oxides, and organic matter, as
well as coprecipitation with other elements [20]. The physicochemical properties of sedi-
ments, such as pH, carbonate content, organic matter, and redox potential, can significantly
influence the processes of heavy metal accumulation [21].

These properties, which vary depending on environmental conditions and human
activities, shape sediments’ ability to immobilize or release heavy metals into river water.
Understanding these mechanisms is crucial for assessing the risks associated with heavy
metals in the natural environment and developing effective remediation methods and
water quality management strategies [18,20].

The significantly higher concentrations of heavy metals in sediments than in water
allow for detecting changes at relatively low contamination levels. Moreover, the chemical
composition of sediments often serves as a more reliable indicator of water contamination
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than the chemical composition of water, which exhibits more significant temporal variabil-
ity [1]. At the same time, sediments’ role in assessing the aquatic environment’s state is
becoming increasingly important, as the direct relationship between the quality of river
sediments and the state of water contamination is undeniable [9,13,16,21,22].

As urban areas expand and agricultural practices become more intensive, they sig-
nificantly contribute to the quantity and diversity of heavy metals entering water bodies.
These activities introduce traditional contaminants and newer, less-studied compounds
that can have unforeseen effects on aquatic ecosystems [7,19]. Additionally, the interac-
tions between different sources of pollution, such as industrial wastewater combined with
stormwater runoff in urban areas, can lead to synergistic effects, increasing the mobility
and toxicity of heavy metals in river sediments [21,22]. Recent geochemical modeling and
monitoring advancements have begun to unravel these complex interactions, providing
deeper insights into the transport and fate of sediment-associated heavy metals. Studies
utilizing isotopic signatures and advanced spectroscopic techniques have revealed that
the bioavailability and toxicity of metals are primarily dependent on sediment chemistry,
which is significantly altered by urban and agricultural runoff [16,22].

This study constituted a comprehensive examination of the concentration and distribu-
tion of heavy metals within the sediments of the Bug River, incorporating analyses across
varied catchment management contexts, including urban, agricultural, and forested areas.
This study meticulously explored the impact of human activities, such as urbanization,
agriculture, and industrial emissions, on the presence of heavy metals in the sediments.
This provides an enhanced understanding of the relationship between environmental
quality and anthropogenic activities. Furthermore, our research distinguishes itself in the
scholarly landscape by focusing on the Bug River catchment as a transboundary resource,
which is crucial for international water resource management. Utilizing a combination of
geochemical indicators, including Igeo, CF, and PLI, allowed for a more precise evaluation
of pollution levels and ecological risks, significantly contributing to environmental manage-
ment practices. Our findings lay the groundwork for developing strategies to protect water
from heavy metal pollution, applicable both locally and in other global regions. Employing
such interdisciplinary and advanced research methodologies delivers a valuable addition to
the evolving knowledge regarding the impact of human activities on aquatic environments,
essential in the face of escalating environmental challenges.

This work aimed to examine the interplay between natural conditions and human
activity concerning the accumulation of metals such as Pb, Cr, Cu, Zn, Ni, Cd, Fe, and Mn
in the sediments of the Bug River and its tributes. This research centered on identifying
the local sources and factors influencing heavy metal concentration and spatial accumula-
tion. A pivotal element of this study was evaluating sediment contamination levels using
geochemical indicators like Igeo, CF, and PLI.

2. Materials and Methods
2.1. Research Area

The Bug River ranks as Poland’s fourth largest river and is a critical transboundary
watercourse in central and eastern Europe. It stretches over 772 km and encompasses a
catchment area of 39,420 km2. Of this, the most significant part lies on Polish territory,
19,400 km2 (49.2%). Ukraine accounts for 10.8 thousand km2 (27.4%) of the catchment
area, while Belarus accounts for 9.2 thousand km2 (23.3%). The Bug River catchment area
includes several geological and physiographical regions. The main tributaries of the Bug
River in Poland are the Liwiec River, 126.2 km; Brok River, 72.9 km’ Cetynia River, 37.27 km;
Nurzec River, 100.2 km; Toczna River, 39.7 km; Kamianka River, 27.0 km; Krzna River,
107.5 km; Włodawka River, 52.8 km; Uherka River, 46.65 km; Udal River, 32.56 km; Huczwa
River, 79.0 km; and Bukowa River, 24.78 km. The Bug River is primarily characterized as
lowland, exhibiting minimal gradient. The riverbed includes numerous meanders and
oxbow lakes. The river valley is characterized by a high degree of naturalness. The Bug is
one of those few rivers in Europe whose valleys have retained their natural characteristics
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to this day, altered only slightly by humans. In the catchment area are fragments of the
Biala Forest, the Kamieniecka Forest, and the Nadbużański Landscape Park, as well as
several reserves. Fourteen per cent of the Bug River basin area is under legal protection.
Arable fields dominate in the Bug River catchment area (50.3%). Meadows and pastures
cover 17.7%, while forests occupy 23.5% of the watershed area. There are three larger
towns: Siedlce (72,858 inhabitants), Chełm (69,016), and Biała Podlaska (55,424), with
predominantly small populations. The tourism sector is well developed. The food industry
stands out as the most advanced sector.

Additionally, within the catchment area, the other industries include tanning, glass,
ceramic, machinery and metalworking, light industry, cement, and electrical engineering.
Furthermore, the Bug River and its tributaries receive treated wastewater from municipal
and industrial treatment plants. Sewage from Ukraine from mines and industrial plants is
also a polluting factor.

The topography of the Bug River catchment, spanning across Poland, Belarus, and
Ukraine, is diverse, significantly influencing the hydrology and ecology of the region.
The river originates in western Ukraine and discharges into the Vistula River, Poland’s
main river. The Bug River begins in the Roztocze area, which features varied terrain. The
source area is situated at approximately 345 m above sea level. The terrain at the source
is characterized by a hilly landscape with numerous elevations that gradually descend
toward the northwest. In the middle course, passing through the Lublin Upland, the Bug
flows about 180–200 m above sea level. The river also crosses the Podlaskie Plain, where
the elevation decreases, reaching about 150–170 m above sea level. In these areas, the
river meanders, forming broad flood valleys, crucial for local ecosystems. In the river’s
lower course, the terrain becomes even flatter. From Wyszków to its confluence with the
Vistula, the Bug flows through lowland areas, where the elevation hovers around 50–70 m
above sea level. This section is characterized by extensive wetlands and numerous old river
channels, which play essential ecological and hydrological functions.

The Bug River exhibits a lowland regime, with river flow primarily shaped by precipi-
tation and snowmelt, leading to spring floods. The topographic gradient influences the
river’s flow dynamics, where higher regions experience faster flows that may contribute to
erosion, while in lower terrains, the flow becomes slower, favoring sedimentation. The flow
is relatively lower in the upper course of the river, where it originates and flows through
areas with steeper slopes and less water retention. The average flow in this section can
range from about 5 to 15 m3/s. In the middle section, where the river passes through areas
with better water retention, average flow rates are around 30–70 m3/s. The river is broader
and deeper in this section, and its channel is more developed. The average flow ranges
from 60 to over 100 m3/s in the lower course.

The Bug River catchment features a moderate climate with continental influences,
typical for central and eastern Europe. Average summer temperatures range from about
18 ◦C to 24 ◦C, while winters are usually cold, with average temperatures from −6 ◦C to
2 ◦C, and temperatures can drop below −20 ◦C. The average annual precipitation varies
from 500 mm to 700 mm, with higher amounts of precipitation occurring in the upper parts
of the catchment. The heaviest rainfall usually occurs from June to August, often in the
form of storms, which can lead to sudden increases in river water levels. The climate in
the Bug River catchment exhibits distinct seasonality, with warm, humid summers and
cold, dry winters. Spring and autumn are typically moderate and serve as transitional
periods between temperature extremes. The Bug River catchment’s climate directly affects
the river’s hydrological regime, contributing to seasonal flow variations. The river flow
is usually lower in winter, partly due to freezing and snow accumulation, which melts in
spring, often increasing water levels. In summer, the river can quickly react with increased
flow in response to intense rainfall and storms, posing a risk of local flooding.
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2.2. River Sediment Sampling and Analytical Procedures

Samples for laboratory analysis were collected in July 2018, 2019, and 2020, in the
Polish part of the Bug River watershed. Our object is shown in Figure 1. A total of
32 measurement points were selected, of which 20 were located on the Bug River and 12 on
its tributaries: Liwiec, Brok, Cetnia, Nurzec, Toczna, Kamianka, Krzna, Włodawka, Uherka,
Udal, Huczwa, and Bukowa. The location of sample collection sites and their number
depended on land use within the watershed: urbanized, agricultural, and forested areas
(Table 1).
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Table 1. Characteristics of sampling points.

Type of
Land Use Sampling Points Sampling Point Characteristics

Urban areas 2 10 14 19
23 26 28 30

Points situated within densely populated urban areas:
Wyszków (26.965 inhabitants), Włodawa (13.535),

Hrubieszów (18.212), Siemiatycze (15.169). Points were
situated along roads traversing smaller towns adjacent to
both single- and multifamily residential structures as well
as service buildings, including sewage treatment plants.

Forest areas
3 5 6 7 11

15 17 22 24
27 32

Points situated within extensive forest complexes,
encompassing naturally significant areas protected under

the Natura 2000 program (Sobiborski Landscape Park,
Podlaska Switzerland Reserve, Oak Meadow

Nature Reserve)

Agricultural
areas

1 4 8 9 12
13 16 18 20
21 25 29 31

Points near areas to be cultivated

Surface sediment samples were collected from the shoreline zone [23]. At each mea-
surement point, multiple individual samples of surface sediments were gathered from
depths ranging from 0 to 10 cm, yielding representative samples of around 1000 g each.
Subsequently, the samples were air-dried to achieve an air-dry state and stored until further
analysis [24]. The sediment samples were then sieved through a 200 µm sieve. The <200 µm
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fraction represented most of the surface sediments studied. Analysis of the <200 µm
fraction made it possible to compare the obtained elemental content results to the local
geochemical background of Polish water sediments [25].

The sediment samples were subjected to mineralization with hydrochloric and nitric
acid in a volume ratio of 3:1 using an ETHOS EASY microwave mineralizer (Hanon
Advanced Technology Group, Dortmund, Germany). The concentrations of Pb, Cr, Cu,
Zn, Ni, Cd, Fe, and Mn were quantitatively determined using flame atomic absorption
spectroscopy with an AAS ICE 3500 Thermo Scientific spectrometer (Waltham, MA, USA).
All measurements were conducted in triplicate. The analysis parameters are shown in
Table 2.

Table 2. AAS ICE 3500 analysis parameters.

Parameter λ [nm] R2 LoD [mg/kg]

Cadmium 228.8 0.998 0.08
Lead 217.3 0.996 0.05

Chromium 357.9 0.993 0.31
Mercury 324.7 0.999 0.02

Zinc 213.9 0.997 0.25
Nickel 232.0 0.997 0.40

Iron 248.3 0.999 0.09
Manganese 279.5 0.996 0.17

Notes: λ, absorption wavelength; R2, regression coefficient; LoD, limit of detection.

The sediment results were validated using certified reference material NCS DC
73317 sediment, with measurement error remaining below 5% of the certified value.

The pH in the tested surface sediments was measured by potentiometry, and the
electrolytic conductivity was measured with a conductivity meter. The organic matter
content in the sediment samples was assessed by measuring the loss on ignition at a
temperature of 500 ◦C.

2.3. Assessment of Sediment Contamination

Numerous indicators and criteria are used worldwide to assess the condition of
sediments. These indicators are tools for analyzing and transforming environmental data
from which contaminated areas can be identified. The following indicators were identified
in this study: pollution load index (PLI), geochemical index (Igeo), and contamination factor
(CF). Most indices for assessing pollution relate to elements occurring naturally in the
environment. The geochemical background of Poland [25] and the global background [26]
were utilized to assess the degree of pollution of the Bug River and its tributaries’ beds’
sediments. The geochemical index (Igeo) was determined according to [27]

Igeo = log2

(
Cm

1.5·Bn

)
(1)

Cm represents the measured content of the analyzed metal (mg·kg−1), while Bn
denotes the geochemical concentration of the element proposed by Turekian and Wede-
pohl [26]. The constant 1.5 is a correlation coefficient accounting for the background matrix
attributed to lithological variability.

The contamination factor (CF) was calculated as the ratio of the content of each metal to
the background value established by Turekian and Wedepohl [26] in the bed sediments [28],
according to

CF =
Cm
GB

(2)

Cm denotes the concentration of the analyzed metal (mg·kg−1), while GB denotes the
geochemical background (mg·kg−1).
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The assessment of bed sediment quality also involved calculating the pollution load
index (PLI) for Fe, Mn, Cu, Ni, Cr, Zn, Pb, and Cd, which are used for a comprehensive
evaluation of sediment pollution by multiple elements. PLI is calculated using the formula
developed by Tomlinson et al. [29]:

PLI = (CF1 × CF2 × CF3 × ... × CFn) 1/n (3)

where n represents the number of elements analyzed in the samples. This empirical index
directly compares the average heavy metal pollution at different soil sampling locations.
The interpretations of the values of individual indicators are presented in Table 3.

Table 3. Characteristics of sampling points for Igeo CF [29,30] and PLI [31].

Geoaccumulation Index (Igeo) Contamination Factor (CF) Pollution Load Index (PLI)

Value Sediment Quality Value Sediment Con-
tamination Value Pollution

Status

Igeo ≤ 0 Uncontaminated

CF < 1 low PLI = 0 Perfection0 < Igeo < 1
Uncontaminated to

moderately
contaminated

1 < Igeo < 2 Moderately
contaminated 1 ≤ CF < 3 moderate 0 < PLI ≤ 1

Only baseline
levels of
pollution

2 < Igeo < 3
Moderately to

strongly
contaminated

3 ≤ CF< 6 considerable

PLI > 1
Deterioration
of sediment

quality

3 < Igeo < 4 Strongly
contaminated

CF ≥ 6 very high4 < Igeo < 5
Strongly to
extremely

contaminated

Igeo ≥ 5 Extremely
contaminated

2.4. Spatial Analysis

To determine the total and partial watershed of the Bug River, the SCALGO Live
program by SCALGO Denmark was utilized. For assessing the spatial distribution of
the analyzed metals in the riverbed sediments, interpolation using the inverse distance
weighting (IDW) method was conducted on the obtained results using QGIS 3.34 (Prizren).
Interpolation involved assigning weights to sampling points based on their proximity to
determine unknown points, with the influence of each point decreasing with increasing
distance. The spatial distribution of metals in the bed sediments helped with identifying
areas with elevated metal concentrations and assessing potential sources of pollution.

2.5. Statistical Analysis

Statistical analyses were conducted using Statistica ver. 13.3 for Windows. Mean, min-
imum, maximum, standard deviation, and coefficient of variation values were calculated.
The normal distribution of variables was verified using the Shapiro–Wilk test, with results
considered statistically significant at the α = 0.05 level. Pearson correlation analysis was
used to investigate the relationships between metals, while factorial analysis identified
the primary sources of these elements in the studied areas [32,33]. Before conducting
the multivariate statistical analysis (Factor analysis (FA)) on the plant’s element content,
the Kaiser–Meyer–Olkin (KMO) test [34] and Bartlett’s test [35] were performed on the
analyzed samples. The kmO value ranged from 0.60 to 0.65, and Bartlett’s test indicated
heteroscedasticity. The number of factors was determined based on the scatter plot and
Kaiser’s criteria. For the interpretation of the factor analysis results, strong associations
between the original variable and the factor were assumed when the absolute values of its
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loadings exceeded 0.70. Factor values (F1 and F2) were estimated in this study as unob-
servable variables. To test statistically significant differences in metal content in sediments
across different areas, a one-way analysis of variance (ANOVA) was applied. ANOVA
revealed significant differences between the studied areas. Variance homogeneity was
assessed using Levene’s test. Tukey’s test for equal samples was used to determine statis-
tically significant differences between mean surfaces. Data were transformed using the
Box–Cox transformation into a logarithmic form to achieve a distribution close to normal.

3. Results and Discussion
3.1. The Concentration of Metals in the Surface Sediments of the Bug River Catchment Area

It is widely recognized that the main factors determining the ability of sediments to
accumulate heavy metals are the pH level and the organic matter content. The results
showed that the pH level in the studied river sediments varied depending on land use
type. The highest pH values were recorded in forested areas (7.22–8.26), while the lowest
were in urbanized areas (6.87–7.32) (Table 4). The lower pH in urban areas may have been
due to acid rain and other forms of urban pollution, which has also been confirmed in
other studies [36,37]. Higher pH levels favor metal adsorption and precipitation processes,
which may explain why heavy metals are more concentrated in sediments with higher
pH [29,36,37]. The pH of the sediment plays a crucial role in regulating the solubility of
metals, where higher pH values tend to increase adsorption and precipitation processes. In
comparison, lower pH values can reduce the binding strength of metals, thereby hindering
their retention in the sediments. The pH in samples collected in forested areas ranged from
7.22 to 8.26, whereas that in agricultural areas ranged from 6.99 to 8.22, and the lowest
values occurred in urbanized areas at 6.87 to 7.32. A correlation could be observed between
the pH value obtained and how the catchment was used.

Table 4. Descriptive statistics of metal concentrations, measured in mg/kg of dry weight, in the
sediments of the Bug River basin, taking into account the land use types of the catchment area.

Conductivity OM pH Fe Mn Ni Zn Cr Cu Pb Cd

GGB 47,200 850 68 95 90 45 20 0.3
LGB n.a. n.a. 5 48 5 6 10 0.5

urban area n = 24

min 512.00 0.33 6.87 1659.33 701.25 9.74 32.15 2.35 3.62 7.73 0.35
max 1003.00 1.11 7.32 4852.11 1182.01 14.26 53.94 8.13 8.05 15.36 0.64

average ± SD 766.17 sł

±151.16
0.75 pr

±0.29
3264.04 łm

±786.27
882.61 no

±96.81
12.00 ij

±1.40
38.75 gh

±6.35
5.29 cd

±1.63
5.65 ef

±1.28
10.67 ab

±1.95
0.50 l

±0.08
CV (%) 19.73 39.44 24.09 10.98 11.63 16.39 30.87 22.73 18.31 15.50

agricultural area n = 39

min 298.00 0.81 6.99 492.36 110.08 3.59 5.11 0.87 0.67 3.01 0.35
max 615.00 2.69 8.22 941.02 563.29 8.45 21.48 4.61 3.61 7.18 0.75

average ± SD 442.64 s

±74.04
1.24 p

±0.46
654.39 ł

±119.04
220.40 n

±100.72
5.31 i

±1.03
14.45 g

±4.14
1.54 c

±0.77
2.25 e

±0.65
5.04 a

±1.01
0.54 k

±0.10
CV (%) 16.73 37.32 18.19 45.70 19.37 28.67 50.05 29.01 20.01 18.45

forest area n = 33

min 318.00 2.78 7.22 501.14 120.99 3.12 6.95 0.87 0.55 3.45 0.03
max 695.00 4.01 8.26 1110.25 704.81 8.99 28.94 3.99 4.15 8.63 0.38

average ± SD 484.33 ł

±95.60
3.48 pr

±0.44
719.12 m

±160.35
252.35 o

±137.52
6.12 ij

±1.77
16.34 h

±6.63
1.78 d

±0.77
2.35 f

±1.07
5.86 ab

±1.44
0.15 kl

±0.08
CV (%) 19.74 12.77 22.30 54.49 28.91 40.56 43.47 45.55 24.52 54.90

entire catchment n = 96

min 298.00 0.33 6.87 492.36 110.08 3.12 5.11 0.87 0.55 3.01 0.03
max 1003.00 4.01 8.26 4852.11 1182.01 14.26 53.94 8.13 8.05 15.36 0.75

average ± SD 537.85
±169.38

1.79
±1.10

1329.05
±1194.15

396.94
±303.88

7.26
±3.10

21.18
±11.67

2.56
±1.90

3.13
±1.76

6.73
±2.72

0.40
±0.20

CV (%) 31.49 61.17 89.85 76.56 42.75 55.10 74.11 56.01 40.38 50.90

Note: SD—standard deviation, LGB—local geochemical background, GGB—global geochemical background,
n.a.—not available. Numbers with the same letter—statistically significant difference at p < 0.05, ANOVA.
Numbers without letters—no statistical difference, ANOVA.
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The presence of organic matter (OM) significantly affects the toxicity and bioavail-
ability of heavy metals in surface sediments [33,38]. The organic matter content (OM)
in sediments ranged from 0.33% to 4.01%, with the highest values recorded in forested
areas. Organic matter influences the toxicity and bioavailability of heavy metals in surface
sediments because metals can form complexes with organic matter, which reduces their
mobility and bioavailability [29]. The higher OM content in the forested areas may have
resulted from natural decay processes and lower anthropogenic pressure. The obtained
organic matter content results ranged from 0.33% to 4.01% and occurred in the following
order: forested areas > agricultural areas > urbanized areas.

The observed EC values in the sediments were highest in urbanized areas, possibly
due to the higher presence of soluble salts from urban and industrial activities [14,17]. High
EC values are often an indicator of pollution, consistent with the results of previous studies
indicating higher concentrations of pollutants in urban sediments. The EC values of the
studied sediments ranged from 298 to 1003 mS/cm. No clear spatial trend in variability
was observed, even though EC values were higher in urbanized areas, with a mean content
of 766.17 mS/cm.

Only a minimal portion of free metal ions remains in water in a dissolved state, while
over 90% of the heavy metal (HM) load in aquatic systems is associated with suspended
solid particles and sediments. Variations in the distribution of heavy metals in the sedi-
ments of studied rivers, categorized according to different types of watershed land use
such as urban, agricultural, and forested areas, may indicate an anthropogenic impact
on aquatic ecosystems. The contents of the analyzed HM in surface sediments varied, as
evidenced by the coefficients of variation (CVs) being in the range of 10.98% to 54.90%.
The developed CV is based on the nature of the river catchment. The following HM series
Cr > Fe > Cu > Pb > Zn > Cd > Ni > Mn was observed for the urbanized catchment;
Cr > Mn > Cu > Zn > Pb > Ni > Cd > Fe was observed for the agricultural catchment; and
Cd > Mn > Cu > Cr > Zn > Ni > Pb was observed for the forested catchment. Coefficient of
variation values below 50% may indicate natural content in the sediments, while values
above 50% signal an anthropogenic origin of heavy metals [38,39]. The results show mod-
erate variability in the concentrations of certain metals, particularly cadmium at 54.90%,
manganese at 54.49% in forested areas, and chromium at 50.05% in agricultural areas. This
variability suggests an anthropogenic origin of these metals.

The coefficient of variation (CV) values in this study show that the variability in heavy
metal concentrations, particularly of cadmium (54.90%) and manganese (54.49%) in forested
areas and chromium (50.05%) in agricultural areas, indicates an anthropogenic origin of
these metals. Similar CV values were observed in studies on heavy metal contamination
in the sediments of the Ergene River, where cadmium and manganese concentrations also
exhibited high variability [16].

Table 4 presents the results of the analysis of variance (ANOVA). The ANOVA re-
vealed statistically significant differences in the average concentrations of metals within
the identified groups, namely different catchment areas. Statistical significance according
to ANOVA was found for the differences in the contents of almost all metals in sediments
bordering agricultural and urbanized areas. No such significance was found only in the
case of Cd. Differences in mean Cd contents were statistically significant in the agricultural
and forested catchments and the forested and urbanized catchments. Statistical significance
was also found in the mean contents of many metals in the forest and urbanized catchments.

The most straightforward approach to assessing the quality of surface sediments in
terms of heavy metal (HM) content is to compare it with background geochemical values.
The geochemical background established by Turekian and Wedepohl [26], reflecting the
natural elemental composition of the Earth’s crust, was used to assess sediment contam-
ination. The analyses showed that all heavy metal concentrations were within natural
limits, except for that of cadmium (Cd), which exceeded these levels by 56%, as presented
in Table 4. On the other hand, referring to the local background proposed by Bojakowska
and Sokolowska [25], HM analysis showed exceedances for Ni (56%), Cd (24%), Mn (11%),
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Pb (10%), Cr, and Cu (8%). The average HM contents of the surface sediment samples
for the agricultural sites occurred in the following order: Fe > Mn > Zn > Ni > Pb > Cu
> Cr > Cd. This observation indicates that intensive farming can significantly transform
the natural environment. It leads to an intensification of denudation processes, including
crop and water erosion [38]. Oost et al. [39] stated that the catchments used for agriculture
are often exposed to various erosive forces (such as runoff), especially on steep gradients,
which contribute to the transport and deposition of particulate matter along watercourses
and form surface sediments. Many studies have reported elevated HM concentrations
in agriculturally used soils relative to background concentrations [40]. Additionally, in-
creased agricultural activity often results in the higher usage of fertilizers and pesticides,
which are significant sources of heavy metal contamination [2,4]. Sun et al. [8] confirmed
that agricultural runoff is a significant pathway for heavy metals entering river systems.
The impact of these activities on sediment quality underscores the need for sustainable
agricultural practices.

It was found that the concentrations of Fe, Mn and Zn in the studied surface sedi-
ments varied within the ranges of 492.36–941.02 mg·kg−1, 110.08–563.29 mg·kg−1, and
5.11–21.48 mg·kg−1, respectively. According to De Andrade et al. [41], elements such
as Fe and Mn are typically present in large quantities, and these metals may primar-
ily originate from the weathering of rock fragments rich in these elements. Addition-
ally, the conducted studies revealed the following average concentrations of nickel, lead,
copper, and chromium in the analyzed surface sediments: Ni 5.31 ± 1.03 mg·kg−1,
Pb 5.04 ± 1.01 mg·kg−1, Cu 2.25 ± 0.65 mg·kg−1, and Cr 1.54 ± 0.77 mg·kg−1.

According to Kelepertzis [42] and Tóth et al. [43], soil enrichment in Cr, Ni, and Zn is
mainly due to using pesticides, phosphate, and inorganic fertilizers. The intensive agricul-
tural practices associated with the use of pesticides and fertilizers cause contamination of
groundwater and surface water. Increased Cd contents were also observed in the surface
sediment samples of the Bug River and its tributaries from agricultural areas, with values
varying between 0.35 and 0.75 mg·kg−1, exceeding geochemical background values. The
Cd contents in the agricultural catchment river sediments were higher than in urbanized
and forested areas. Taghavi et al. [44] and Lu et al. [45] suggested that the enrichment
of soil with cadmium (Cd) can be attributed to the use of sewage sludge, manure, and
lime. On the other hand, Khan et al. [46] and Hayrat and Eziz [47] argued that high levels
of this element in agricultural soils may also result from the repeated use of phosphorus
fertilizers. This indicates that various agricultural practices and changes can contribute to
the accumulation of Cd in the soil.

Using mineral fertilizers in France accounts for as much as 85% of the anthropogenic
cadmium (Cd) found in agricultural soils. This emphasizes these fertilizers’ significant role
in the accumulation of Cd in soil environments, especially in agriculture [48]. In addition
to the area-based pollution that reaches water bodies from agricultural fields with surface
runoff, agriculture can also be a source of point source pollution: leaking septic tanks and
sanitary systems, landfills of animal manure directly on the ground without a manure slab,
and silage piles from which leachate water is released and migrates to surface waters [49].

The forest ecosystems in the catchment are strongly linked to water resources [50].
Habitat conditions determine the nature and effects of these interactions [51]. On the other
hand, forest cover plays a vital role in the water cycle in the catchment and significantly
affects its quality [52]. The average contents of the analyzed elements from forested areas fol-
lowed the same pattern as for agricultural areas (Fe > Mn > Zn > Ni > Pb > Cu > Cr > Cd).
The most significant variation was in the results obtained in the surface sediments for Zn
(6.95–28.94 mg·kg−1), Cu (0.55–4.15 mg·kg−1), Cr (0.87–3.99 mg·kg−1), and Cd
(0.03–0.38 mg·kg−1). The results showed that the highest contents of Zn, Pb, Ni, Cr, Mn, and
Fe in the forest areas, respectively, were 28.94, 8.63, 8.99, 3.99, 704.81, and 1110.25 mg·kg−1

and did not exceed the background geochemical values. It was shown that contaminant
levels were low under forest cover. The implication is that the water from catchments with



Water 2024, 16, 1573 11 of 20

a large amount of forest is higher quality than that from other catchment uses, such as
urbanizations or arable land.

Heavy metals in aquatic ecosystems pose significant environmental and health risks
due to their toxicity and persistence. Understanding the distribution and sources of HMs in
surface sediments is crucial for assessing their impact on different types of watersheds, such
as those in urban, agricultural, and forested areas. The primary sources of HM in rivers
located in urbanized areas include vehicle emissions, atmospheric pollutants, coal burning,
and associated urban runoff [53]. The average HM content of the surface sediment samples
studied for urbanized areas was as follows: Fe > Mn > Zn > Ni > Pb > Cu > Cr > Cd. The
contents of Fe, Mn, and Zn were highest in the studied sediments, and the content of
these elements ranged from 1659.33 to 4852.11 mg Fe·kg−1, 701.25 to 1182.01 mg Mn·kg−1,
and 32.15 to 53.94 mg Zn·kg−1. According to Bardelli et al. [54], Fe is introduced into
the environment through the abrasion of vehicle brake pads. Mn primarily originates
from vehicles powered by unleaded gasoline. Pb compounds added to gasoline have been
replaced with Mn, leading to increased emissions of this element. Adamiec et al. [55] and
Smolders and Degryse [10] pointed out that tire wear releases significant amounts of Zn.
Zinc compounds also act as antioxidants for the oil in the combustion chamber [56]. The
average Ni, Pb, Cu, Cr, and Cd contents in the analyzed surface sediments were 12.00,
10.67, 5.65, 5.29, and 0.50 mg·kg−1. In addition to the mentioned elements, the Cu in river
sediments flowing through urbanized areas may also be related to traffic. Rajaram et al. [57]
reported that Zn and Cu are indicators of metal emissions from nonfuel sources, and their
high levels confirm the presence of these sources in many countries. Pb and Zn can also
enter sediments through coal combustion [11]. Urbanization has led to the contamination
of soils and sediments with heavy metals due to anthropogenic influences from transport
and coal burning [58]. According to Landre et al. [59], Cu, Pb, and Zn are the metals most
commonly found in the surface runoff from urban areas. In surface sediments, Cd, Ni,
Cr, Zn, and Cu sources may also include domestic and industrial sewage discharge. The
concentrations of the studied HMs in the surface sediments of rivers, except for Cd, were
higher in urbanized areas than in agricultural and forested catchments.

3.2. Spatial Variability in Heavy Metals in the Surface Sediments of the Bug River and Its
Tributary Systems

The study of the spatial distribution of the analyzed elements allowed for the differ-
entiation between contaminated and uncontaminated zones in a given area. However,
the maps resulting from this analysis are limited to presenting only the general trends in
element concentrations in the sediments of the Bug River and its tributaries (Figure 2).

The spatial distribution of the studied heavy metals (HMs) showed similar trends,
albeit with detailed differences. Despite these differences, specific general patterns could
be observed for different metals. Cadmium (Cd) was an exception, exhibiting a distinctly
different distribution pattern than the other heavy metals. The maps clearly show that
areas with high metal values occurred in the urbanized areas. This was particularly evident
in the lower section of the Bug River. The highest values of Pb, Cr, Cu, Zn, Ni, Fe and Mn
in river sediments occurred at the research points located on the Bug River in Wyszków (2)
and Włodawa (14), the tributaries Cetynia-Białobrzegi (23) and Kamianka-Siemiatycze (26),
and at a point located on the Włodawka River (28). Furthermore, it is worth mentioning
that Cr, Cu, Zn, and Mn showed higher concentrations also at Hrubieszów (19) on the Bug
River and Fe, Mn and Pb on the tributary Udal (30). The correlation coefficients among Pb,
Cr, Cu, Zn, and Ni suggest that similar factors influenced their spatial distribution (Table 4).
Many similarities are apparent when analyzing the Fe and Mn distribution models.
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River catchment.

What distinguishes five metals (Pb, Cr, Cu, Zn, Ni) from Fe and Mn is their origin; both
have similar geochemistry and come from natural sources such as the Earth’s crust [60,61].
On the other hand, the amount of Pb, Cu, Ni, Zn, and Cr in the sediments is influenced by
human activities; an exceedance from the local geochemical background values was found
for Ni (56%), Pb (10%), Cr, and Cu (8%) [25]. The spatial distribution of Cd concentrations
indicated that, according to the geochemical background developed for Poland, the studied
sediments were most enriched in Cd by 24% [25], while, according to the global geochemical
background, by 56% [26]. It was difficult to identify specific factors that influence the spatial
distribution of Cd in the fluvial sediments of the Bug River and its tributaries; it could
be the influence of local sources of pollution related to organic fertilization, the mineral
application of plant protection products, and industry and communication. A long-term
study of arable soils from 1995 to 2015 in the Bug River catchment showed that all metals
were at geochemical background levels except for a slight enrichment in Cd and Pb. The
highest Igeo, CF, and PLI values were found for Cd [62].



Water 2024, 16, 1573 13 of 20

3.3. Indices of Heavy Metal Pollution of the Bug River’s Surface Sediments

The analysis of HM contamination in sediments conducted using the Igeo method
revealed the slight enrichment of the sediments with cadmium, which was particularly
evident in agricultural areas, where the average Igeo value was 0.24, compared to that of
urbanized areas, where the value was up to 0.15 (Figure 3). These results indicate diverse
sources of contamination in different environments. De Andrade et al. [41] also indicated
higher cadmium concentrations in agricultural areas, consistent with our observations.
Cadmium is often introduced into the environment through phosphate fertilizers and
plant protection agents, explaining its higher Igeo values in these areas. On the other hand,
metals such as chromium, copper, and iron showed lower Igeo values, often below zero,
suggesting concentrations at the background geochemical level. Low levels of these metals
in the sediments indicate a lesser impact of anthropogenic sources or effective dispersion
and dilution of these metals in the natural environment. Similar results were obtained by
Acksel et al. [34], who found that the Igeo values for these metals mostly did not exceed
zero, suggesting their geogenic origin.
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It was found that the Igeo values varied not only between different metals but also
between different environments: agricultural, forested, and urban areas. These differences
may have resulted from various land management practices and differences in exposure to
industrial and urban pollution. Igeo values above zero indicate potential problem areas that
may require further monitoring or remedial actions to reduce the impact of heavy metals
on the environment and human health.

The analysis of the contamination factor (CF) values for various heavy metals in
sediments from different environments and correlating these values with established
thresholds for pollution classification showed that the level of contamination for most of
the studied metals was low in different environments, except for those of cadmium and
manganese. The CF values for cadmium in the agricultural areas were significantly higher,
reaching 2.6 (Figure 4). Cadmium also reached high values in the urban areas, with the
highest recorded values being 2.50 (4-Bug) and 2.13 (14-Bug, Włodawa). These results
classify sediments from these regions as moderately contaminated, significantly exceeding
the natural background. This indicates the influence of anthropogenic factors such as
intensive agriculture or industrial pollution [61,62]. The manganese in the urban areas
also exceeds CF values above 1, reaching a maximum of 1.39 (28-Włodawka), indicating
moderate contamination. This may have resulted from industrial and transportation
pollution sources in these areas [63,64]. For the remaining analyzed metals (Pb, Cr, Cu,
Zn, Ni, Fe), most CF values were below one in all studied environments, indicating that
their contents in the sediments were at levels close to the natural background levels. These
metals do not currently pose a significant threat to the environment in the studied areas.
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The analysis of the PLI values for the different measurement points in agricultural,
forested, and urban areas within the Bug River catchment indicated that the PLI values for
agricultural areas were relatively low, around 0.10. This suggests low levels of heavy metal
contamination in these regions, possibly due to the lower intensity of pollution sources
compared to those in urban areas. Similarly, the PLI values in the forested areas were also
low, oscillating around 0.10 (Figure 5). This suggests that these areas were less exposed to
heavy metal contamination, which may have been related to the natural buffering capacity
of forests and lower anthropogenic activity.
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In contrast, the PLI values for the measurement points in urban areas were higher,
ranging from 0.24 to 0.33. Urban areas are characterized by higher levels of heavy metal
contamination due to the greater concentration of pollution sources such as industrial
emissions, transportation, and intensive human activities.

Comparing the obtained results with those in the available scientific literature, it was
found that the results are consistent with the general trends observed in other studies. A
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study on the sediments of the Vistula River in Poland found higher PLI values in urban
areas, which exceeded 1.0 [17]. Research on the Jinsha River in China [22] found PLI values
in agricultural areas ranging from 0.2 to 0.5, which are higher than our results (~0.10),
suggesting differences in agricultural practices and local hydrological conditions. Addi-
tionally, Khan and Wen [38] indicated that the PLI values in urban areas range from 0.5 to
1.2, indicating higher pollution levels in more industrialized catchments. Our results, with
a maximum PLI of 0.30, suggest that the contamination of the Bug River is relatively lower.

The differences in PLI values between agricultural, forested, and urban areas highlight
the impact of human activities on the pollution levels in river sediments. Urban areas
exhibited the highest PLI values, suggesting the need for special attention and remedial
actions in these regions. The analysis of the PLI values indicated that urban areas in the
Bug River catchment are the most exposed to heavy metal contamination. In contrast,
agricultural and forested areas showed significantly lower levels of pollution. These results
emphasize the need for monitoring and protective measures, particularly in areas with
high human activity.

3.4. Identification of Sources of Pollution via Statistical Analysis

The Pearson correlation analysis is shown in Table 5. The solid and robust correlations
between metals obtained in the present study provide information on the origin and
migration of metals in the environment [15,63]. According to Ke et al. [64], Bhuyan et al. [65],
and Ciazela et al. [66], solid and robust correlations between metal pairs ranging from
r = 0.7 to r = 0.9 indicate their common origin. In Table 4, only the correlations of metals
with Cd were found to be low at around r = 0.22, which indicate a lack of cross-correlation.
Negative correlations of metals with OM and pH were also observed, which may affect
their distribution in the study catchment.

Table 5. Pearson correlations among concentrations of heavy metals and properties of sediments.

Pb Cr Cu Zn Ni Cd Fe Mn OM pH Conductivity

Pb 1.00
Cr 0.86 1.00
Cu 0.88 0.85 1.00
Zn 0.88 0.83 0.93 1.00
Ni 0.88 0.79 0.87 0.88 1.00
Cd 0.10 0.22 0.23 0.23 0.17 1.00
Fe 0.86 0.76 0.82 0.83 0.91 0.25 1.00
Mn 0.89 0.81 0.83 0.84 0.90 0.21 0.93 1.00
OM −0.35 −0.39 −0.40 −0.38 −0.36 −0.80 −0.45 −0.44 1.00
pH −0.75 −0.69 −0.75 −0.80 −0.76 −0.03 −0.75 −0.72 0.26 1.00

Conductivity 0.71 0.71 0.72 0.68 0.67 0.15 0.70 0.72 −0.34 −0.70 1.00

These results reveal two different likely sources of metals: anthropogenic and litholog-
ical [67,68]. The high number of detected correlations of metal pairs poses questions about
their possible sources. The most polluted waters were discharged from Ukraine, the Lviv
agglomeration, the Volyn region; and Belarus, the Brest region.

The impact of pollution brought from outside the border and discharged in Poland
makes the border section of the Bug River polluted [68–70]. As expected when analyzing
Pearson correlation coefficients, the results of the factor analysis were very pronounced.
The total FA variance was 70% and 15% for F1 and F2, respectively (Table 6). F1 strongly
correlated with Pb, Cr, Cu, Zn, Ni, Fe, Mn, and pH, and F2 with Cd and OM. The number
of factors was determined based on the sag and Kaiser criteria. Sources F1 and F2 are both
anthropogenic and lithogenic, as evidenced by the associations of the studied metals with
Fe, Mn, OM, and sediment pH. The sources of metals in the Bug River catchment were
mentioned previously.
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Table 6. Classification of examined elements according to multivariate analysis (factor analysis).

Variable Factor 1 Factor 2

Pb 0.94 0.09
Cr 0.87 0.19
Cu 0.92 0.19
Zn 0.92 0.18
Ni 0.93 0.14
Cd 0.04 0.96
Fe 0.90 0.23
Mn 0.92 0.21
OM −0.27 −0.91
pH −0.86 0.01

Conductivity 0.79 0.13
(%) var. 70 15

In order to present the results of the factor analysis more accurately, F1 and F2 values
were estimated. The factor values at each measurement and control point were obtained.
Figure 6 shows the changes in factor values for the points studied. Three groups of points
were identified for each factor during the analysis of the factor values. The first group
included points located within the agricultural catchment, the second included points in
the forested catchment, and the third referred to the urbanized catchment. The highest
factor values for F1 were observed at points within the urbanized catchment, followed by
the forested and agricultural catchments, which were dictated by the metal sources in the
Bug catchment identified earlier. Factor F1 correlated with most of the metals studied.
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The agricultural catchment group had the highest factor values for F2, associated with
Cd and OM, followed by the urbanized and forested catchments. This may have resulted
from the runoff from fields containing large amounts of phosphate and organic fertilizers.
Phosphate fertilizers contain Cd in their composition, while OM is, in turn, associated with
organic fertilization in the Bug River catchment. Plants absorb Cd relatively quickly from
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the soil, so Cd accumulates in the food chain. Phosphorus fertilizers have been identified
as an essential source of Cd entering the soil [71]. In the European Union, the permissible
Cd content in phosphorus fertilizers is 60 mg/kg of dry matter of mineral fertilizers [72].

At the end of the Section 3, it is essential to highlight this research’s strengths and
limitations. Although this study provides valuable information on the impact of urbaniza-
tion and agricultural practices on the heavy metal content in the Bug River sediments, the
generalization of the results may be influenced by the limited geographical scope, caused
by the international location of the watershed across three countries (Poland, Ukraine, and
Belarus). This led to the inability to collect samples from parts of the Bug River watershed
(Ukraine and Belarus). This may affect the generalization of the results. Despite these
limitations, this study provides valuable insights into the impact of urbanization and agri-
cultural practices on the heavy metal content in the Bug River sediments, offering a new
perspective on the scale and mechanisms of their accumulation in different watersheds.
These results contribute to a better understanding the interactions between human activity
and water quality, which is crucial for planning protection and remediation strategies.
Additionally, this study provides a basis for further research and actions to improve water
quality in regions exposed to heavy metal pollution.

4. Conclusions

According to the results of this study conducted in the Bug River catchment, it can
be concluded that the concentrations of the studied heavy metals in the river sediments
varied depending on the type of land use, with higher concentrations in urban areas, where
the cadmium concentration reached values up to 2.5 mg/kg, compared to agricultural
and forested areas, where concentrations were significantly lower. This indicates the
significant impact of human activities, particularly urbanization, on the levels of heavy
metal contamination in river sediments. The obtained Igeo and CF values confirmed
a slight increase in cadmium levels in sediments, especially in agricultural and urban
areas, suggesting the predominance of anthropogenic influences over natural sources of
heavy metals.

The PLI values were the highest in urban areas, reaching 0.9, indicating higher pollu-
tion levels. However, they generally did not exceed the value of one, suggesting a low level
of contamination. Statistical models revealed that the F1 factor values, which correlated
with most of the studied metals, were highest at the measurement points in the urban
catchments, further highlighting the impact of urbanization on heavy metal contamination
in sediments.

This study confirms that effective river water quality management requires contin-
uous monitoring and an understanding of anthropogenic and natural pollution sources
to develop and implement effective strategies to minimize the adverse effects of heavy
metal contamination. Additionally, these results provide in-depth knowledge about the
distribution of heavy metals in the Bug River catchment and offer critical insights into opti-
mizing pollution management strategies and developing remediation methods. The results
can also serve as a valuable source of information for local and regional policymakers in
planning protective actions to improve water quality and protect public health.
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