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Abstract: Drinking water quality in rural areas is impacted by industrial and agricultural
runoff, water treatment infrastructure, and household economic conditions. This study
explores the relationship between drinking water quality, water sources, and land cover
types in northeastern Kazakhstan. The Water Quality Index (WQI) was calculated for
each household and village using the Horton Equation. Land cover was mapped using
Sentinel-2 Level-2A imagery. Statistical differences among villages were analyzed through
one-way ANOVA and t-tests. A Structural Equation Model (SEM) was built using Max-
imum Likelihood estimators, with significance set at p < 0.05. Significant variations in
manganese, hydrocarbonates, and chlorides were observed based on the distance from
the Irtysh River and water sources. Grasslands had the greatest influence on water pa-
rameters (−14.89), followed by croplands (5.96), urban lands (2.15), and other land types
(2), with forests having the least effect. Biological indicators, such as Actinomycetes sp.,
were significantly correlated with forests (2.32) and other land cover types. Grasslands
reduce mineral content in groundwater, while croplands and forests contribute to mineral
enrichment, particularly nitrates from croplands. Urban areas increase chemical loads in
groundwater, and manganese levels decrease with distance from the Irtysh River. Chlorides
and hydrocarbonates are highest near the river. Rural water treatment infrastructure should
be improved, stricter pollution controls should be enforced, and sustainable land use prac-
tices should be promoted to reduce agricultural and urban runoff. Additionally, economic
incentives for household filtration, regular water quality monitoring, and a coordinated
watershed management approach can enhance long-term water security.

Keywords: drinking water; land cover; water quality; Kazakhstan

1. Introduction
Access to safe and reliable drinking water is a critical challenge for rural populations

globally, especially in regions where natural resources are constrained by environmental
factors, infrastructure, and anthropogenic activities. The quality of drinking water in
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rural areas depends on many factors, including industrial and agricultural runoff, water
treatment facilities, and the economic status of households. In addition to the direct impact
of pollutant inputs, local environmental conditions are a crucial aspect in determining the
quality of water resources. For example, land cover types and land uses have been reported
to directly influence the quality of natural waters [1]. Rapid climate changes also affect water
quantity and dynamics of lakes, rivers, and groundwater [2], which in turn can influence
water quality (e.g., eutrophication of lakes). Identifying sources of pollutant inputs, such as
agricultural runoff and sewage discharges, allows for implementing measures to reduce
nutrient inputs and prevent eutrophication [3].

There are many studies in the scientific literature on the influence of different types
of landscapes on the physical and chemical parameters of surface waters. For instance,
some research in Punjab, which is the most populated province of Pakistan, has highlighted
significant problems caused by heavy metals and emerging microbiological contamination
due to untreated industrial wastewater discharges and poor water management [4]. A
study in Chattogram (Chittagong) city of Bangladesh on the impact of urbanization on
land cover and water resources in a semi-urban area showed that water bodies, vege-
tation, and agricultural land were distributed at 9.36%, 40.55%, and 37%, respectively.
Water samples had low HCO2− values and no CO3− values after urbanization, which
indicates it is less ideally suitable for domestic use. Human settlements directly affected
the water quality parameters, including pH, total dissolved solids, and conductivity [5].
Singh et al. (2011) [6] correlated the change in land use and land cover (LULC) with water
quality data and found that areas undergoing rapid urbanization and industrialization had
poor or inadequate groundwater quality in the Punjab province of Pakistan. High salinity
and sodium concentration in the soil were associated with excessive use of fertilizers and
contamination of wells. The concentrations of nitrate, manganese, and chromium in the
densely populated study area were above the WHO permissible limits. The deterioration of
groundwater quality was found to be mainly due to improper functioning of the sewerage
system. Researchers from India have also found that increased use of fertilizers results in
higher concentrations of Na+ and Cl− ions in groundwater in the Soan Basin of western
Himalaya, as well as increases in nitrate and fluoride concentrations [7]. In another study,
low nitrate concentrations were observed in forests and drylands, while high nitrate values
were prevalent in urban areas in the Palani Taluk of India [8]. In other research in the
Calapooia River Basin of western Oregon, the predominant form of nitrogen in streams
draining into sub-catchments dominated by agriculture was NO3− ions, which implies
that mineralized nitrogen had been incorporated into plant tissue following its initial
application in the spring as urea-based fertilizer [9].

Land use patterns, such as urbanization, agriculture, and forestry, play a crucial role in
determining surface water quality. Urban areas often contribute to increased nutrient loads
and pollutants due to runoff from impervious surfaces, leading to elevated concentrations
of substances like nitrates and phosphates in adjacent water bodies. Agricultural lands can
introduce fertilizers and pesticides into surface waters, resulting in nutrient enrichment
and potential eutrophication. Conversely, forested regions typically act as buffers, reducing
nutrient runoff and maintaining better water quality. A review highlighted that land
use directly impacts the heat and material balance of surface waters, influencing their
quality [10].

The spatial configuration of landscapes also affects water quality parameters. A study
in Huzhou City, China, investigated the relationship between landscape patterns and urban
river water quality across different seasons. The findings indicated that landscape charac-
teristics significantly influence water quality variables, with notable variations observed
between seasons [11].
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Riparian zones—the interfaces between land and rivers or streams—are vital in enhanc-
ing water quality. These areas can filter pollutants from surface runoff and groundwater
flow before they enter water bodies. They are particularly effective in reducing nitrate
contamination from agricultural runoff, thereby protecting aquatic ecosystems and human
health [12].

Wetlands are unique landscapes that significantly impact water chemistry. They vary
widely due to differences in topography, hydrology, and vegetation. Wetlands can influence
the concentrations of dissolved oxygen and carbon dioxide in water, affecting overall water
quality. The hydrology of wetlands, including factors like water source and movement,
plays a crucial role in determining their chemical attributes [13].

Landscape limnology, the study of lakes, streams, and wetlands as they interact with
their surrounding landscapes, emphasizes that the characteristics and context of these water
bodies are influenced by terrestrial features, aquatic connections, and human activities.
This field underscores the importance of considering spatial patterns and scales when
assessing how landscapes affect water quality [14].

In Kazakhstan, with its vast steppe landscapes and intensive agricultural activity,
groundwater quality—the primary drinking water source—is influenced by diverse land
cover types, from extensive pastures to intensive croplands. Industrial centers in Kaza-
khstan also affect water quality in rural areas close to cities [15]. For example, in recent
decades, the hydrology of Lake Balkhash has been significantly affected by climate warm-
ing, changes in land use, and water-intensive economic activities driven by population
growth and expansion. Among the LULC variables, pastures and heathland near Lake
Balkhash showed a positive correlation with the normalized difference turbidity index
(NDTI), but this spatially decreased over time. In contrast, shrublands and wetlands
showed a negative correlation with NDTI, which spatially increased over time. These
results highlight the significant impacts of rising temperatures, human-included water
level changes, and land use/land cover (LULC) variables on turbidity [16]. There are
currently very few scientific studies that assess the impact of different types of land cover
on groundwater quality in rural areas, which is the main source of drinking water in
developing countries. In Kazakhstan, most villagers use various types of wells to access
groundwater, and the central water supply also relies on groundwater. Occasionally, people
use open reservoirs for drinking purposes [17]. Drinking water is water in its natural state
or after processing that meets established national standards and hygienic norms for quality
and is intended for drinking and household use [18].

The objectives of our study are to show the connection between drinking water quality,
types of drinking water sources, and types of land cover. We aim to answer the following
questions: Does land cover type influence the chemical and biological composition of
drinking water? Does household water quality in the rural Pavlodar Region depend on
the distance to surface water and the type of the source? To empirically investigate these
questions, we analyzed land cover and village composition in northeastern Kazakhstan,
measuring the distance from each sampled household to the Irtysh River—the primary
water source—to assess its impacts on groundwater’s chemical and biological composition.
Linear regression models were employed to reveal changes in hydrochemical properties
and biological indicators of drinking water with distance to the Irtysh River. A structural
equation model (SEM) was developed to diagnose the inherent connections among three
latent variables: landscape structure (LANDs), water chemistry (Wchem), and biological
substances (Wbio). Each latent variable is described with a suite of specific quantitative
measures. Lessons from this study will advance our understanding of the influence of
landscape structure by addressing key knowledge gaps for developing sound management
strategies for water resource management in rural areas in Kazakhstan, in addition to
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potential applications of our methods for other regions/countries. The novelty of this work
is that, for the first time, the quality of drinking water from different sources in rural areas
was analyzed in relation to the land cover type. Addressing this knowledge gap will help
in the future planning of household water supply systems.

2. Materials and Methods
Figure 1 illustrates the technical route and successive stages of the study. Initially, the

study area was chosen based on its status as one of the most industrialized regions in the
country—the Pavlodar Region. Statistical data were collected to examine the relationship
between water chemical composition and landscape type.
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Figure 1. Technical route of the study.

2.1. Research Area

Our study sites are located on the banks of the Irtysh River within the Pavlodar Region
in northeastern Kazakhstan, which borders the Abay, Karaganda, Akmola, and North
Kazakhstan regions (Figure 2). The region comprises ten districts and multiple cities,
settlements, rural districts, and villages.
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Figure 2. Locations of 10 selected villages on the bank of the Irtysh River for sampling drinking water
in the Pavlodar Region of northeastern Kazakhstan. This land cover map was generated through
unsupervised classification of Sentinel-2 Level-2A images. Administrative boundaries are from the
Environmental Systems Research Institute (ESRI) (accessed on 15 May 2024).

2.1.1. Geographical and Climate Features of the Research Area

It is characterized by a typical continental climate, with high diel and seasonal tem-
perature fluctuations in the Pavlodar Region [19]. The Pavlodar Region, like other regions
of Northern Kazakhstan, belongs to the West Siberian climatic region of the temperate
zone, which has a sharply continental climate. It is characterized by a cold, long winter
(5.5 months) and a hot, short summer (3 months). Due to the complex local topography and
atmospheric circulation patterns, the region experiences long and harsh winters with strong
winds and snowstorms, cold spring spells, and frosts in late spring and early autumn [20].
A description of the average temperature in the Pavlodar Region over the last 20 years is
given in Figure 3.

Analyses of 21 years of temperature data show that extreme temperatures occur in
the Pavlodar Region during both hot and cold seasons, with high peaks in summer and
significantly low levels in winter. The range of average air temperature lies in the level
from −45 ◦C to +40 ◦C (Figure 3a), while the average air temperature in 2021 was from
−42 ◦C to +37 ◦C (Figure 3c). The box plot clearly shows extreme temperature values
that go beyond two standard deviations. The histogram of the air temperature frequency
distribution shows that the frequency has two peaks (Figure 3b). One of the peaks occurs
in the cold season (0 ◦C), while the other occurs in the warm season (+15 ◦C–+17 ◦C) of
the year. Moreover, the tail of the histogram shows that in the cold season in the region in
2021, the temperature range is twice as wide as in the summer period (Figure 3d). Average
meteorological data values (air temperature, air pressure, wind speed, and air humidity)
for 2021 are given in Table 1.
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Figure 3. Characteristics of the atmospheric temperature regime in the Pavlodar Region. (a) Average
atmospheric temperature for 2000–2021—black color point is extreme temperature, (b) frequency of
atmospheric air temperature distribution for 2000–2021 (hours), (c) average atmospheric temperature
for 2021—black color point is extreme temperature, (d) frequency of atmospheric air temperature
distribution in 2021 (hours). Built on the basis of statistical data from Kazhydromet [20].

Table 1. Regionally averaged monthly precipitation anomalies in 2021 in Kazakhstan and Pavlodar
Region, calculated as deviations from long-term averages for 1961–2021 (in mm), and the probability of
non-exceedance (in brackets), calculated based on data for the period 1941–2021 and expressed as %.

Region January February March April May June July August September October November December

Kazakhstan −4.8 (23) 15.5 (98) 21.2 (98) −12.9 (10) −18.8 (1) −8.1 (20) −5.4 (33) −7.1 (27) −6.6 (18) −10.2 (17) −3.9 (42) −14.2 (3)
Pavlodar −5.7 (35) 6.5 (86) 14.4 (91) −12.9 (6) −20.5 (1) 11.5 (57) 2.9 (56) 15.4 (82) 1.7 (50) −5.0 (51) 5.6 (76) −2.2 (30)

The Irtysh River, which originates in the Altai Mountains of China, flows northwest
across the region and enters the Ob River in Russia, is the primary source for both ground-
and surface water used as drinking water by the residents on the banks. The river has
been subject to various uses and contamination risks for decades due to intensified and
extensive land uses, urbanization along the banks, increasing population, and land use
regulations [21–23].

The amount of precipitation in our area is from 200 to 300 mm per year. Most of
the precipitation in the Pavlodar Region occurs in the spring and summer; from April to
October, the amount of precipitation is the greatest at 184–185 mm. In winter, precipitation
is somewhat less frequent; the total amount for the period from November to March is
118–168 mm [24].

A significant precipitation deficit was observed across most of the country, with precip-
itation levels falling below 60% of the norm. Above-normal precipitation fell in the Pavlodar
Region. In January, the average precipitation amount for the territory of Kazakhstan was
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76.8% of the norm (Table 1). February was extremely wet—on average, the amount of
precipitation in Kazakhstan was 185.8% of the norm (Table 1). In southern regions of the
Pavlodar Region, precipitation was 40–60% of the norm in the spring season. March, as well
as February, was extremely wet—on average, the amount of precipitation in Kazakhstan
was 191.6% of the norm, or 21.2 mm above the average long-term value (Table 1). At Meteo-
station Sharbakty (Pavlodar Region) in April and May, a record minimum precipitation was
set (1.2 mm and 0 mm, respectively), as to their previous records. Meteorological stations
in Pavlodar Regions set records for minimum precipitation in spring.

The average precipitation for 2021 in Kazakhstan was 271.5 mm (86% of the norm).
On average, in most regions, annual precipitation amounts were within ±20% of the norm.
A precipitation deficit (up to 30–40%) was observed in the western, southern, and central
regions of the republic. A strong precipitation deficit (up to 70%) was observed in the
Mangistau region.

The average precipitation amount in Kazakhstan was below normal for most of the
year. Two months were extremely dry: May, when the average precipitation layer was
about 45% of the norm, and April, when 58% of the norm fell. A significant precipitation
deficit was also observed in January (23%) and from June to December (13–34%). Two
months were extremely wet—February (185.8% of the norm) and March (191.6% of the
norm). From April to October, most of Kazakhstan experienced a precipitation deficit.
Some stations have updated monthly precipitation minimums, while others have updated
monthly precipitation maximums. According to many stations, there was no precipitation
for at least a month in the western, central, and southern regions.

In summer, the precipitation deficit, as well as in winter and spring, continued to
be felt in most parts of Kazakhstan and even increased in many regions. There was no
precipitation throughout the summer season. A significant deficit in monthly precipitation
remained in most regions throughout the summer months, taking into account April and
May for 5 months in a row. The most significant amount of precipitation (364%) fell
at the Krasnoarmeyka MeteoStation (Pavlodar Region), which amounted to 118.0 mm.
Precipitation exceeded the norm by more than 20%, and it was at the junction of the
Pavlodar Region (up to more than 140–160% of the norm). In September and October, on
average for the territory, the average precipitation in Kazakhstan was about 66% of the
norm. In September, precipitation within 80–120% of the norm was recorded in some areas
of northwestern, northern, central, and northeastern Kazakhstan. In October, precipitation
of more than 120% of the norm was received by some areas in the Pavlodar Region. The
region at the junction of the Pavlodar Region received 1.5–2 precipitation norms (Table 1).

2.1.2. Major Economic Activities of the Pavlodar Region

The Pavlodar Region is a large industrial center of Kazakhstan; it is a multi-industry
industrial complex focused on the production of electric energy, alumina, oil refining
products, mechanical engineering, food industry, and building materials. The leading
industries in the region, which provide more than 70% of the volume of production in the
manufacturing industry, are the metallurgical industry and metal processing. The industry
is represented in the region by the ferroalloy plant in the city of Aksu. The Aksu Ferroalloy
Plant is a branch of JSC TNC “Kazchrome” that produces ferrochrome, ferrosilicon, fer-
rosilicomanganese, and ferrosiliconchrome—high-quality products that are in demand on
the world market. It produces more than one million tons of products per year, including
non-ferrous metallurgy production of alumina, enrichment of polymetallic ores of the
Maykainsky deposit, and copper ores of the Bozshakolsky deposit. The “Pavlodar Alu-
minum Plant” (JSC “Aluminum of Kazakhstan”) in Pavlodar, with a capacity of 1.5 million
tons per year, was built and put into operation in October 1964. The enterprise produces
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alumina, which is the most important raw material for the production of aluminum, as
well as for obtaining special types of ceramics, refractories, and materials for the electronic
industry. Gallium and vanadium pentoxide are also extracted from bauxite. Gallium is a
rare metal that is in great demand abroad. It is exported to Japan, Germany, and the USA.
The Pavlodar branch of TOO “Casting” is an enterprise that has mastered the production
of steel blanks and rolled products, grinding balls, rods, and reinforcement. The region has
deposits of polymetallic ores containing gold, silver, copper, and zinc. These deposits are
developed by JSC “Maikainzoloto”. The Maikainsky plant includes mines and a processing
plant. JSC Maykainzoloto produces copper in copper concentrate, zinc in zinc concentrate,
and gold-containing concentrates. Industrial pollutants can also influence the formation of
biogeochemical provinces that affect groundwater quality.

2.1.3. Sampling Period Feature

Ten villages in the midsection of the Irtysh River were randomly selected to sample
drinking water for quality during July–August of 2021. These months were the months
when the average values of the highest temperature, average air humidity, lowest pressure,
and average wind speed of the year were observed. These weather conditions show that
these months are convenient for the research period of our object as it is neither a dry nor a
rainy season compared to other years (Table 2). Also, July–August in the Pavlodar Region,
as in many regions at this latitude, is the middle of the vegetation period of the vegetation
cover, which is also the subject of the study with regards to types of land cover. Therefore,
this period was chosen for the research.

Table 2. Main months weather features of the Pavlodar Region in 2021.

Months Day Air
Temperature, ◦C

Night Air
Temperature, ◦C

Air Pressure,
mmHg

Wind Speed,
m/s

Air Humidity,
%

January −19 −20 763 1.7 72
February −12 −16 754 2.9 79

March −4 −7 752 3.5 80
April 11 3 757 3.0 55
May 21 14 751 3.4 38
June 22 15 747 3.2 50
July 25 18 744 2.1 55

August 23 17 748 2.3 61
September 14 8 749 2.4 59

October +7 +3 756 2.5 70
November −3 −6 755 2.9 67
December −8 −9 758 2.4 84

In the Pavlodar Region in 2021, the average maximum air temperature was observed
in July (+25 ◦C), and the average minimum temperature was in February (−19 ◦C). Air
pressure acquired an average maximum value in January (763 mmHg), while humidity
was high in December (84 mmHg). Wind speed was, on average, 1.7–3.5 m/s (Table 2).
Another important feature of the climate of the Pavlodar Region, due to its geographical
location in the temperate latitudes, is the predominance of the “western transfer” in the
circulation of air masses. In the temperate latitudes where the Pavlodar Region is located,
air masses move from west to east. That is why most of the winds in the Pavlodar Region
have a western direction. The most intense winds occur in the winter months; they reach
15–20 m/s and are often accompanied by snowstorms. The prevailing directions are
southwest, west, and northwest winds.

2.1.4. Sampling Villages

Sampled villages of the Pavlodar Region are located within the southern West Siberian
Plain, which is the largest plain on earth [25]. The selected villages are categorized by
distance from the Irtysh River: three within 2 km (Short Distance (Dists): Naberezhnoye,
Chernoyarka, Gosplemstansiya), three within 2–10 km (Intermedium Distance (Disti):
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Birlik, Zhertumsyk, Zhanatan), and four over 10 km away (Long Distance (Distl): Shakat,
Koryakovka, Efremovka, Shoptykol) (Table 3). They varied substantially in population
(176–1308) and gender ratio. For each village, 70 households were surveyed for their
sources of drinking water, family size, household age, household size, type of water
filtration, water storage place, and complaints about water quality. In each village, five
households were selected for drinking water sampling: four households along the perimeter
and a household in the central part of the village. Water sample households were selected
randomly, regardless of the type of source. If multiple types of water sources were used in a
single household, all types of sources were selected for the sample. At least three replicates
were selected from each water source in one village. The distance between households was
from 500 to 1–2 km, and the relief within one village remained homogeneous. The distance
from the drinking water source remained within the data in the table at ±0.75 km.

Table 3. General information about the study villages in the Pavlodar Region of Kazakhstan. Land
area of each cover type was calculated within a 4 km radius from the village center (see Table 3).

Name of Village Latitude, Longitude Population *
(Men/Women) D ** (km)

Land Area (km2)

Forests Grasslands Croplands Urban Others

Gosplemstancya 52◦29′59′′ N 76◦48′43′′ E 1308 (653/655) 2.25 0.83 3.02 5.96 1.78 1.01
Shoptykol 51◦17′46′′ N 75◦47′00′′ E 187 (96/91) 122.8 0.00 12.35 0.00 0.20 0.01

Shakat 52◦19′47′′ N 77◦18′28′′ E 774 (375/399) 26.2 0.48 4.38 4.31 1.73 1.66
Chernoyarka 52◦31′15′′ N 76◦48′29′′ E 653 (327/326) 1.2 0.01 9.48 1.91 0.97 0.20

Birlik 52◦04′55′′ N 77◦07′07′′ E 426 (229/197) 7.1 0.00 9.09 0.01 0.28 3.13
Koryakovka 52◦24′32′′ N 77◦08′47′′ E 176 (87/89) 20.5 0.17 11.54 0.68 0.04 0.13

Zhanatan 51◦32′27′′ N 77◦38′11′′ E 352 (182/170) 5.1 1.08 4.96 0.68 2.01 1.66
Naberezhnoe 52◦40′32′′ N 76◦42′32′′ E 1552 (731/821) 1.4 0.03 10.35 0.96 0.33 0.89
Zhertumsyk 52◦03′05′′ N 77◦08′14′′ E 234 (115/119) 6.5 0.01 6.52 4.48 1.55 0.02
Efremovka 52◦32′01′′ N 77◦21′02′′ E 1090 (517/573) 38.2 0.07 8.71 1.87 1.33 0.60

Note(s): * Population size of the study villages based on the data from the Bureau of National Statistics Agency
for Strategic Planning and Reforms of the Republic of Kazakhstan [26]; ** the distance from the village center to
the Irtysh River.

2.1.5. Research Area Water Sources

The Pavlodar Region has large reserves of groundwater, but a significant part of them
has increased mineralization. To use groundwater with increased mineralization, approved
exploitation reserves are required. From 2003 to 2016, within the framework of the state
programs “Drinking Water” and “Ak Bulak”, exploitation reserves of groundwater were
explored and approved for 171 villages of the Pavlodar Region out of 412 rural settlements.
The main chemical components in the Pavlodar Irtysh region that exceed the maximum
permissible concentration (MPC) in groundwater are mineralization, iron, boron, and
manganese. In the modern world, groundwater with increased mineralization has long
been used for drinking purposes, provided that it is desalinated and purified [27]. The
aquifer is located at a depth of 1.5–2.5 m. The amplitude of groundwater level fluctuations
is 2.15 m (near the river) and 0.5–0.7 m (at the edge of the first terrace). Filtration coefficients
vary from 8 to 40 m/day, averaging 18 m/day. The direction of the Irtysh River water
flow is from the northeast to the north, from China to Russia. With increasing distance
from the Irtysh River, the degree of groundwater mineralization increases; at the edge
of the first terrace, the dry residue content is 2–2.7 g/L, and the iron content increases
to 50 mg/L [18- new19]. The Irtysh River’s water chemical substances were sampled and
analyzed (Table 4).
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Table 4. Chemical composition of the Irtysh River’s water in the Pavlodar Region (August 2021).

Anions * µ ± σ Cations µ ± σ General Parameters µ ± σ

Hydrocarbonates, mg/L 81.33 ± 09.62 Natrium and Kalium, mg/L 17.33 ± 0.29 Mineralization, mg/L 196.33 ± 6.50
Carbonates, mg/L 20.32 ± 0.13 Iron, mg/L 0.56 ± 0.01 General Hardness, mg-Eq 2.17 ± 0.05
Chlorides, mg/L 14.00 ± 0.16 Calcium, mg/L 28.00 ± 0.26 Carbonate Hardness, mg-Eq 1.98 ± 0.03
Nitrates, mg/L 0.50 ± 0.01 Magnesium, mg/L 9.67 ± 0.06 Dry Residual, mg/L 155.67 ± 5.03
Sulfates, mg/L 25.33 ± 0.71 Manganese, mg/L 0.01 ± 0.004 pH 8.28 ± 0.09

Total Anions, mg/L 143.67 ± 1.27 Total Cations, mg/L 55.67 ± 0.32

Note(s): * µ is a parameter’s mean, and σ is a standard deviation.

The table shows that Irtysh water contains many hydrocarbonates among the anions
and calcium, natriium, and kalium among the cations. Due to the presence of these salts,
both mineralization and dry residue also showed high values.

2.1.6. Drinking Water Sources in Research Villages

The research villages had multiple sources of drinking water, except Shoptykol, which
relied solely on a public borehole (Table 5). The percentage is calculated based on the
number of respondents.

Table 5. Composition of drinking water sources (%) in the 10 study villages in the Pavlodar Region
of Kazakhstan.

Name of Village Wc
Wi

Wr
Ww

Wi1 Wi2 Wi3 Wi4 Ww1 Ww2 Ww3 Ww4 Ww5 Ww6

Gosplemstancya 50.79 4.76 1.59 - - - - 15.88 26.98 - - -

Shoptykol - - - - - - - - - 100 - -

Shakat 16.22 2.70 - 2.70 - - - 70.27 8.11 - - -

Chernoyarka 8.70 - - - - - - 41.30 34.78 - - 15.22

Birlik 40.82 - - - 8.16 - - 20.41 12.24 - - 18.37

Koryakovka - - - - 5.26 - 42.11 5.26 26.32 21.05 - -

Zhanatan - 13.33 - - - - - 60.00 26.67 - - -

Naberezhnoe 40.86 1.08 - - 3.22 33.33 - 4.30 6.45 1.08 8.60 1.08

Zhertumsyk 3.03 - - 3.03 21.21 - - 45.45 12.12 3.03 - 6.06

Efremovka - - - - - - - 72.50 27.50 - - -

Note(s): Wc—centralized water supply system, Wi—imported water, Wr—water from river, Ww—well water,
Wi1—bottled water from general stores, Wi2—purified water from general stores, Wi3—bottled water from the
manufacturer, Wi4—free trucked water, Ww1—public water intake pump, Ww2—private borehole in yard without
supply inside, Ww3—private borehole in yard with supply inside, Ww4—public borehole, Ww5—private well in
courtyard with water supply inside, Ww6—private well in courtyard without water supply inside.

Thirteen types of drinking water sources were identified in the research villages, which
were grouped into four classes: (1) centralized water supply system (Wc) for the water tap
of each household; (2) river water (Wr) from the Irtysh River; (3) imported water (Wi) that
includes bottled water from the stores (local and imported), purified water from the stores,
and free trucked-in water; and (4) well water (Ww), including public water intake pumps
on the street, private boreholes at private houses (both with and without water supply to
the house), public boreholes, and private wells. Water samples were collected for each type
of water source for their biological parameters, including total microbial amount, fungi
and actinomycetes, chemistry including cations (natrium and kalium, magnesium, iron,
calcium), anions (carbonates, hydrocarbonates, chlorides, sulfates, and nitrates) and general
parameters (general hardness, carbonate hardness, mineralization, pH). The concentration
of manganese (mg/dm3) was used as a measure of pollutants in soil that can be found in
the drinking water of households in the region [28]. The depth of the wells ranges from 8 to
25 m. Motor wells are made of plastic pipes. Water samples were analyzed in the chemical
laboratory of L. N. Gumilyov Eurasian National University and in the Laboratory “Azimut”
Karaganda. The biological and chemical parameters were determined according to “The
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Order of the Minister of Health of the Republic of Kazakhstan”, dated 20 February 2023,
No. 26 [18,29,30].

2.2. Research Methods
2.2.1. Water Quality Index

Water Quality Index (WQI) was calculated for each household and village using the
Horton Equation (1) [31].

WQI = ∑ qn × Wn/ ∑ Wn, (1)

where qn is the quality rating of the nth water quality parameter, and Wn is the unit weight
of the nth water quality parameter.

qn = [(Vn − Vid)/(Sn − Vid)]× 100, (2)

where Vn is the estimated value of the nth water quality parameter at a given sample
location, Vid is the ideal value for the nth parameter in pure water (7 for pH; 0 for all other
parameters), Sn is the standard permissible value of the nth water quality parameter.

Wn = k/Sn, (3)

where Sn is the standard permissible value of the nth water quality parameter, and k is a
constant as the proportionality (6).

k =
[
1/

(
1/ ∑ Sn = 1, 2, ...n

)]
(4)

The WQI values were grouped into classes by water use (Table 6).

Table 6. WQI score range and corresponding water quality status and possible usage of water.

WQI Water Quality Possible Usage

0–25 Excellent Drinking, Irrigation, and Industrial
26–50 Good Domestic, Irrigation, and Industrial
51–75 Fair Irrigation and Industrial
76–100 Poor Irrigation

101–150 Very Poor Restricted Use for Irrigation
>150 Unfit for Drinking Proper Treatment Required Before Use

2.2.2. Land Use Land Cover Method of the Geospatial Mapping

We hypothesized that the distance of each village from the Irtysh River and the sur-
rounding landscape structure play significant roles in determining the quality of drinking
water at the study villages. Sentinel-2 Level-2A images were used to develop a land cover
map for the region. We used the ESRIGLC10 datasets for 2022, developed by the Environ-
mental Systems Research Institute, Inc. (ESRI) with a resolution of 10 m and a classification
scheme of ESRIGLC10 for delineating nine cover types: water bodies, forests, wetland
areas, croplands, built-up and urban lands, bare areas, permanent snow/ice, grasslands,
and clouds [32]. Since in the Pavlodar Region, forest, grasslands, croplands, and urban
areas predominated among all the listed types of land cover, the rest made up less than 5%,
five land cover types were taken for our research: Croplands, Grasslands, Forests, Urban
areas and rest of the types combined into Others group. The land cover classifications were
conducted using Impact Observatory’s deep learning AI land classification model, trained
on billions of human-labeled image pixels sourced from the National Geographic Society.
For our research in the Pavlodar Region, we included all nine land cover classes provided
by the ESRIGLC10 datasets (Figure 1, Table 7), reclassified to adapt them to the charac-
teristics of our area, including a spectrum of ecological and anthropogenic features. This
comprehensive classification scheme provides valuable insight into the diverse land cover
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types in the study area, contributing to a better understanding of its ecological landscape.
In the Pavlodar Region, green natural areas account for 86% of the land, and croplands
make up 9%. Forests (2%), water bodies (2%), built-up and urban lands (1%), and bare
areas (1%) cover much smaller ranges. Wetlands and snow are seasonal and, therefore,
scarcely visible on the map. Grasslands and rangelands are found across the entire region,
while croplands are mostly found in the northeastern region. A 4 km radius from village
centers is used to represent the landscapes. This radius was used to analyze each village’s
landscape without overlapping. Finally, the distance from the village center to the bank of
the Irtysh River was calculated using ArcMap.

Table 7. Name and descriptions of land cover types in the Pavlodar Region, Kazakhstan.

Class Name Description of Class

Water Bodies Rivers, ponds, lakes, flooded salt plains
Forests Deciduous, evergreen, mixed, and residential forests

Wetland Areas Flooded areas, emergent vegetation, rice paddies, and other
irrigated/inundated lands

Croplands Crops of cereals, crops not at tree height, rainfed, irrigated, mosaic

Built-up and Urban Lands Residential, commercial, industrial, roads and transportation,
communications, and utilities

Bare Areas Bare rock areas, sands, dry salt flats/pans, dried lake beds

Permanent Snow/Ice Perennial cover of ice and/or snow, generally greater than 25% of
total cover

Grasslands Managed grasslands, semi-natural grasslands, natural grassy vegetation,
and rangelands

Clouds No land cover information due to persistent cloud cover

2.2.3. Statistical Analysis

Statistics for each water quality parameter are presented as mean ± SE (standard
error). One-way ANOVA was employed to test the statistical differences among the villages
through Equal and Unequal variance t-tests. Structural Equation Models (SEMs) are
constructed with Maximum Likelihood (ML) for estimators and Nonlinear Minimization
for Optimization using the Brouden–Fletcher–Goldfarb–Shanno (NLMINB) algorithm in R
Studio-2024-09.0-375. Significance tests were set at p < 0.05.

3. Results
Chemical and biological analysis of drinking water samples from households in

the villages of the Pavlodar Region showed that different villages have different water
compositions (Table 8). The content of cations in different villages is especially different.
For example, high concentrations of natrium and kalium 380 mg/L were observed in the
village of Shakat and low concentrations in the village of Birlik. The concentration of
calcium was high in the villages of Koryakovka and Zhertumsyk, and lower concentrations
were found in the villages of Naberezhnoye, Shakat, and Birlik.

Table 8 shows the water quality data in the villages of Pavlodar: Birlik, Chernoyarka,
Efremovka, Gosplemstanciya, Koryakovka, Naberezhnoye, Shakat, Shoptykol, Zhanatan,
and Zhertumsyk. The chemical composition of water in Table 8 shows the difference in
the main cations and anions in different villages. These indicators are the main ions and
biological parameters that affect the salinity of water, color and taste, alkalinity and pH
balance, hardness, and potential pollution. Thus, the best water quality is in Birlik (the
lowest WQI and the lowest pollution levels), and the worst water quality is in Zhanatan
(the highest WQI and the number of microbes). The hardest water is in Koryakovka (the
highest calcium and magnesium levels), and the most mineralized water is in Shakat (the
highest total mineralization). The distribution of chemicals in drinking water samples from
the study area shows that the chemicals have different distribution patterns, and several
chemicals have extreme values (Figure 4).



Water 2025, 17, 945 13 of 29

Table 8. Chemical and biological composition (* µ ± σ) of the drinking water sources of Pavlodar rural region (August 2021).

Village’s Name/Chemical
Substances Birlik Chernoyarka Efremovka Gosplemstantcyia Koryakovka Naberezhnoe Shakat Shoptykol Zhanatan Zhertumsyk

Natrium and Kalium, mg/L 71.17 ± 6.42 135.33 ± 7.98 181.6 ± 3.41 211.71 ± 5.53 256.69 ± 4.44 132.71 ± 1.57 380.17 ± 1.48 332 ± 4.29 192.6 ± 1.51 119.8 ± 1.11
Iron, mg/L 0.16 ± 0.02 0.08 ± 0.006 0.06 ± 0.002 0.3 ± 0.051 0.05 ± 0.002 0.27 ± 0.037 0.18 ± 0.025 0.08 ± 0.004 0.18 ± 0.011 0.05 ± 0.007

Calcium, mg/L 28.67 ± 0. 39 88.33 ± 0.68 36.4 ± 0.53 81.71 ± 0.26 134.63 ± 2.35 28.29 ± 0.16 23.5 ± 0.84 62 ± 0.53 76.4 ± 0.28 140 ± 1.01
Magnesium, mg/L 13.17 ± 0.17 49.32 ± 0.37 34.6 ± 0.69 54.43 ± 0.19 94.08 ± 1.63 16.14 ± 0.14 17.33 ± 0.86 82.5 ± 1.04 47.2 ± 0.96 47.4 ± 0.35
Manganese, mg/L 0.01 ± 0.001 0.2 ± 0.046 0.02 ± 0.003 0.1 ± 0.016 0.03 ± 0.004 0.07 ± 0.011 0.01 ± 0.001 0.01 ± 0.001 0.22 ± 0.007 0.01 ± 0.001

Total Cations, mg/L 113.17 ± 1.15 273.17 ± 1.79 252.6 ± 2.89 359.17 ± 1.01 364.27 ± 6.28 177.71 ± 1.62 421.17 ± 1.31 476.5 ± 5.84 260 ± 1.34 308 ± 2.46
Hydrocarbonates, mg/L 90.33 ± 1.12 247.17 ± 1.71 296.4 ± 3.09 245.71 ± 4.31 866.4 ± 15.69 181.14 ± 1.49 339.67 ± 3.28 291.75 ± 3.91 337.67 ± 3.95 197.8 ± 1.06

Carbonates, mg/L 18 ± 0.08 28 ± 0.22 36 ± 0.14 30 ± 8.49 12 ± 0.03 23.57 ± 18.04 0 0 0 0
Chlorides, mg/L 79.67 ± 0.63 153.5 ± 8.04 80.8 ± 0. 20 247.29 ± 8.03 383.50 ± 8.55 78.86 ± 0.81 139.33 ± 5.46 175.5 ± 2.85 150 ± 3.54 184.8 ± 1.78
Nitrates, mg/L 24.24 ± 3.75 58.2 ± 6.73 4.78 ± 0.18 1.41 ± 0.03 2.86 ± 0.48 2.71 ± 0.34 3.63 ± 0.17 11.65 ± 0.17 20.53 ± 0.35 180.56 ± 1.67
Sulfates, mg/L 57.67 ± 0.63 197.5 ± 8.04 239.8 ± 2.02 311 ± 8.03 646.4 ± 8.58 120 ± 8.15 459.83 ± 5.43 169.75 ± 2.85 286.67 ± 3.54 228.8 ± 1.71

Total Anions, mg/L 260.83 ± 2.86 684.33 ± 4.68 632.2 ± 4.79 819.43 ± 2.30 105.03 ± 1.36 407.71 ± 3.53 942.67 ± 2.44 655.25 ± 1.01 796.67 ± 1.07 792.4 ± 6.13
Mineralization, mg/L 374.17 ± 4.01 957.83 ± 6.47 884.8 ± 7.65 1162.43 ± 3.36 750.57 ± 1.69 584.14 ± 5.17 1363.67 ± 3.85 922.25 ± 1.53 1081 ± 1.47 1100.6 ± 8.51

General Hardness, mg-Eq 2.52 ± 0. 34 8.47 ± 0.66 4.66 ± 0.086 8.57 ± 0.29 6.16 ± 11.25 2.74 ± 0.02 3.66 ± 0.01 5.7 ± 0.88 7.7 ± 0.27 10.92 ± 0.89
Carbonate Hardness, mg-Eq 1.77 ± 0.02 4.82 ± 0.03 4.54 ± 0.08 4.31 ± 0.07 13.82 ± 0.25 2.65 ± 0.025 2.93 ± 0.26 4.78 ± 0.062 5.28 ± 0.06 3.72 ± 0.021

Dry Residual, mg/L 312.33 ± 3.63 834.33 ± 5.61 738 ± 8.12 1039.57 ± 31.89 646.24 ± 1.41 493.43 ± 4.45 1193.83 ± 36.71 776.5 ± 1.22 940 ± 15.18 1001.4 ± 8.12
pH 7.78 ± 0.69 8.27 ± 0.28 8.28 ± 0.27 8.04 ± 0.33 8.07 ± 0.58 8.5 ± 0.23 6.65 ± 2.13 7.54 ± 0.17 7.87 ± 0.16 6.85 ± 1.1

WQI 31.83 ± 0.45 52.8 ± 0.39 50.23 ± 0.26 114 ± 7.11 44.58 ± 0.42 42.73 ± 0.27 72.85 ± 0.32 60.42 ± 0.88 125.43 ± 6.83 53.39 ± 0.58
Actinomycetes 1.14 ± 0.018 0.49 ± 0.005 1.71 ± 0.17 1.99 ± 0.33 1.06 ± 0.056 1.02 ± 0.091 1.46 ± 0.018 0.15 ± 0.001 1.62 ± 0.066 0.41 ± 0.005

Fungi 0.08 ± 0.001 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.18 ± 0.004 0.18 ± 0.003 0.1 ± 0.002 0 ± 0 0.33 ± 0.007
Total Microbial Amount 0.76 ± 0.01 0.92 ± 0.007 81.28 ± 1.08 30.16 ± 0.74 50.62 ± 0.99 29.47 ± 0.75 100.95 ± 1.08 0.72 ± 0.009 160.48 ± 8.87 41.08 ± 0.88

Note(s): * µ is a parameter’s mean, and σ is a standard deviation.
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Figure 4. Box plot of the distribution of the chemical parameters of the drinking water in the Pavlodar
Region villages. Circle is extream mean and red line is average mean for each chemical parameter.

Most parameters show a wide range of values across different villages, indicating
variability in water composition. Some parameters have significant outliers, suggesting
extreme values in certain locations. The distribution of natrium and kalium is spread
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out, with some villages having much higher concentrations than others. Calcium distri-
bution shows moderate variability, but a few villages have significantly higher concentra-
tions. Magnesium also shows a broad range, indicating different mineral content in water
sources. The spread of total cations suggests some water sources are much richer in cations
than others.

High variability of hydrocarbonates is with some extreme values. The distribu-
tion of chlorides shows a skewed distribution, suggesting certain villages have much
higher chloride levels. Some villages have very high concentrations of sulfates compared
to the median. Total anions have a high spread, indicating significant differences in
water composition.

The variability suggests differences in water hardness between villages. Carbonate
hardness has a similar trend to general hardness, showing different mineral compositions.
WQI (Water Quality Index) in some villages has much higher values, indicating poorer
water quality in those areas.

Iron and manganese have generally low values, but a few villages have elevated
concentrations. Nitrates show a highly skewed distribution, meaning some villages have
much higher nitrate levels, possibly due to contamination. Mineralization has high vari-
ability, suggesting different levels of dissolved minerals in the water sources. Dry resid-
ual indicates the total amount of dissolved solids in the water, with large differences
across villages.

Some villages have significantly higher values for certain parameters, suggesting
possible contamination or unique geological characteristics. The presence of outliers in
many parameters suggests localized water quality issues that may require further investiga-
tion. Parameters related to mineral content (e.g., total cations, total anions, mineralization)
show high variability, likely reflecting different geological formations in the water sources
(Figure 5).

Of the anions, a high concentration of hydrocarbonates can be noted in Koryakovka,
Zhanatan, and Shakat, and there are many sulfates in Koryakovka and Shakat. High con-
centrations of nitrates were in the villages of Zhertumsyk and Chernoyarka, and chlorides
were in Chernoyarka and the State Breeding Station. As a result, mineralization is higher
in Shakakt and Chernyarka. According to the calculation of the water quality index, it can
be said that, on average, all indices are from 31 to 125 and are classified as for domestic and
irrigation use. According to the studied biological indicators, it can be said that microor-
ganisms and actinomycetes are present in many drinking water samples. Microorganisms
were present in large quantities in water samples from the villages of Zhanatan and Shakat.
Actinomycetes were present in almost all villages in the same quantity, although fungi were
present in small quantities in half of the villages (Table 8). These data indicate that drinking
water sources in these villages require additional treatment to be used as a drinking source.

Most water quality indicators show significant relationships with land cover type
(Table 9). Especially urban land significantly and positively affected most chemical pa-
rameters, except for hydrocarbonates, nitrates, and iron (p < 0.05). This means that urban
lands were associated with higher concentrations of observed significant relationships with
chemical substances. The specific observed effects were mineralization (3.76), dry residue
(3.47), calcium (2.99), general hardness (2.45), total anions (2.39), magnesium (1.42), sulfates
(1.28), total cations (1.10), natrium and kalium (0.82), and chlorides (0.37). The ‘others’ land
cover category affected iron concentrations directly proportionally (3.84), while it had an
inversely proportional effect on nitrates (−17.88), general hardness (−1.35), magnesium
(−0.70), and calcium (−1.34), which suggests iron enters drinking water through surface
water and nitrates, magnesium, and calcium wash away from soil (Table 9).
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Our results show that grasslands (−14.89) have a dominant effect on water parame-
ters, followed by croplands (5.96), urban lands (2.15), and others (2), with forests (1) hav-
ing the smallest effect. The total microbial amount showed that Actinomycetes sp. varied 
(0.34) by land cover types. Nitrates (31.09), total mineralization (6.10), and dry residue 
(5.48) had large effects among chemical substances. Greater quantities have magnesium 
(2.48) and natrium and kalium (1.21) from among the cations, and sulfates (1.61) and chlo-
rides (1) from among the anions, depending on the land cover type (Figure 6). We also 
found that land cover type influences biological indicators; particularly, a significant re-
lationship was found between the amount of Actinomycetes sp. in the land cover types 
forests (2.32) and other land cover types. Some parameters of the chemical composition of 
drinking water samples also strongly depend on the type of land cover, for example, ni-
trates (17.31), iron (7.87), dry residue (0.98), mineralization (0.94), and total anions (0.64) 
(Figure 6). 

Thus, significant negative effect on water parameters, possibly due to increased 
leaching and lower filtration capacity. Croplands Increased contamination, likely due to 
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Figure 5. Changes in the concentration of manganese (a), hydrocarbonates (b), and chlorides
(c) (mg/L) of drinking water by water supply source and distance from the Irtysh River in the
Pavlodar Region. The y-axis is the changes of equal and unequal variances of the log-transformed
value of the chemical substances; the x-axis is the drinking water source type in the Pavlodar Region
according to the distance from the Irtysh River. One-way ANOVA with equal and unequal variance
was applied to test the statistical differences among the populations. LSM: Least Square Means.
“a–e” letters in the graph show a significant difference between the indicators, taking into account the
standard error at a confidence level of 0.5%.
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Table 9. Relationship between land cover types of rural Pavlodar Region and chemical substances
of drinking water samples. Regressions of interaction: The Chemical Substance and Land Cover
Types (Ch~LC). Structural Equation Model: Estimator—Maximum Likelihood (ML), Optimization
method—Nonlinear Minimization using the Brouden-Fletcher-Goldfarb-Shanno (NLMINB).

LC Ch~LC HCO3 SO4 Cl NO3 TA Ca Mg Na, K Fe TC Min DR GH

Grasslands

Estimate −0.063 −0.283 −0.096 −0.652 −0.486 −0.537 −0.236 −0.184 −0.194 −0.226 −0.745 −0.703 −0.421
SE 0.057 0.057 0.043 1.260 0.152 0.123 0.111 0.050 0.558 0.067 0.205 0.179 0.136

Z-value −1.112 −4.925 −2.256 −0.517 −3.203 −4.382 −2.136 −3.695 −0.347 −3.386 −3.641 −3.929 −3.087
P(>|z|) 0.266 0.000 0.024 0.605 0.001 0.000 0.033 0.000 0.729 0.001 0.000 0.000 0.002

Croplands
Estimate 0.121 0.430 0.216 6.789 0.886 0.949 0.338 0.217 −0.567 0.332 1.014 0.984 0.715

SE 0.077 0.085 0.062 3.681 0.215 0.238 0.157 0.070 0.864 0.099 0.297 0.265 0.220
Z-value 1.582 5.077 3.505 1.844 4.119 3.996 2.156 3.111 −0.656 3.343 3.413 3.717 3.253
P(>|z|) 0.114 0.000 0.000 0.065 0.000 0.000 0.031 0.002 0.512 0.001 0.001 0.000 0.001

Forests

Estimate 0.276 1.339 0.420 −44.088 1.704 1.686 1.669 1.121 1.268 1.020 4.424 4.091 2.124
SE 0.381 0.448 0.293 13.240 1.088 1.090 0.598 0.251 3.906 0.421 1.134 1.036 0.962

Z-value 0.724 2.988 1.433 −3.330 1.567 1.547 2.790 4.469 0.325 2.424 3.901 3.947 2.207
P(>|z|) 0.469 0.003 0.152 0.001 0.117 0.122 0.005 0.000 0.745 0.015 0.000 0.000 0.027

Urban

Estimate 0.453 1.276 0.365 11.985 2.391 2.988 1.424 0.815 −1.137 1.103 3.763 3.468 2.454
SE 0.233 0.232 0.165 7.082 0.625 0.538 0.399 0.190 2.656 0.254 0.782 0.688 0.535

Z-value 1.941 5.493 2.218 1.692 3.826 5.555 3.573 4.303 −0.428 4.341 4.814 5.040 4.590
P(>|z|) 0.052 0.000 0.027 0.091 0.000 0.000 0.000 0.000 0.669 0.000 0.000 0.000 0.000

Others

Estimate −0.291 −0.078 −0.179 −17.882 −0.696 −1.343 −0.696 0.094 3.836 −0.130 −0.816 −0.739 −1.347
SE 0.162 0.179 0.113 7.749 0.458 0.561 0.299 0.150 1.591 0.195 0.649 0.578 0.469

Z-value −1.802 −0.436 −1.584 −2.308 −1.519 −2.395 −2.326 0.622 2.412 −0.667 −1.258 −1.280 −2.869
P(>|z|) 0.072 0.663 0.113 0.021 0.129 0.017 0.020 0.534 0.016 0.505 0.209 0.201 0.004

Note(s): LC—land cover type, HCO3—hydrocarbonates, SO4—sulfates, Cl—chlorides, NO3—nitrates, TA—
total anions, Ca—calcium, Mg—magnesium, Na, K—natrium and kalium, Fe—iron, TC—total cations, Min—
mineralization, DR—dry residue, GH—general hardness, Estimate—correlation concentration of chemical sub-
stances changing in association with land cover types (mg/L), SE—standard error.

Forests showed positive relationships with general hardness (2.12), dry residue (4.09),
mineralization (4.42), total cations (1.02), natrium and kalium (1.12), magnesium (1.67),
and sulfates (1.34), and a negative relationship with nitrates (−44.09). Croplands have
statistically significant positive relationships with the general hardness (0.72), dry residue
(0.98), mineralization (1.01), total cations (0.3), magnesium (1.67), natrium and kalium (0.22),
magnesium (0.34), calcium (0.95), total anions (0.89), chlorides (0.22), and sulfates (0.43).
Grasslands have a significant negative relationship (p< 0.05) with general hardness (−042),
mineralization (−0.74), dry residue (−0.70), total cations (−0.23), magnesium (−0.24),
natrium and kalium (−0.18), magnesium (−0.33), calcium (−0.54), total anions (−0.47),
chlorides (−0.1), and sulfates (−0.28) (Table 9).

Appendix A provides all the defined parameters of the hydrochemical composition of
water and the cation–anion composition of water from different sources depending on the
type of drinking water source and the distance from the Irtysh River. The letters above the
columns (a, ab, bc, etc.) indicate statistical differences between the groups (groups with the
same letters are not statistically significantly different, while those with different letters are
statistically significantly different).

This plot shows sulfate levels from drinking water in different villages in the Pavlodar
Region. The green bars represent villages at a medium distance from the Irtysh River, the
yellow bars represent villages at a long distance, and the blue bars represent villages at
a short distance. The first column (green) represents villages at a medium distance from
the river with a centralized water supply water and a moderate sulfate concentration.
The second column (green) is another village at a medium distance from the motor well
source water, with a similar but slightly higher concentration. The third column (yellow)
represents villages at a long distance from the river with the centralized water supply
system water and shows a higher concentration. The fourth column (yellow) is also from
a long-distance village and imported water, with a slightly higher sulfate level than the
previous one. The fifth column (yellow) again represents long-distance villages with motor
well water, with a concentration similar to the third. The sixth column (blue) represents
a short-distance village from a centralized water supply system water with the highest
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concentration among all. The seventh column (blue) shows another short-distance village
from an imported water source with slightly lower sulfate levels. The eighth column (blue)
represents yet another short-distance village from a river source with a slightly lower
concentration than the sixth. The ninth column (blue) represents the final short-distance
village with a concentration slightly lower than the others but still higher than the medium
and long-distance villages (Figure A1a).

Sulfates in two different sources of drinking water in villages at an average distance
were significantly different in water from the central water supply compared to water from
wells, which was twice less. At a large distance in villages, they also differed in different
sources; for example, in the central water supply, the water contained significantly more
than in imported and well waters. In short distances in villages, different sources also
differed in sulfate content. But in a lower concentration, they were in imported waters
and in a much higher concentration in wells of houses. Sulfates depend to a greater extent
on water sources than on the distance from the Irtysh River. Generally, anions (nitrates,
sulfates, total anions) show that nitrate levels vary significantly across distances. Sulfate
levels show a similar pattern to nitrates but are generally higher in short-distance villages.
Total anions follow the same trend, increasing with proximity to the river (Figure A1a–c).

According to the results of the studies, magnesium in villages at an average dis-
tance from the river differed significantly: in waters with a central water supply, it was
insignificant, and in well waters, it was significantly higher (Figure A1e). Cations: cal-
cium, magnesium, natrium, kalium, and iron show that calcium and magnesium levels
also increase with proximity to the river, with short-distance villages showing higher
concentrations. Kalium levels show a similar pattern (Figure A1d–h).

Mineralization shows the total mineral content in the water, with higher values indi-
cating more dissolved minerals. Dry residue indicates the amount of solid residue left after
the water has evaporated. It is a measure of the total dissolved solids. General hardness is
a measure of the concentration of calcium and magnesium ions in the water, indicating the
overall hardness. Carbonate hardness specifically measures the concentration of carbon-
ate and bicarbonate ions, contributing to the water’s alkalinity and hardness. Generally,
water from short distances shows higher mineralization and dry residue, indicating more
dissolved solids. General hardness and carbonate hardness also tend to be higher in water
from short distances, showing increased hardness. This suggests that water closer to the
Irtysh River generally has higher levels of minerals and hardness, possibly due to geological
factors or water source characteristics (Figure A1i–l).

Total microorganisms measure the overall microbial load in the water. Higher levels
can indicate contamination and potential health risks. Actinomycetes are commonly found
in soil and water. Higher counts might affect taste and indicate the presence of organic
matter. Fungi in water can suggest organic contamination and might affect water safety
and taste. Higher amounts are observed in water from short distances, indicating more
contamination closer to the river. Actinomycetes levels are generally higher in water from
short distances, similar to total microorganisms. Fungi’s higher concentrations are also seen
in water from short distances, indicating potential organic contamination (Figure A1n–p).

The Water Quality Index (WQI) on this graph (Figure A1m) shows different water
sources and distances. Higher WQI scores (like the blue bars) indicate poorer water quality,
potentially due to higher contamination or dissolution. Comparing these across different
sources and distances from the Irtysh River can reveal which sources have higher microbial
contamination and potential health risks. These parameters together provide an overview
of the water quality and its suitability for different uses (Figure A1m).

The results of testing chemical element content factored by the distance from the
Irtysh River and the water supply sources showed significant differences in manganese,
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hydrocarbonates, and chlorides among the main anions, cations, and biological substances
(Appendix A).

Graph 5a shows the concentration values of manganese. Negative values are the result
of data transformation (centering around the mean). Green and yellow columns (villages in
medium and long distances from the Irtysh r.) have higher values compared to blue ones
(villages in short distances). In Figure 5b, the concentration of hydrocarbonates is presented
in positive values. The yellow bars in villages are a medium distance from the Irtysh r.
(Disti_Wi and Disti_Ww) and have the highest concentration values, marked with “de” and
“cde”, indicating statistically significant differences from the other groups. The blue group
(e.g., Dists_Wr) in villages at a short distance from the Irtysh r. has the lowest concentration,
marked with “a”. The concentration of chlorides also varies between categories. The blue
bar (in short-distance villages) has the highest concentration values, marked with “e”. The
green group (medium distance from the Irtysh r.) and the yellow group (long distance from
the Irtysh r.) are in the middle of the values, although they are statistically different (by
letters) (Figure 5c).

Thus, the amount of manganese decreased with increasing distance from the river,
which might be attributable to the introduction of this metal into drinking water through
surface waters (Figure 5a). Moreover, the source of drinking water was a factor, with more
manganese content in both centralized and well sources at a closer distance to the Irtysh
but only in centralized water sources at middle distances (Figure 5a). Hydrocarbonates
were higher at closer distances in centralized, well, and river water sources. Additionally,
hydrocarbonates were high in well sources at middle distances from the river and high at
long distances in all water source types (Figure 5b). Chlorides were significantly higher in
centralized and well sources at close distances, as well as at long and middle distances in
well water sources (Figure 5c).

Our results show that grasslands (−14.89) have a dominant effect on water parameters,
followed by croplands (5.96), urban lands (2.15), and others (2), with forests (1) having
the smallest effect. The total microbial amount showed that Actinomycetes sp. varied (0.34)
by land cover types. Nitrates (31.09), total mineralization (6.10), and dry residue (5.48)
had large effects among chemical substances. Greater quantities have magnesium (2.48)
and natrium and kalium (1.21) from among the cations, and sulfates (1.61) and chlorides
(1) from among the anions, depending on the land cover type (Figure 6). We also found that
land cover type influences biological indicators; particularly, a significant relationship was
found between the amount of Actinomycetes sp. in the land cover types forests (2.32) and
other land cover types. Some parameters of the chemical composition of drinking water
samples also strongly depend on the type of land cover, for example, nitrates (17.31), iron
(7.87), dry residue (0.98), mineralization (0.94), and total anions (0.64) (Figure 6).

Thus, significant negative effect on water parameters, possibly due to increased leach-
ing and lower filtration capacity. Croplands Increased contamination, likely due to fertilizer
runoff, leading to higher nitrate levels. Urban lands have moderate effects, mostly from
industrial pollution, affecting mineralization and chemical content. Others have minimal
effect, likely due to a mix of land cover types that do not contribute significantly to contam-
ination. Forests have the least impact, likely due to their natural filtration ability, which
helps maintain water quality. Nitrates have the highest impact, mainly from croplands, due
to fertilizer use. Total mineralization dry residue is influenced more in urban and agricul-
tural areas due to increased runoff and contamination. Magnesium and natrium/kalium
are common in agricultural runoff and soil leaching. Sulfates and chlorides are likely influ-
enced by industrial pollution and urban activities. Actinomycetes sp. were found in different
land cover types, with forests showing a notable presence. This suggests forests might act
as reservoirs for certain microbial species, possibly due to organic material decomposition.
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Water quality is significantly affected by land cover types through their influence
on runoff, infiltration, and biogeochemical processes. Our study shows that grasslands
have the most significant influence on water parameters, followed by cropland, urban
land, and others, with forests having the least influence. Each land cover type plays a role
in shaping water chemistry and quality through different mechanisms: Grasslands can
affect water parameters by promoting infiltration and reducing surface runoff. However,
they can promote the leaching of nutrients, especially nitrogen and phosphorus, through
the breakdown of organic matter and livestock activity. Negative values may indicate a
buffering effect, where grasslands moderate fluctuations in water parameters. Cropland,
or agricultural land use, directly affects water chemistry through fertilizer application,
pesticide runoff, and soil erosion. Elevated nitrate levels in agricultural areas are often due
to synthetic fertilizers and animal manures, which can leach into groundwater and surface
water, causing eutrophication in water bodies. Cropland also contributes to sedimentation
and increased dry matter due to soil disturbance. Non-residential areas contribute pol-
lutants through impervious surfaces (roads, buildings, sidewalks), resulting in increased
runoff and decreased infiltration. This can lead to increased concentrations of heavy met-
als, hydrocarbons, and chlorides (from road salt) in water sources. Forests act as natural
filters for water, reducing sediment and pollutant loads through root stabilization and
accumulation of organic matter. They enhance water retention and groundwater recharge,
resulting in more stable water parameters. Low impact suggests that forests moderate
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extreme fluctuations in chemical concentrations. Microbial communities in water bodies
are critical for nutrient cycling and organic matter decomposition. Actinomycetes sp. were
found to vary across land cover types, with a notable presence in forests. Their presence
in water suggests an input of organic matter, likely from decaying plant material or soil
runoff. Their dominance in forests may be due to leaf litter decomposition and a stable
microbial environment. In croplands and urban areas, actinomycetes may be less abundant
due to chemicals (fertilizers, pesticides, pollutants) that disrupt microbial communities.
In contrast, forested areas provide a rich organic environment that supports microbial
diversity. Among the chemicals analyzed, the most influential were nitrates. Elevated
nitrate concentrations are commonly associated with agriculture, animal waste, and septic
tanks (Figure 7).
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4. Discussion
This study highlights the significant influence of geographical location, land cover

type, and proximity to the Irtysh River on the chemical and biological quality of drinking
water in rural areas of the Pavlodar Region, Kazakhstan. Key chemical indicators such
as hydrocarbonates, sulfates, chlorides, and manganese were found to vary based on
the type of drinking water source and distance from the river. For instance, manganese
concentrations decreased with increasing distance from the Irtysh River, suggesting that
surface water contamination is a primary factor for its presence in drinking water. A similar
trend was observed in a study by Singh et al. in Punjab which is in India [33], where
elevated manganese concentrations were attributed to poor wastewater management and
proximity to polluted water sources. Chlorides and hydrocarbonates showed elevated
levels near the river, particularly in centralized and well-water systems. These findings
align with the research by Marouane et al. (2014) [34], where intensive fertilizer use led
to increased chloride and natrium concentrations in groundwater near agricultural areas.
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These observations emphasize the impact of agricultural runoff on the mineral enrichment
of water resources near croplands.

The relationship between land cover types and water quality parameters is a significant
outcome of our study. Grasslands were observed to have a notable negative impact on
mineralization and general hardness, indicating their role in reducing mineral content
through natural filtration processes. This effect is consistent with findings from the study
by Rath et al. (2021) [35]. Their work demonstrated that grasslands and wetlands acted as
natural buffers, reducing nitrate leaching into groundwater systems. In contrast, croplands
and urban lands contributed positively to mineralization and nitrate concentrations. The
positive association between croplands and nitrates in this study highlights the influence of
agricultural practices on groundwater quality. This result aligns with research conducted by
Rahman (2019) [36], which showed that agricultural runoff significantly increased nitrate
contamination in groundwater.

Forested areas were associated with higher concentrations of sulfates, mineraliza-
tion, and general hardness but had a negative correlation with nitrates. This suggests a
buffering effect in limiting nitrate contamination, consistent with findings reported by
Cui et al. (2021) [37]. Their study found significantly lower nitrate levels in forested regions
compared to agricultural zones, indicating the protective role of forests in maintaining
groundwater quality.

The biological analysis revealed the presence of Actinomycetes sp. and microbial
contamination across multiple water sources, particularly in Zhanatan and Shakat villages.
This highlights the urgent need for improved water treatment infrastructure. Similar
challenges were reported by Kristanti et al. (2016), where microbial contamination was
widespread due to surface water infiltration and inadequate purification processes [38].

Structural Equation Modeling (SEM) analysis in this study demonstrated the complex
interplay between land cover, water chemistry, and biological indicators. Grasslands
showed significant negative relationships with mineralization and general hardness, while
urban and cropland areas contributed positively to mineral loads. These observations are in
line with findings by Nurtazin et al. (2020) [39]. Their study highlighted how urbanization
and agricultural activities elevated chemical loads and turbidity in regional water systems.

These results highlight the urgent need for targeted water management strategies in
rural Kazakhstan. Policymakers should prioritize improving water treatment facilities,
particularly in villages dependent on well water and centralized systems near the Irtysh
River. Additionally, promoting sustainable land management practices can help mitigate
agricultural and urban impacts on water quality. Future research should focus on seasonal
variations in water quality and explore innovative solutions for water purification in
resource-constrained rural settings. By addressing these critical issues, the findings of
this study contribute to a better understanding of the nexus between land cover, water
resources, and human health, ultimately aiding in the development of effective strategies
for safe drinking water management in rural regions.

The Pavlodar region, known for its industrial activity, faces challenges related to water
quality. Industrial discharges and agricultural runoff contribute to the pollution of local
water bodies, requiring integrated water management strategies to reduce pollution and
protect public health.

Economic activity in regions around the world significantly impacts water quality
through a variety of mechanisms. For example, manufacturing and chemical industries
often discharge pollutants directly into water bodies, causing pollution. For example, in
the Awash River Basin in Ethiopia, industrial and municipal waste, as well as agricultural
runoff, have seriously degraded water quality. The use of chemicals in agriculture can
result in runoff that pollutes water sources. In the Awash River Basin, agricultural runoff
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contributes to heavy metal pollution, affecting both surface and groundwater [40]. In
Livestock, concentrated animal feeding operations can introduce pathogens and nutrients
into water bodies, causing pollution and eutrophication [41].

Our findings highlight the impact of different land cover types on water quality and
are consistent with several studies worldwide that highlight the important role of land use
in shaping groundwater chemistry and the local ecosystem. Globally, grasslands promote
water infiltration and reduce surface runoff, which can mitigate erosion and sediment
transport into water bodies. Agricultural practices are the leading cause of soil erosion
worldwide, with approximately 75 billion tons of soil lost to erosion each year—a rate
that far exceeds natural processes. This erosion not only degrades soil fertility but also
transports fertilizer- and pesticide-rich sediments into water bodies, causing pollution and
environmental harm [42].

Urbanization introduces impervious surfaces such as roads and buildings, increasing
surface runoff and reducing groundwater recharge. This runoff often carries pollutants
such as heavy metals, hydrocarbons, and chlorides from road salt into aquatic systems,
degrading water quality. The occurrence of manganese in drinking water in our studies
is associated with industrial centers in the Pavlodar Region, where manganese can be a
contaminant of soil and aquatic environments.

Forested areas act as natural filters, stabilizing the soil and reducing sediment and
pollutant loads through root systems and organic matter accumulation. They enhance
water retention and groundwater recharge, resulting in more stable water parameters. The
presence of forested riparian zones has been associated with improved stream ecological
status, highlighting their buffering capacity against pollutants [43].

The composition of microbial communities, such as actinomycete species, varies
across land cover types. Forested areas rich in leaf litter organic matter provide a stable
environment that supports diverse microbial populations essential for nutrient cycling and
organic matter decomposition. In contrast, agricultural and urban areas may have reduced
microbial diversity due to chemical pollutants and habitat disturbance. Elevated nitrate
levels are commonly associated with agricultural activities, including the use of synthetic
fertilizers and manure. Excessive nitrate runoff can lead to eutrophication, causing harmful
algal blooms and hypoxic conditions detrimental to aquatic ecosystems.

Based on the results of our research into the relationship between land cover and
groundwater quality, we can make recommendations regarding measures to improve the
quality of drinking water. Protecting and maintaining grassland areas may help stabilize
water quality. Implementing buffer zones, cover cropping, and controlled fertilizer appli-
cation can reduce contamination. Sustainable urban planning, green infrastructure, and
stormwater management should be prioritized. Maintaining and expanding forest cover
can contribute to water filtration and quality improvement. High nitrate levels indicate
pollution from fertilizers, requiring stricter agricultural regulations. High contributions
of chloride, magnesium, and sulfates suggest the need for continuous monitoring and
mitigation strategies.

In summary, global research supports your findings, highlighting that land cover
types significantly influence water quality through their effects on runoff, infiltration, and
biogeochemical processes. Effective land management strategies are critical to mitigating
negative impacts and protecting water resources.

5. Conclusions
Significant spatial variations in chemical and biological parameters were observed,

with proximity to the Irtysh River playing a critical role. Manganese concentrations declined
with distance, while hydrocarbonates and chlorides were highest near the river. Land cover
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types such as grasslands, croplands, and urban areas demonstrated distinct impacts on
water quality. Grasslands mitigated mineral content, while croplands and urban areas
increased mineralization, nitrates, and other chemical indicators. Microbial contamination,
including Actinomycetes sp., was present in many water samples, highlighting the need for
improved water treatment infrastructure to ensure safe drinking water. Most water sources
fell into the “Fair” to “Poor” according to the WQI categories, suggesting their suitability
for household and irrigation use but requiring treatment for safe consumption.

Vegetated buffer strips along rivers and lakes can filter pollutants before they reach
groundwater. Artificial aquifer recharge using clean surface water can be used to dilute
polluted groundwater. Precision farming techniques can help minimize the overuse of
fertilizers and pesticides. Implement improved wastewater treatment systems for both in-
dustrial and municipal discharges. Advocate for stricter environmental land use regulations
near water sources.

Policymakers should improve rural water treatment infrastructure, enforce stricter
pollution controls, and promote sustainable land use practices to reduce agricultural and
urban runoff. Additionally, economic incentives for household filtration, regular water
quality monitoring, and a coordinated watershed management approach can enhance
long-term water security.
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eralization (i), dry residue (j), general hardness (k), carbonate hardness (mg/L) (l), WQI (score) (m), 
total microbial amount (n), actionomycetes (o), fungi (p) (×109/L) of drinking water by water supply 
source and distance from the Irtysh River in Pavlodar Region. The y-axis is the changes of equal and 
unequal variances of the log-transformed value of the chemical substances; the x-axis is the drinking 
water source type in the Pavlodar Region according to the distance from the Irtysh River. Sources 

Figure A1. Changes in concentration of chemical and biological substances: sulfates (a), nitrates
(b), total anions (c), calcium (d), magnesium (e), natrium and kalium (f), total cations (g), iron (h),
mineralization (i), dry residue (j), general hardness (k), carbonate hardness (mg/L) (l), WQI (score)
(m), total microbial amount (n), actionomycetes (o), fungi (p) (×109/L) of drinking water by water
supply source and distance from the Irtysh River in Pavlodar Region. The y-axis is the changes of
equal and unequal variances of the log-transformed value of the chemical substances; the x-axis is the
drinking water source type in the Pavlodar Region according to the distance from the Irtysh River.
Sources of the water combined into four types: (1) centralized water supply system (Wc); (2) river
water (Wr) from the Irtysh River; (3) imported water (Wi) that includes bottled water from the stores
(local and imported), purified water from the stores, and free trucked-in water; and (4) well water
(Ww), including public water intake pumps on the street, private boreholes at private houses (both
with and without water supply to the house), public boreholes, and private wells. (Short Distance
(Dists): Naberezhnoye, Chernoyarka, Gosplemstansiya), three within 2–10 km (Intermedium Distance
(Disti): Birlik, Zhertumsyk, Zhanatan), and four beyond >10 km from the river (Long Distance (Distl):
Shakat, Koryakovka, Efremovka, Shoptykol). One-way ANOVA with equal and unequal variance
was applied to test the statistical differences among the variables. Post-hoc Tukey test. “a–f” letters in
the graph show a significant difference between the indicators, taking into account the standard error
at a confidence level of 0.5%.
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