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Abstract: Water is one of the most critical factors affecting environmental health. Therefore, it
is essential to be able to predict water behavior in nature and prevent water pollution to avoid
environmental health problems. In order to predict the behavior of water, the hydrological cycle
needs to be evaluated at the basin level. To this aim, hydrological models can be used to obtain
mathematical representations of hydrological processes. These models allow the anticipation and
monitoring of issues regarding water quality, pollution, sediment transport, and proliferation of oil,
and petroleum derivatives, among others, which can affect environmental health. In this study, a 2D
surface water model was created using the soil and water assessment tool (SWAT) to simulate the
lotic ecosystem and present water quality in the Tatlıçay Basin and to propose solutions for improving
environmental health in the Cankiri provincial center in Türkiye. The accuracy of the input data and
the validity of the model were tested with calibration and validation studies by using monthly or
trimonthly observation data obtained from the flow observation and water quality stations of the
General Directorate of State Hydraulic Works from 2016 to 2020. The aim was to create a model able
to provide fast, accurate, and practical solutions in the face of water-related and environmental issues.
The calibration and validation of this model were successfully carried out with very few observation
data. Since surface water models are dynamic, long-term daily or monthly flow and water quality
measurements should increase the accuracy of their predictions. Additionally, in the presence of
pollution sources that may affect environmental health, monitoring and analyses of their possible
effects should be carried out. As one of the few studies from the Middle East describing a hydrological
model, this research makes a significant contribution to the literature on environmental health.

Keywords: environmental health; eco-hydrology; hydrologic model; water quality; soil and water
assessment tool (SWAT)

1. Introduction

River ecosystems represent one of the most well-known and important sources of
clean water, with unrivalled importance for the biosphere [1]. Like all other clean water
sources, rivers are under threat from natural and anthropogenic pressures [2]. Therefore, it
is important to define these pressures and identify their pollutant burden [3]. Hydrological
models are among the most accurate tools to analyze water resources. Hydrological models
can be applied at basin scale, are cost- and time-efficient, can use already available data,
and can be employed for areas where parameter measurement is difficult [4]. When using
hydrological models, precautions can be taken to protect urban and environmental health,
and possible unexpected problems can be easily overcome [5,6].

Hydrological modelling involves tools that allow the opportunity to solve equations
representing real surface water systems, suitably simplified [7]. At the same time, since
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they are able to model water quality parameters, they can predict the movement of pol-
lutants in aqueous environments even in inaccessible areas without requiring large-scale,
expensive chemical analyses and intensive labor and identify measures to prevent water
and environmental pollution [8–10]. Several different software programs can be used for
hydrological modelling, based on pollutants’ features [11–13].

Hydrological model software may be chosen according to the available data, the
types of problems encountered, and the solutions to be implemented [14]. In the field of
environmental health, the SWAT model is one of the most used, as it can effectively identify
and monitor the factors that may seriously damage environmental health, such as water
pollution, particle/sediment, and nutrient transport, allowing for the design of effective
solutions [15–18].

The SWAT hydrological model works with easily accessible data, which can be climatic
(rainfall, temperature, solar radiation, and relative humidity), physical (land use, soil
features, topography, and slope), hydrological (flow discharge rates, water levels), and
chemical (point and distributed pollutant burden) [19,20]. After calibration and sensitivity
analysis based on observed values defined in the model, these data allow the model to
provide daily, monthly, or annual outputs regarding the flow and water quality on a basin
scale [21,22].

The main aim of this study, encompassing the years 2020–2022, was to present alterna-
tive recommendations about the use of hydrological models to predict and monitor water
quality-related issues that may affect environmental health and to investigate the behavior,
distribution, and sources of pollutants disrupting water quality [23,24]. We focused on
the Tatlıçay river ecosystem, an important water resource in the Çankırı province, with
a moderate population density, located in the Central Anatolia region of Türkiye, and
decided to define it using the SWAT model. Our goal was to determine the water quality in
this system, create a foundation for the analysis of the pollutant burden and its possible
future effects on environmental health, and suggest effective solutions.

Hydrological modeling, which enables us to study the of water quality with high accu-
racy even in inaccessible areas, belongs to the field of engineering, together with hydrology,
hydrogeology, construction, and the environment. In addition, hydrological modeling and
water quality studies are also part of the global environmental health literature. However,
this study has also a national and local value, as it presents the current water quality of a
certain region in Türkiye. This research will encourage the use of hydrological models for
ecosystem-based water quality management and the development of information systems
by national and local governments.

2. Materials and Methods
2.1. Study Area

The study area was the Tatlıçay Basin in the Central Anatolia region of Türkiye,
within the Çankırı province. The dominant plant cover is Iranian–Anatolian steppe, and
continental climate dominates (Figure 1). The study area represents a sub-basin of the
Kızılırmak, one of the most important rivers in Türkiye.

The Tatlıçay river ecosystem, chosen for the SWAT model implementation, contains
anthropogenic elements potentially affecting environmental health, such as agricultural
practices and urban waste discharge. The collection of river water for gardening and
agriculture and the creation of irrigation ponds within the basin lower the level of the
Tatlıçay and deteriorate its water quality. Agricultural practices in the basin make large use
of fertilizers and pesticides, which harm the Tatlıçay river ecosystem. Additionally, urban
waste from densely populated areas in the Tatlıçay Basin is directly discharged into the
river without prior treatment. All these factors negatively affect environmental health and
degrade the water quality in the Tatlıçay river ecosystem. Direct irrigation from the river
using polluted water then affects public health, through the consumption of the products
grown in this area. Considering the pollution burden in the Tatlıçay Basin in Cankiri, the



Sustainability 2023, 15, 13850 3 of 16

annual total nitrogen (TN) burden is 130 tons, while the annual total phosphorus (TP)
burden is 17 tons.
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There are no flow-monitoring stations that can perform current measurements on the
Tatlıçay and its 674.2 km2 water collection basin (Figure 2).

However, Tatlıçay water quality station no. 15-05-140 operated by the General Direc-
torate of State Hydraulic Works (DSI) measures 400 different parameters and is located at
the outlet of the Tatlıçay Basin [25]. At this station, instantaneous flow values and quality
parameters were measured in monthly or trimonthly periods from 2016 to 2020 [26].

It was found that the total nitrogen (TN) and total phosphorus (TP) loads recorded at
the DSI quality monitoring station no. 15-05-140 in 2016–2019 in January, February, and
March could negatively affect environmental health (Tables 1 and 2).
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Figure 2. Location of the observation stations in the Tatlıçay Basin.

Table 1. TN loads used for calibration and validation (kg/month).

TN Year 1 2 3 4 5 6 7 8 9 10 11 12

kg/month 2016 52,472.0 13,913.1 18,519.5 4743.8 14,692.7 3631.6 4535.1 3714.9 1179.2 5156.9 6834.9 4705.9
kg/month 2017 44,479.1 11,604.6 12,848.0 4466.5 9031.1 7401.7 7191.4 4562.0 3504.0 3135.5 1556.0 3887.8
kg/month 2018 17,790.6 3115.9 3449.8 4017.6 3448.7 6158.6 9450.4 5422.3 864.1 5009.0 9319.4 5558.9
kg/month 2019 31,058.7 10,818.0 11,977.1 4466.5 9031.1 12,347.0 7191.4 4562.0 6414.7

Table 2. TP loads used for calibration and validation (kg/month).

TP Year 1 2 3 4 5 6 7 8 9 10 11 12

kg/month 2016 14,337.2 1026.8 1165.2 241.2 316.3 64.6 96.0 1129.7 10.4 28.1 9.6 226.6
kg/month 2017 6598.6 359.5 398.0 150.4 130.1 144.3 86.4 699.9 91.9 14.9 8.6 350.3
kg/month 2018 121.6 73.0 80.8 79.3 24.8 82.1 14.3 27.9 3.3 0.8 22.1 45.5
kg/month 2019 4376.3 499.2 552.7 150.4 130.1 18.8 86.4 699.9 320.2

2.2. SWAT Model Application

SWAT is commonly used to assess land use, estimate the effects of land management
applications and climate change on the environment, and assess erosion prevention and
control, diffuse pollution control, and regional and watershed management. The software
is frequently chosen for its rapidity, user-friendly interface, easily accessible data require-
ments, and GIS solution support [16]. Models created using the SWAT2012 interface for
version 4.8.8 pay attention to basic hydrological principles such as the water cycle when
assessing simultaneously climatic and physical conditions.
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To create a model with SWAT, information about the digital elevation map of the
study area, land use and soil properties maps, meteorological data (rainfall, temperature,
relative humidity, solar radiation, and mean wind speed), management implementations
in the basin, and ponds/reservoirs is necessary [27]. After these data are input, the SWAT
model of the basin is divided into sub-basins, and then each sub-basin is divided into
units characterized by homogenous land use/management, topographic features, and soil
properties, which are called hydrologic response units (HRU) [28]. Later, the hydrological
cycle is simulated on a daily basis using the following equation:

SWt = SW0 + ΣRday − Qsur f − Ea − Wseep − Qgw (1)

SWt: Final soil water content (mm)
SW0: Initial soil water content (mm)
Rday: Amount of precipitation (mm)
Qsurf: Amount of runoff (mm)
Ea: Evapotranspiration amount (mm)
Wseep: Amount of water passing through the vadose zone (mm)
Qgw: Return flow amount (mm)

After accurately defining the operation of the hydrological system in the modelled
basin, negative factors acting on the system are identified, and the status of pollution in the
area can be modelled [29].

During the natural water cycle, there are natural and anthropogenic-derived factors
affecting the water quality. In addition to natural events such as climate change, floods,
storms, and earthquakes, anthropogenic factors significantly affect water quality [1]. Struc-
tures such as dams and ponds change the natural flow of water and the climatic features
of the environment, while inappropriate agricultural methods, excess carbon release, un-
planned urbanization, and industrialization, changes in plant patterns, leaching from waste
storage sites, and urban discharge cause water pollution. The nutrient cycle is linked to
chemical conversions involving nitrogen and phosphorus compounds in the soil. It is
possible to model the whole nutrient cycle for nitrogen and phosphorus using the SWAT
model. The nitrogen cycle is a dynamic system involving water, air, and soil. Plants require
more nitrogen than other basic elements, apart from carbon, oxygen, and hydrogen. The
levels of nitrogen and phosphorus can be modelled in the soil profile and shallow aquifers
by SWAT [16].

The Tatlıçay SWAT model was completed using the ArcSWAT Version 2012 developed
by Texas A&M University (TAMU) operating on ArcGIS 10.5 (Figure 3).
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2.3. Model Setup
2.3.1. Data Definition

The data from the Tatlıçay river ecosystem and their corresponding sources reported
in Table 3 were uploaded in the SWAT model.

Table 3. Data required for the model.

Data Name Type Source

Digital elevation model Raster Shuttle Radar Topography Mission
(STRM 30)

Land cover Vector CORINE 2018
Soil data Vector FAO soil data [30,31]

Climate data Table General Directorate of Meteorology (MGM)
Hydrological data Table General Directorate of State Hydraulic Works (DSI)

Point pollutant sources Table Turkish Statistical Institute [32,33]
Flow (m3/s) Table DSI

Total nitrogen load (TN) Table DSI
Total phosphorus load (TP) Table DSI

The slope classes described under the geographical structure heading were reclassified
for the SWAT model HRU definition. The basin was divided into two portions, with areas
having less than 12% slope defined as “flat/sloping” and areas with a slope greater than
12% defined as “steep”. The CORINE data of Tatlıçay Basin were transformed into SWAT
land use classes and defined in the model taking into account the existing land uses. The
data regarding the physical and chemical soil properties, obtained from FAO/UNESCO,
were rearranged for the SWAT Model using Harmonized World Soil Database (HWSD)
data. Daily precipitation (mm), temperature (max/min, ◦C), relative humidity (%), wind
speed (m/s), insolation (MJ/m2), and evapotranspiration (mm) data recorded from 2013
to 2020 at the meteorology station present in the basin were input as climatic parameters.
In addition, pond areas, point source pollution loads, and basin features were defined.
The parameters characterizing the pond areas, including hydrological data, flow (m3), etc.,
acquired from the Kızılırmak Basin Master Plan (General Directorate of State Hydraulic
Works (DSI), 2019), were entered into the model. In the calculation of the pollution loads
(TN, TP), address-based population data and per capita pollution load values obtained
from the Turkish Statistical Institute were used [32,33].

2.3.2. Watershed Delineations

For the digital elevation model of the study area, 30 m resolution SRTM data from
Reference [34] were used. The elevation in the Tatlıçay Basin varies from 706 m to 1848 m.
Çankırı city is located at the lowest elevation in the basin (Figure 4).

CORINE data prepared by the European Environment Agency (EAA) in 2018 were
used to classify land cover and use in the Tatlıçay Basin [35].

For the Tatlıçay SWAT model, the basin division tool was used with Digital Elevation
Model (DEM) data in the ArcSWAT interface when separating the basin areas. The basin
was divided into 79 sub-basins, each with a 500 ha area. Two pollutant discharge points in
the Korgun and Çankırı settlements and 10 current and planned ponds were defined in the
model of the basin (Figure 5).
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2.3.3. HRU Definition

For the Tatlıçay SWAT model, a total of 269 HRU were defined paying attention to
land use, slope, soil structure, and spatial distribution [28]. The criteria used to define the
HRU and the flow scheme are reported in Figure 6.
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2.4. Climatic Parameters

In this study, the climatic parameter inputs for the SWAT model were obtained
from the meteorology station no. 17080 in the Çankırı provincial center, representing
the basin. The hydrometeorological features used included daily rainfall (mm), tempera-
ture (max/min ◦C), relative humidity (%), wind speed (m/s), solar radiation (MJ/m2), and
evapotranspiration (mm) for the years from 2013 to 2020 (Figure 7).
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3. Results
Sensitivity Analysis, Calibration and Validation

SWAT-CUP software (2019) was used for sensitivity analysis, calibration, and val-
idation. The software ensured the analysis of the basin parameters in the model with
the sequential uncertainty fitting (SUFI-2) algorithm. The SUFI-2 algorithm defines the
parameter uncertainty for variables such as conceptual model parameters and measured
data [36]. This parameter uncertainty is defined by measures named 95PPU, d-factor, and
p-factor [37]. The SUFI-2 algorithm in SWAT-CUP operates as shown in Figure 8.
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Figure 8. SUFI-2 algorithm in SWAT-CUP [38].

The identified sensitive parameters were manually varied from (±)10% to (±)20%,
considering their effect on the natural system in the ArcSWAT software, and transferred to
the SWAT-CUP software to identify their most appropriate values.

With sensitivity analysis, the parameters ALPHA_BF, ESCO, GWQMN, ESCO, SLSUBSN,
and HRU_SLP were identified to be sensitive (Table 4). It appeared that these parameters
directly affected the surface flow and nutrient (TN and TP) burden.

Table 4. Sensitive parameters in the model.

No Parameter Data Explanation

1 ALPHA_BF .gw Base flow alpha value (1/day)

2 GWQMN .gw Necessary threshold water depth for a return flow to a shallow
aquifer due to irrigation (mm H2O)

3 GW_DELAY .gw Groundwater delay (days)
4 SLSUBSN .hru Soil depth from surface to lowest level (mm)
5 HRU_SLP .hru HRU mean slope steepness (m/m)
6 ESCO .hru Soil evaporation equilibration factor

According to the value intervals in Table 5, 1000 runs were performed using the SUFI-2
algorithm with SWAT-CUP software, and fit values were found.
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Table 5. SWAT-CUP parameter values.

No Parameter Name Min_Value Max_Value Fit Value

1 r__ALPHA_BF.gw −0.2 0.2 −0.1642
2 v__GW_DELAY.gw 200 300 264.55
3 r__GWQMN.gw −0.2 0.2 0.161
5 r__SLSUBBSN.hru −0.2 0.2 0.0782
6 r__HRU_SLP.hru −0.2 0.2 0.1498
7 r__ESCO.hru −0.2 0.2 0.011

When the parameters determined by the SUFI-2 algorithm were input in SWAT-
CUP software for calibration and validation using data from 2016–2017 and 2018–2019,
respectively, the model provided successful results, though the data were acquired from a
short observation period.

The calibration and validation stages in modelling applications assess the model per-
formance based on connection values between the observed data and the model outcomes.
In hydrological models, it is recommended to use the Nash–Sutcliffe efficacy statistic
(NSE) [39], the coefficient of prominence (R2), and the percentage error statistic (PBIAS),
along with both direct and derived statistical methods to more comprehensively assess the
model performance and ensure the reliability of the model outputs [40]. Table 6 reports the
range of values and corresponding success statistics for flow and nutrient SWAT models.

Table 6. SWAT model success statistics [40,41].

Parameter
Model Success

Very Good Good Satisfactory Failed

Flow model
R2 R2 > 0.85 0.75 < R2 ≤ 0.85 0.60 < R2 ≤ 0.75 R2 ≤ 0.60

NSE NSE > 0.80 0.70 < NSE ≤ 0.80 0.50 < NSE ≤ 0.70 NSE ≤ 0.50
PBIAS PBIAS < ±10 ±10 < PBIAS ≤ ±15 ±15< PBIAS ≤ ±25 PBIAS ≥ ±25

Nutrient model (N, P)
R2 R2 > 0.70 0.60 < R2 ≤ 0.70 0.30 < R2 ≤ 0.60 R2 ≤ 0.30

NSE NSE > 0.65 0.50 < NSE ≤ 0.65 0.35 < NSE ≤ 0.50 NSE ≤ 0.35
PBIAS PBIAS < ±25 ±25 < PBIAS ≤ ±40 ±40 < PBIAS ≤ ±70 PBIAS ≥ ±70

NSE = 1 − ∑n
i=1 (Oi − Pi)

2

∑n
i=1
(
Oi − O

)2 (2)

Oi: Observed value
Pi: Calculated value

R 2 =

 ∑n
i=1(Oi − O)(Pi − P)2√

∑n
i=1 (Oi − O)

2
√

∑n
i=1
(

Pi − P
)2


2

(3)

Oi: Observed value
Pi: Calculated value
O: Variance of observed value

PBIAS =
∑n

i=1 Oi − Pi

∑n
i=1 Oi

× 100 (4)

Oi: Observed value
Pi: Calculated value
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Using the SUFI-2 algorithm with the SWAT-CUP software, 1000 runs were performed.
It was found that the values obtained from the 792nd run provided the best performance.
The performance statistics (R2, NSE, and PBIAS) for the SWAT-CUP models for flow, TN,
and TP are presented in Table 7.

Table 7. SWAT-CUP model performance.

Flow TN TP
C

al
ib

ra
ti

on R2 0.64 R2 0.56 R2 0.63

NSE 0.60 NSE 0.55 NSE 0.60

PBIAS 15.4 PBIAS 7.2 PBIAS 29.8

V
al

id
at

io
n R2 0.81 R2 0.39 R2 0.34

NSE 0.66 NSE 0.04 NSE 0.17

PBIAS −2.1 PBIAS −10.0 PBIAS −43.9

4. Discussion

In this study, the sample study area of the Tatlıçay river ecosystem located within
the Çankırı province in the Central Anatolia region of Türkiye was modelled with the
hydrological modelling SWAT software. There is no flow-monitoring station performing
daily recordings in the Tatlıçay Basin. There is one quality monitoring station performing
monthly measurements located at the outlet of the Çankırı basin. The lack of current daily
data over the years lowered the model quality. We set up a model of the Tatlıçay river
ecosystem using flow and nutrient (TN and TP) data from the quality monitoring station in
Çankırı city center.

4.1. Flow Model

The calibration and validation results for the flow model from 2016 to 2020 and a
comparative graph with rainfall are shown in Figure 9. The mean flow distribution for the
whole river ecosystem from 2016 to 2020 is presented in Figure 10.
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The model success statistics for the calibration and validation results of the flow model
were compared. The R2 values in the validation stage appeared to increase compared to
those in the calibration stage. This increase in R2 indicated that the model’s capacity to
estimate future variations increased during the validation [42]. In the validation stage, the
NSE value appeared to increase compared to the calibration stage. This increase in the NSE
value indicated that the accuracy rate of the model predictions was higher than during the
validation process. The PBIAS value during the calibration showed that the model data
were overestimated compared to the observed data. However, though this value varied in
a negative way during the validation stage, it was close to 0 at the end of the calibration;
therefore, it may be concluded that the model can make successful predictions [43].

When the flow model results were compared to monthly mean rainfall data from the
Çankırı Meteorological Monitoring Station (MMS), it appeared that the flow in the river
ecosystem was compatible with the rainfall data (see Figure 9). Considering the whole
river ecosystem shown in Figure 10, the regular accumulation of flow in all river tributaries
would support this situation.

4.2. Model Findings Regarding Nutrient (TN and TP) Pollution

The model calibration and validation results for TN and TP pollution from 2016 to
2020 and the corresponding rainfall graph are presented in Figures 11 and 12, respectively.
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When the model statistics for the calibration and validation results for the TP and TN
pollution were compared, the R2 value in the validation stage appeared lower compared to
that in the calibration stage. This indicated that the model had a low prediction capacity [44].
The NSE value in the validation stage was found to be lower than that in the calibration
stage. This was attributed to the short observation period and suggested variations in the
predictions. In the calibration stage, the PBIAS value indicated that the predicted values
were higher than the observed ones, while in the validation stage, they were much lower.

When the TN and TP model results were compared with the monthly mean rainfall
data from Çankırı MMS, it appeared that the TN and TP levels in the river ecosystem were
not compatible with the rainfall data (see Figures 11 and 12). Considering the whole river
system, the TN and TP burden in all stream tributaries increased in town centers and the
main branch of the Tatlıçay as the low slope of the areas increased.

This modelling study obtained successful results in the calibration and validation
process using very few observation data. When the model results were assessed, it ap-
peared that the sources of the TN and TP burden in the Tatlıçay were anthropogenic, like
agricultural activities and urban discharge [43,45,46].
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5. Conclusions

Water is one of the most important elements influencing environmental health. This
study was performed with the aim to investigate the behavior of water in nature and the
distribution and sources of pollutants disrupting water quality by using a hydrological
model for the prediction and monitoring of possible issues related to water quality and
environmental health. Such a model would also help find solutions to these health issues. A
SWAT model was calibrated and validated, with acceptable error statistics, for the Tatlıçay
river ecosystem. The model calibration achieved high accuracy, even if limited flow and
water quality data, provided by the few measurement stations in the Tatlıçay basin, were
available. The resulting model may produce effective solutions in future problematic
situations threatening environmental health.

Hydrological modelling also allows the study with high accuracy of areas where
water quality cannot be measured or is difficult to measure. These studies have been
included in the engineering literature, such as hydrology, hydrogeology, construction,
and environmental engineering studies. Additionally, they are also part of the global
environmental health literature. In Türkiye, some academic studies have been conducted
on the water quality in certain regions and some national and local projects, e.g., the
Environmental Health Information System have been established. This research offers
a great contribution to the environmental health literature, as it is one of the very few
hydrological modelling studies conducted in Türkiye. Additionally, hydrological models
can help ecosystem-based water quality management and promote the development of
information systems for national and local administrations.

Since the surface water models are dynamic, the accuracy of their predictions should
be improved by performing long-term, daily or monthly flow and water quality measure-
ments. Additionally, uncertainties should be resolved, and the effects of pollutants on
environmental health should be assessed.

The model results showed that the causes of poor water quality in the Tatlıçay river
system are urban discharge and agricultural practices. To prevent water pollution in
the Tatlıçay basin in the future, it is recommended to construct package water treatment
facilities in settlement areas with a dense population and water treatment facilities accord-
ing to future population projections in the Çankırı provincial center. Additionally, it is
recommended to improve fertilization practices to allow safe field irrigation.

The use of the SWAT model could facilitate the local management of environmental
health if the pollutant parameters and hydrological data of each area are regularly updated
by the local governments as well as by the national institutions responsible for national
water management. Thus, a warning system can be developed before the pollutant limits
determined for the study area are exceeded, and measures such as improved treatment plant
capacity or technology and on-site destruction of pollutant sources or reduction of their
use can be promptly applied. Furthermore, interferences with the detection systems are
not infrequent. Therefore, knowledge of the relevant literature and the regular assessment
of the advantages and limits of the current monitoring technologies are necessary to reduce
environmental risks.
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