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Abstract: Modeling non-point source pollution dynamics in inland lake basins is essential
for safeguarding water quality, maintaining ecosystem integrity, protecting public health,
and advancing long-term environmental sustainability. This study explores non-point
pollution dynamics in the Sapanca Lake basin, Turkey, in association with the basin’s
land use, land cover, hydrology, pollutant sources, and water quality parameters. The
required data were gathered via a three-year monitoring program, which was carried out
at 12 sampling stations around the lake, as well as using the collecting field measurements
and GIS databases. Stepwise multiple regression analysis was employed to determine the
best relation between non-point pollutants and land features. The results showed that ur-
banization and population density have significant correlations with the total nitrogen (TN)
and total phosphorus (TP) in the study areas. Rivers crossing pristine areas, such as forests
and uncultivated lands, demonstrated better water quality, thereby positively contributing
to the lake ecosystem conservation. The highest nutrient loads were observed in streams
that flow through highly urbanized sub-basins, followed by predominantly agricultural
areas. This is likely due to runoff from urban environments, leaching from cultivated
land, and contributions from livestock and tourism facilities. Conversely, densely forested
regions exhibited the lowest levels of nutrient loads, highlighting their capacity for nu-
trient retention. The peak levels of non-point source pollution (TN = 5.22 mg/L and
TP = 0.53 mg/L) were recorded in catchments with the highest degree of urbanization,
whereas the lowest values (TN = 0.28 mg/L and TP = 0.04 mg/L) were found in the least
urbanized areas. These findings emphasize that nutrients primarily impact water quality
because of increasing urban and agricultural activities, while forested land plays a vital
role in preserving lake water quality. To ensure sustainable water quality in lake basins, it
is essential to strike a careful balance between protective measures and utilization policies,
prioritizing conservation efforts.
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1. Introduction

Aquaculture and agricultural activities, expanding urban areas, and land use/land-
cover (hereinafter referred to as LULC) change are principal anthropogenic activities that
degrade surface water quality [1-3]. On the other hand, population growth and socio-
economic development steadily escalate the need for more freshwater resources. Therefore,
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surface water (sea, wetlands, etc.) and groundwater conservation and reclamation plans
play a vital role in achieving sustainable water resource development [4,5].

Among different anthropogenic pollutants, non-point pollution sources are of greater
concern in surface water conservation as their impacts, level, and distribution cannot
be easily determined [6,7]. Generally, changes in LULC increase non-point pollutant
loading into nearby ground or surface water bodies. For instance, agricultural activities
can contribute nutrients like nitrogen and phosphorus, leading to eutrophication, while
urban areas often introduce heavy metals and hydrocarbons [8]. LULC changes can also
alter surface runoff patterns, infiltration rates, and groundwater recharge, which affect the
transport and dilution of pollutants in surface water bodies. Increasing soil erosion and
sedimentation are the other side effects of LULC change that occur due to deforestation and
land clearing activities, leading to higher sediment loads in rivers and wetlands. This can
reduce water quality, harm aquatic habitats, and increase the cost of water treatment [9-13].

Land use impacts the surrounding ecosystems that play a role in filtering and regulat-
ing water quality, such as wetlands and riparian zones. Changes to these areas can degrade
their ability to maintain clean water. Recent studies have shown that LULC changes often
intensify the impacts of climate change, such as altered extreme weather patterns and
increased drought and flood events, which can further degrade soil and water quality [14].
Accordingly, understanding the relationship between LULC changes and surface water
quality is essential for informed decision-making, allowing policymakers to implement
sustainable land and water resources management practices and mitigate adverse effects
on aqua systems.

Various statistical and empirical modeling techniques could be applied to determine
the impact of LULC changes on lakes/wetlands pollution levels [14,15]. While the former
requires extensive data, the latter is considered less complex and more user-friendly [16].
For example, statistical analyzing based on principal component analysis and multiple
linear regression has shown that successive historical changes in LULC have raised the
salinity rate in Lake Wilcox [17].

Identifying sources of water quality degradation is required for developing strategies
to preserve and enhance the health of wetlands. The primary objective of this study is
therefore, to investigate the relationship between LULC changes and nonpoint pollutants in
a vital freshwater resource of Turkey, Lake Sapanca. This endeavor marks the first attempt
to delineate such a relationship in the study area, offering valuable insights that will be
applicable to other freshwater resources.

2. Materials and Methods
2.1. Study Area

Turkey receives an average annual precipitation of approximately 574 mm, equating
to a total of 450 billion cubic meters per year [18]. The Lake Sapanca basin (see Figure 1),
with an area of 311 km?, is located between the Sakarya and Kocaeli provinces (latitude
40°41'-40°44’ N and longitude 30°09'-30°20" E). The lake is one of the primary sources of
fresh water in northwestern Turkey. Its location is on the main transportation lines that con-
nect Europe and Asia. There are many residential, agricultural, and tourist facilities within
the lake basin. It consists of 12 sub-basins that differ between urban areas, native forest,
and agricultural land. The basin’s annual average temperature and average precipitation
are 14.3 °C and 720 mm, respectively.

The water body area of the lake is 47 km? with maximum depth is 55 m. The first
observations of the limnological features of the lake show shallow shores covered by
extensive vegetation. It is a typical warm monomictic lake, characterized by complete
mixing from the surface to the bottom during February and March, which facilitates
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nutrient enrichment in the surface waters and oxygenation of the bottom layers. Lake
Sapanca is characterized by low concentrations of dissolved inorganic ions, making its
water suitable for drinking, industrial applications, and agricultural irrigation. However,
the lake faces significant environmental pressures due to urbanization, which has led to
habitat degradation along its shores. This is primarily driven by the increasing human
population and associated anthropogenic activities, highlighting the need for effective
management and conservation strategies to preserve its ecological integrity and water
quality. Although there is no direct waste discharge, chemical pollutants of domestic and
agricultural origin enter the lake via runoff [19].
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Figure 1. Location of the Lake Sapanca basin in the northwest of Turkey with 12 sub-basin streams
and sampling sites in each stream from I to XII.

The Lake Sapanca basin hosts two principal aquifer systems with distinct geological
and hydrological characteristics. The southern aquifer comprises karst formations of marble
and recrystallized limestone from the Permo-Triassic and Upper Jurassic-Lower Cretaceous
periods. This karst aquifer is characterized by spring discharges ranging from 1 to 19 m3/s,
predominantly sourced from fractures within fault zones and schist-marble contacts. The
northern aquifer system, dating to the Quaternary period, has developed within alluvial
deposits and alluvial fans. The alluvial fill reaches a maximum thickness of approximately
60 m, with the fans varying between 60 and 90 m in thickness. Groundwater flow in
both aquifers predominantly converges toward the lake, indicating a strong hydrological
connection [19]. Additionally, as depicted in Figure 1, surface runoff is channeled into the
lake through numerous intermittent and perennial streams, with larger catchment areas
concentrated in the southern and western sections of the basin.

2.2. Water Sampling, Analytical, and Statistical Analyses

Monthly samples were collected from 12 main streams in the lake basin (Table 1).
Samples were taken at stream mouth (see Figure 1) for three years. At each point, the cross-
sections and depths between the channels and the flow were measured precisely. As the
dependent water pollution variables, total nitrogen (TN) and total phosphorus (TP) sam-
ples from the pollutants dispersed in the laboratory were analyzed in the first 24 h. Other
analyses were carried out by a cadmium reduction method, ammonium-N (ISO 11732),
nitrate-N (ISO 11905), nitrite-N diazotization (EN 26777), and Kjeldahl nitrogen by the Kjel-
dahl method (ISO 11905-1). The TP was determined by the standard ascorbic acid method.
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In this method, persulfate digestion was applied to soluble reactive phosphorus [20]. Qual-
ity assurance/quality control was applied to all the sampling and analytical processes.

Table 1. Main features of sampling sub-basins.

Number Name Area (km?) Stream Length (km) Dominant Land Cover
I Balikhane 34.6 14.1 Urban
II Kasabasin 8.2 2.1
I Keci 7.8 5.7
v Sarp 7.8 3.3
\Y Maden 13.4 6.0 Agriculture
VI Kurudere 49 2.3
VII Degirmen 153 6.0
VIII Harmanlh 5.2 2.7
IX Yanik 33.2 14.2 Forest
X Kurtkoy 27.1 12.7
XI Mahmudiye 22.0 17.2
XII Istanbul 28.1 14.2

Statistical analyses were conducted to clearly assess the impact levels of pollutants
within the basin and to explore the relationships among relevant parameters. This approach
unveiled the confidence intervals of the estimates [21,22]. To this end, a stepwise multiple
regression analysis was utilized to identify the optimal fit between the dependent variables
TN and TP and the categories of land use, which included forest, cultivated land, urban
land, low-density settlement areas, grassland, water bodies, and population density, our
independent variables. The experimental data were analyzed using Statgraphics Centurion
version XVI (Statpoint Technologies Inc., Warrenton, VA, USA). An alpha (x) level of
0.05 (equivalent to 95% confidence) was adopted to ascertain statistical significance in
all analyses.

3. Results
3.1. Land Use Proportion

The land use of the lake basin was classified into eight categories, forest, grassland, cul-
tivated lands, natural lands, low-intensity settlements, urban land, and roads based on the
sub-river basin, as indicated in Figure 1. The results revealed that forest cover dominated
the catchments of the IX, X, XI, and XII streams. The proportion of cultivated land is more
than half of the total land cover at V, VI, VII, and VIII (Figure 2). Considering both LULC,
the sub-basins are grouped into forest, cultivated land, and urban development areas.
Mixed horticulture and fruit and vegetable cultivation are the main types of agriculture on
the cultivated land. Ornamental plant cultivation dominates low-density settlement areas.
A greater proportion of the urban regions occurred in Il and IV, followed by low-density
settlements in sub-basins I and II. These four sub-basins dominate the population; therefore,
natural land is replaced by urban areas and road cover. There is no cultivation area in forest
sub-basins IX and XI and the urban-dominated sub-basin IIL

In the Lake Sapanca basin, the settlement areas reached 1142 hectares with 3.86%
in 1995. Settlement areas have grown with the destruction of agricultural and forest
areas. Compared to 1985, there was a 70% growth (470 hectares). In 2005, LULC changes
continued to be experienced in agricultural and forest areas, and the difference became
more evident, especially in forest areas. The settlement area, accounting for 6.0% of the
basin, has expanded by 612 hectares since 1995, reaching a total of 1754 hectares in 10 years,
reflecting a 28% increase [23]. In 2020, the settlement area within the basin expanded to
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2450 hectares. The population increase in the research area exceeding 20 percent in the last
ten years is clear evidence of rapid urbanization in the Lake Sapanca basin [24,25].
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Figure 2. Percentage land use within each sub-basins of the Lake Sapanca watershed.

3.2. Stream Water Quality

A summary of the characteristics of the sub-basins, stream discharge, and water
concentrations of TN and TP is presented in Table 2. The TN concentrations ranged from
0.28 to 5.22 mg/L, while TP concentrations varied between 0.04 and 0.60 mg/L. Both
parameters exhibited significant differences across the various sub-basins (p < 0.01). The
measured annual average precipitation was 980 mm. Streamflow demonstrated strong
seasonal and temporal variations throughout all studied sub-basins. High flows were
recorded during the period from April to May and low flows were observed from August
to September (Figure 3). From August to October, discharge in all study areas and streams
located north of the V, VI, VII, and VIII sub-basins decreased significantly. Some streams
ceased to flow in this period (Table 2). The highest discharge was recorded at station I,
which exhibited the least variation.
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Figure 3. Monthly streamflow variation at each sub-basin (water year from October (1) to
September (12)). MCM stands for million cubic meters.

Monthly variations in TN and TP concentrations are illustrated in Figure 4. The TN
results indicate that concentrations in urban-dominated areas consistently exceeded surface
water thresholds. In contrast, stream concentrations from cultivated land were elevated
but remained within the limits, particularly during periods of high-water discharge. The
increased concentrations observed in these areas, compared to forests and grasslands, can
be attributed to effluents from urban sources and diffuse runoff from agricultural practices.
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Notably, ammonium-N was the predominant form found in streams within urban areas,
highlighting the impact of human waste, while nitrate-N prevailed in agricultural sources,
reflecting the nitrification leaching from applied fertilizers. In this region, nitrogen fertilizers
such as urea, ammonium nitrate, and diammonium phosphate are primarily used.

Table 2. Stream flow discharges based on three-year averages with coefficient of variation (CV), total
nitrogen (TN), and total phosphorus (TP) in river discharge from different land use types.

Number Discharge (L/s) CV (%) TN (mg/L) TP (mg/L)
I 2248 64 1.40 0.17
Il 277 87 1.81 0.13
I 126 134 5.22 0.53
v 101 115 432 0.60
\Y 152 114 1.70 0.07
VI 14 199 1.94 0.24
VII 127 105 0.97 0.08
VIII 60 168 1.73 0.07
IX 476 101 0.28 0.04
X 458 98 0.44 0.04
XI 468 91 0.48 0.05
XII 582 96 0.56 0.16
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Figure 4. Streamflow variation at each sub-basin (water year from October (1) to September (12)).

Like the stream water TN concentrations, the TP concentrations were also significantly
affected by land cover. The TP was much higher in streams in urban areas (I, II, III, and IV)
than in the agriculture-dominated land and forest land streams (p > 0.01). Compared to the
forest land stream water, the TP concentration was 1.5 times higher at the cultivated land
sites and 5.0 times higher at the urban land sites. Moreover, the water TP concentrations
were above the surface water TP limits at sites where anthropogenic impacts occurred,
predominantly in high urban areas with higher standard deviation, such as IIl and IV.

Nitrate was identified as the predominant form of inorganic nitrogen, having concen-
trations ranging from 0.02 to 6.60 mgL~!. The sub-basins IX, X, XI, and XII, with a higher
proportion of forest cover, exhibited the lowest nitrate concentrations. Conversely, nitrogen
levels were significantly higher in areas with intense urbanization. Streams crossing the
agriculture-dominated regions typically showed higher nitrate concentrations during the
dry seasons, when water discharge was reduced. At urban sites, ammonium concentrations
ranged from 0.040 to 2.15 mgL~!, with the highest levels recorded at stream IV, which
also showed a higher standard deviation. This sub-basin is in an area of extensive urban
development (Table 1), highlighting the impact of anthropogenic activities.

The concentrations of TN and TP in stream water exhibited considerable variability
according to land use. Streams dominated by urban areas, and to a lesser extent those
influenced by agriculture, displayed higher concentrations and greater variation (measured
as the coefficient of variation (CV) compared to forested sites (Figure 4 and Table 2).
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Notably, TN and TP concentrations increased during the dry summer months, leading to
an elevation in the standard error of these variations. Consequently, stream discharge from
urban-dominated basins was higher than that from agricultural lands. This indicates that
the inflow of TN into Lake Sapanca from these streams predominantly originates from
urban-dominated areas. While TN concentrations in streams from cultivated land were also
elevated, their overall contribution to the lake was minimal, due to their lower discharge
levels (Figure 5).
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Figure 5. Annual TN and TP contribution to Lake Sapanca by different sub-basin streams.

Various traditional approaches to pollution control, such as coagulation, biofiltra-
tion, and adsorption, have demonstrated significant potential for effectively removing
pollutants. However, these methods often involve substantial land requirements, high
energy consumption, and elevated maintenance and operational costs. Additionally, they
carry a considerable risk of generating secondary pollution [26]. Microbial and ecological
remediation techniques are particularly useful for mitigating eutrophication. Following
this, physical methods and chemical processes, including filtration, ventilation, and UV
radiation, can be implemented. Agricultural pollution can be effectively managed by
constructed wetlands, buffer strips, and floodplains [27,28].

3.3. Modeling Results

Stepwise linear regression was applied to determine the model that best formulated
the relationship between stream-borne pollutants and land use at the sub-basin scale. In
the regression model, the independent variables were land cover variables, such as forest,
cultivation land, urban land, low-intensity settlements land, and grassland. The results
of backward stepwise multiple regression modeling for TN indicated that, as shown in
Equation (1), (RZ=0.81, p < 0.01), proportional land coverage (%) of the urban area and
cultivated land have a significant role in stream water TN variation.

TN = —0.575 + 0.022 X cultivated land + 0.183 x urban land (@)

Equation (1) suggests that a higher proportion of urban areas (%) and cultivated land
would lead to increased TN levels in the streams. In contrast, natural ecosystems, such
as forests and grasslands, were identified as the least significant variables affecting TN,
indicating that they positively contribute to the concentration of TN in stream water. Fur-
thermore, the stepwise multiple regression analysis revealed that land cover significantly
impacts stream water TP, as well as the results of Equation (2).

TP = —0.103 + 0.023 x urban + 0.002 x cultivated + 0.003 x low-density settlement (2)

Based on the equations, urban land, cultivated land, and low-density settlement areas
had a significant impact on stream TP concentration (R? = 0.88, p < 0.01). To explore the
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relationship between land use and nonpoint source pollution, Pearson correlation analyses
were performed (Table 3). In regions with high urban density, a strong correlation (>95%)
was found between TN and TP, with the highest correlation rates observed in urban areas.
Conversely, forested regions, grasslands, and nearby streamflow areas were shown to
negatively affect nonpoint source pollution levels (TN and TP).

Table 3. Pearson correlation coefficient between land use/land cover types and total nitrogen (TN),
and total phosphorus (TP) concentration in stream water.

Parameter TN TP
Streamflow —0.262 —0.150
Forest area —-0.317 —0.181
Grassland —0.359 —0.364
Agricultural land —0.061 —0.189
Low-density settlement 0.220 0.166
Urban area 0.848 * 0913 *
Population density 0.660 * 0.697 *

Note: * Strike sign denotes strong linear correlation.

4. Discussion

Previous studies have indicated that LULC changes and increasing population density
in urban and agricultural areas significantly degrades surface water quality [29,30]. This
issue can be partially mitigated through the installation of sewer networks that effectively
collect wastewater from urban regions, alongside the implementation of optimal agri-
cultural practices in cultivated areas [9]. However, challenges remain, as domestic and
industrial effluence, stormwater runoff, and diffuse pollution continue to adversely affect
water quality. The present study highlights that changes in LULC within the sub-basins
have a negative impact on river flow and lake water quality. Despite maintaining a rel-
atively high percentage of forest areas in many sub-basins, it is evident that transitions
to agricultural and urban land uses lead to unfavorable changes in seasonal discharge
patterns and nutrient concentrations [31].

Between 30% and 50% of the world’s surface waters are currently adversely affected
by non-point sources of pollution, predominantly stemming from agricultural activities. In
the United States, over two-thirds of total pollution arises from non-point sources, with
agricultural pollution accounting for the majority, ranging from 68% to 83% [32]. A similar
situation is observed in Europe, where agricultural activities contribute to 85% of the total
nutrient inflow (TN and TP) into the North Sea [33]. In China, emissions from agricultural
sources represent 57.2% and 67.4% of the TN and TP, respectively [34]. Intermittent streams
are described as waterways that experience a break in flow during the rainy season and
can completely dry up in high-altitude regions during the dry season [35].

The impact of nitrogen and phosphate pollution has evolved due to the social and
economic development of neighboring settlements. Calculating the pollutant footprint
allows pollution levels to relate with human activities. Urbanized areas, regions with
intensified commercial activities, and the nature of agricultural practices have become
critical factors influencing diffuse pollution (TN and TP). It is essential for decision-makers
to take footprint studies into account when addressing these issues [35].

Cultivated areas experienced dry conditions for 4 to 6 months during the summer
months. Hydrological variability among sub-basins can be significant, influenced by
factors such as spatial variation, vegetation, and the size of the drainage area. In our study,
streams located in sub-basins with the highest forest cover (exceeding 75%) demonstrated
permanent flow, reduced discharge variability, and the lowest concentrations of TN and TP,
with less fluctuation (IX, X, XI, and XII). These trends can be attributed to the advantages
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of land cover [36]. Conversely, in regions where agricultural land constituted more than
40% of the sub-basin, streams exhibited intermittent flow and comparatively higher levels
of TN and TP during periods of reduced discharge, particularly in the dry season. The
stream discharge from urbanized areas and those with lesser agricultural influence showed
higher TN and TP concentrations compared to streams from forest-dominated sub-basins
(Figure 4). Often, TN and TP concentrations surpassed the thresholds of 5 mg L~ and
0.65 mg L1, respectively, which are the class IV limits set by the Turkish National Quality
Standards for Surface Waters. Furthermore, the elevated levels of TN and TP in stream
water indicate runoff and discharge contributions, resulting in increased nutrient richness in
urban sub-basins. This finding is supported by Nakane and Haidary [37], who highlighted
the strong correlation between TN levels and urbanized areas, underscoring the detrimental
impact of anthropogenic activities on natural water resources. However, this study adds a
nuanced perspective by emphasizing localized hydrological and pollution dynamics.

Specifically, our findings demonstrate that streams draining forest-dominated sub-
basins exhibit lower nutrient concentrations and more stable hydrological regimes than
those influenced by agricultural and urban areas. This suggests the critical role of forest
cover in mitigating nutrient enrichment and maintaining consistent discharge patterns.
Conversely, agrarian sub-basins were characterized by higher levels of TN and TP, particu-
larly during low flow periods in dry seasons. These patterns underline the pronounced
seasonal and spatial variations in pollutant loading, reinforcing the importance of tailored
land use management strategies for each sub-basin.

The analysis of TN and TP concentrations exceeding national water quality thresholds
in urbanized areas highlights the urgent need for integrated urban and agricultural runoff
management. This includes implementing practices such as riparian buffer zones, precision
farming, and enhanced sewer networks, which can collectively minimize nutrient loading
into surface waters. The pollutant footprint analysis further reveals that socio-economic ac-
tivities in urban and peri-urban areas significantly exacerbate diffuse pollution. Addressing
these challenges requires aligning water management policies with local land use practices
and socioeconomic realities.

While the global prevalence of non-point source pollution is well-documented, our
study elucidates the critical interplay of land cover, hydrological variability, and nutrient
dynamics at a sub-basin scale. These findings are particularly relevant for regions like Lake
Sapanca, where diverse land use patterns intersect with significant population growth and
agricultural intensification. By highlighting specific sub-basin characteristics associated
with optimal water quality, our study provides actionable insights for policymakers to
prioritize forest conservation and sustainable land management practices.

5. Conclusions

The concentrations of TN and TP in stream water are critical indicators, providing
valuable insights into the impact of anthropogenic activities on watershed ecosystems.
Spatial variations in TN and TP across different LULC types within sub-basins offer a
framework for analyzing the effects of urbanization, agriculture, and forest-dominated
landscapes. This study highlighted that land use significantly influences water quality
parameters. Specifically, urban and agricultural areas exhibited elevated TN and TP levels,
which negatively affect stream and lake water quality. Among these, urbanization exerts a
markedly greater impact compared to agricultural activities.

To protect and anticipate changes in lake water quality, it is crucial to minimize the
proportion of urbanized areas within watersheds. The predictive model developed in this
study can serve as a valuable tool for estimating nutrient loading in lake basins under
varying conditions. While the current research focuses on existing land use and water
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quality conditions, future studies should assess the impacts of potential land use changes,
climate change, and pollution control measures.

The implications of this research extend beyond Lake Sapanca, offering valuable
insights into sustainable water management in other freshwater systems facing similar
challenges. Future studies should explore the integration of socio-economic and climate
change dimensions into LULC and water quality analyses to develop holistic approaches
to freshwater conservation. Ultimately, our findings advocate for a balanced, data-driven
approach to land use planning and water resource management, aimed at safeguarding
freshwater ecosystems for current and future generations.

The present study was limited to developing a simple and cost-effective methodology
to illustrate the common parameters affecting lake water quality and their connections to
LULC changes at catchment scale. Future studies are suggested to establish the relation
between water quality and river flow course at a higher resolution (pixel-scale) from
upstream to downstream. To this end, using emerging remote sensing methods and
satellite imagery may be implemented to enhance estimations” accuracy [38—40]. Such
assessments could also facilitate the development of effective strategies to mitigate nutrient
pollution and safeguard the ecological health of lake ecosystems.
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