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Abstract

Increasing agricultural productivity is vital for global food security, but it poses significant
risks to aquatic ecosystems through diffuse pollution. As Tiirkiye aims to harmonise its agri-
cultural policies with the European Green Deal, quantifying agricultural non-point-source
pollution (ANPSP) is essential for sustainable water management. This study evaluates
ANPSP loads, including Total Nitrogen (TN), Total Phosphorus (TP), Chemical Oxygen
Demand (COD), and Ammonia Nitrogen (NH;3-N), originating from cereal production,
fertiliser application, and livestock farming across Tiirkiye from 2015 to 2024. By employing
activity data and pollution load coefficients, the spatiotemporal dynamics of ANPSP were
analysed at both national and regional levels. The results demonstrate that cereal produc-
tion is the predominant source of nutrient loading (60.5% TN, 64.9% TP), whereas livestock
activities account for 52.2% of the COD load. Fertiliser use contributed 23.0% and 20.6% to
TN and TP loads, respectively. The Marmara, Aegean, and Central Anatolia regions were
identified as high-intensity pollution hotspots. These findings provide a robust baseline for
developing region-specific mitigation strategies, such as precision fertilisation and circular
waste-to-energy systems, to support Tiirkiye’s transition toward a Zero-Pollution and
sustainable agricultural future.

Keywords: non-point-source pollution; nutrient loads; spatiotemporal analysis; sustainable
agriculture; water quality management

1. Introduction

Concerns over insufficient agricultural production were addressed through the Green
Revolution, which began in the 1950s and was driven by the rapid growth of the global
population [1]. In developing countries such as Tiirkiye, this process gained momentum
in the 1970s with the widespread use of organic manure, chemical fertilisers, pesticides,
herbicides, and fungicides. While these agrochemical inputs substantially increased crop
yields, intensive, input-driven agricultural practices have also resulted in significant envi-
ronmental pollution. Excessive applications of nitrogen, phosphorus, pesticides, and heavy
metals lead to their accumulation in soils and transport into aquatic ecosystems, thereby
increasing emissions of key greenhouse gases (CH4 and N,O) [2,3]. Furthermore, the con-
tamination of soil and water resources with these pollutants contributes to eutrophication,
and the accumulation of heavy metals degrades environmental quality potentially causing
long-term or even irreversible damage. Considering Tiirkiye’s status as a water-stressed
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country, the accumulation of pollutants in its limited freshwater resources under pressure
from climate change poses a dual threat to food security and ecosystem resilience [4]. In
this context, Tiirkiye represents a critical geographical focus where agriculture plays a
pivotal role in both crop and livestock production, with approximately 24 million hectares
of arable land [5]. The agricultural crop production is dominated by cereals, specifically
wheat, barley, and maize, which account for a substantial proportion of the total output.
Furthermore, the livestock sector—comprising nearly 17 million cattle and 55 million small
ruminants as of 2024 [6]—significantly shapes the country’s agricultural productivity and
nutrient management dynamics. These production statistics illustrate the dynamic and
intensive nature of agricultural activities in Tiirkiye, which directly influence nutrient
inputs and the potential magnitude of diffuse pollution from agricultural sources.

Water pollution can be broadly classified as point-source or non-point-source
pollution [7,8]. Non-point-source pollution, which occurs diffusely over large areas,
contributes more substantially to surface and groundwater contamination than point
sources [9]. Monitoring and controlling non-point-source pollution is more challenging,
particularly when it originates from agricultural activities, as it requires extensive spatial
and temporal analyses [10,11]. Non-point-source pollution typically arises from agricultural
and industrial runoff, as well as from the atmospheric deposition of pollutants. Therefore,
reducing agricultural non-point-source pollution is crucial for mitigating eutrophication,
ensuring the quality of drinking water, and protecting aquatic ecosystems.

Agricultural non-point-source pollution (ANPSP), which results from the intensive
use of agrochemicals in farming activities, can severely degrade water quality and aquatic
ecosystems [12-14]. Beyond nitrate (NO3 ™), which is a critical pollutant due to its high
leaching potential [15], agricultural non-point-source pollution also comprises significant
loads of phosphorus (P), ammonia nitrogen (NH;3-N), and organic matter (measured as
Chemical Oxygen Demand, COD) [12,16,17]. Phosphorus is a major contributor to fresh-
water eutrophication, while elevated COD and NH;3-N levels, primarily originating from
livestock waste, lead to oxygen depletion and toxicity in aquatic habitats. Factors contribut-
ing to nitrate leaching include excessive or improper application of chemical fertilisers,
overexploitation of farmland, inadequate storage and management of animal manure, and
inefficient irrigation practices. Nitrates, primarily sodium nitrate and potassium nitrate, are
widely used to enhance crop productivity. Due to their high solubility and mobility, nitrates
can rapidly migrate through soil profiles, penetrate deeper layers, and reach surface and
groundwater systems [18,19]. In Tiirkiye, Regulation No. 29779 on the Protection of Waters
Against Agricultural Nitrate Pollution, published in the Official Gazette on 23 July 2016,
aims to identify, reduce, and prevent water pollution caused by agricultural nitrates [20].
The regulation primarily addresses nitrogen and nitrogen compounds originating from
agricultural activities. According to the Regulation, water bodies with nitrate concen-
trations exceeding 50 mg/L are considered at risk of eutrophication unless preventive
measures are implemented. Within this framework, all areas that contribute to pollution or
are at risk of eutrophication are designated as sensitive areas. While regional studies on
agricultural non-point-source pollution have been conducted in Tiirkiye, no comprehensive
national-scale evaluation has yet been carried out [21-23].

In the European Union, the Nitrates Directive (91/676/EEC) establishes a legally bind-
ing framework requiring Member States to designate Nitrate Vulnerable Zones (NVZs),
develop action programmes, and monitor nitrate levels in water resources [24]. By contrast,
the United States primarily regulates nitrate pollution through the Safe Drinking Water
Act and the Clean Water Act, which set maximum contaminant levels (MCLs) of 10 mg/L
as NO3; "N and 1 mg/L as NO; N, respectively [25,26]. China has adopted centralised
management and relatively strict standards for nitrate concentrations in drinking water
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(20 mg/L as NO3™N), although implementation varies considerably across regions. Previ-
ous studies in China have estimated that agricultural sources account for around 81% of
total non-point-source (NPS) nitrogen (IN) pollution and 53% of total NPS nitrogen loads.
For phosphorus (P), agricultural NPSs contribute around 85% of total riverine P and 93%
of total NPS phosphorus loads [27]. Building upon these findings, global research has in-
creasingly utilised diversified methodological approaches to map the dynamics of nutrient
loading. For instance, empirical assessments in the Yongding River Basin have successfully
quantified sectoral contributions using export coefficient models [28], while recent studies
in plain river networks have highlighted the critical link between rural transformation and
non-point-source pollution shifts [29]. Furthermore, integrated modelling frameworks,
such as the combination of SWAT and PLUS models, have been employed to simulate the
response of pollutant loads to land-use changes in the Yangtze River Basin [30]. However,
while these advanced methodologies have been successfully applied in various interna-
tional contexts, a significant knowledge gap persists regarding a comprehensive, decadal
(2015-2024), and multi-pollutant national inventory for Tiirkiye, specifically one that aligns
with the strategic targets of the European Green Deal. The increasing use of animal feed,
chemical fertilisers, and pesticides has substantially enhanced agricultural productivity.
However, the excessive application of these inputs, together with livestock waste, has
resulted in the significant deterioration of water and soil quality. While non-point-source
pollution has been examined in various regional studies in Tiirkiye, comprehensive na-
tionwide evaluations remain scarce. In Tiirkiye, agricultural non-point-source pollution
studies are mainly conducted at the watershed scale, consistently identifying agriculture
as a major contributor to nitrogen and phosphorus loads [31-33]. However, the absence
of standardised nationwide assessments limits the ability to draw direct comparisons
with large-scale international studies, such as those from China. Therefore, quantifying
agricultural nutrient loads and their potential impacts on water resources at a national
level is essential for developing effective mitigation strategies and aligning with global
sustainability frameworks.

Tiirkiye’s Regulation on the Protection of Waters Against Agricultural Nitrate Pollu-
tion is conceptually aligned with the EU Directive through the designation of sensitive areas
and the promotion of good agricultural practices [34]. However, its monitoring and en-
forcement capacity is limited compared to the EU framework. While the Nitrates Directive
remains a foundational tool, the European Green Deal, specifically through its Farm to Fork
and Biodiversity strategies, sets even more ambitious targets, including reducing chemical
pesticide losses and fertiliser use by at least 50% and 20%, respectively, by 2030 [35].

This study, therefore, aims to quantify agricultural non-point-source pollution arising
from crop production, the use of chemical fertilisers, and livestock operations. It also
seeks to estimate the overall pollution load in Tiirkiye at a national level over the critical
ten-year period from 2015 to 2024. Beyond load quantification, the study seeks to provide
a comprehensive assessment that aligns national data with the strategic objectives of the
European Green Deal. By identifying regional hotspots and source contributions, the study
will support the development of effective control and mitigation strategies, providing
a scientific roadmap for the sustainable management of nutrients and the protection of
Ttirkiye’s vulnerable aquatic ecosystems.

In this context, the study seeks to answer the following research questions: (1) How have
the spatiotemporal dynamics of agricultural pollutants evolved under increasing produc-
tion intensity over the last decade? and (2) Which agricultural sectors represent the primary
environmental hotspots relative to the targets of the European Green Deal? To address
these questions, the specific objectives are to: (i) quantify agricultural non-point-source
pollution generated by crop production, fertiliser application, and livestock activities;
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(ii) estimate the overall national pollution load in Tiirkiye for the period 2015-2024; and
(iii) identify regional hotspots and source contributions to support policy-relevant
mitigation strategies.

Furthermore, this study contributes to the achievement of United Nations Sustainable
Development Goals (SDGs), specifically SDG 6 (Target 6.3) by addressing water quality
through the reduction in pollution and SDG 12 (Target 12.4) by promoting the environmen-
tally sound management of agricultural chemicals and wastes.

2. Materials and Methods
2.1. Study Area

The study area encompasses the entire territory of Tiirkiye, which is located between
latitudes 36° and 42° N and longitudes 26° and 45° E, with an average elevation of 1141 m
above sea level and a total area of 783,562 km? [36]. Based on 50-year climate records, the
mean annual temperature ranges from 11.4 to 15.3 °C, annual precipitation from 493.1 to
793.8 mm, mean daily sunshine duration from 6.3 to 7.2 h, relative humidity from 59.6% to
66.7%, and average wind speed from 1.8 to 2.3 m per second [37]. Ttirkiye is classified as a
water-stressed country, with a current renewable water availability of around 1519 m3 per
capita per year. However, this value is projected to decline to 1200 m® by 2030, 1116 m> by
2040, and 1069 m3 by 2050, primarily due to population growth [38].

Tiirkiye comprises 25 hydrological basins, with an estimated annual surface water flow
of around 186 billion m? [37,39]. Hydrological yields vary considerably among these basins,
with the Euphrates-Tigris Basin alone accounting for nearly 28% of the country’s total
water potential [40]. This hydrological heterogeneity is important for understanding the
potential environmental implications of diffuse (non-point-source) pollution at a national
level. In this study, however, pollution loads are estimated based on agricultural production
and input use rather than being explicitly allocated or modelled at the basin level. This
national-scale, source-oriented approach enables an overall assessment of agricultural
non-point-source pollution across Tiirkiye.

2.2. Data Sources and Processing

This study included an assessment of the pollution loads associated with wheat,
maize, rice, and millet production, but excluded barley due to the absence of appropriate
pollution coefficients. Province-level wheat and maize production data were obtained
from the Turkish Statistical Institute [41]. Regional production values were calculated by
aggregating provincial data according to Tiirkiye’s geographical regions.

In this study, national-scale fertiliser nutrient data were obtained from the Ministry of
Agriculture and Forestry [42]. This data included total nitrogen (TN), total phosphorus (TP),
expressed as P,Os, and total potassium (K,O). Total nitrogen values were used directly in
the analysis. Phosphorus inputs were converted from P,O5 to elemental P for consistency
with water quality assessment frameworks. Potassium (K,O), which is not considered a
primary aquatic pollutant, was excluded from pollution load calculations.

2.3. Calculation of Nutrient and Pollution Loads

Although the accumulation of pollutants in soil and their subsequent transport to
waterways cannot be directly quantified with high precision, preliminary estimates can be
obtained using established pollution production coefficients. In this study, the emission
coefficients for livestock categories, chemical fertilisers, and cereal production were adopted
from Tao et al. [43], as summarised in Tables 1 and 2. Due to the absence of nationally
defined utilisation-rate coefficients and policy-based environmental management indicators
in Tiirkiye, the policy scenarios and corresponding utilisation rates reported by Tao et al.
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were adopted as proxy reference scenarios. To ensure methodological consistency over the
ten-year study period (2015—2024), these factors were maintained as constants, enabling a
robust identification of relative spatial patterns and pollution hotspots. These scenarios
were not intended to represent the actual policy framework in Tiirkiye, but rather to provide
a standardised basis for estimating pollution loads at different levels of environmental
management. The utilisation rates applied under these proxy policy scenarios are presented
in Table 2 [43]. Adopting these coefficients is a key assumption of this study. They were
selected as representative proxies because they reflect the spatiotemporal dynamics of
regions with comparable levels of intensification and management structures to those found
in Tiirkiye. This approach ensures a standardised and scientifically rigorous estimation of
potential pollution loads where localised data are unavailable. Furthermore, the selection
of these specific coefficients is justified by structural similarities in agricultural patterns:
both regions emphasise intensive cereal-based systems, and nutrient application rates and
nitrogen leaching dynamics exhibit comparable behaviour under similar semi-arid and
temperate climatic conditions.

Table 1. Equations used for estimating the potential pollution of different sources [43].

Pollution Source

Equations Major Pollution Index

Chemical fertilisers

n
Pp= L B x o TN, TP, NH;-N

Fy = usage of chemical fertiliser, ay: fertiliser utilization rate

n

Psi = Z (Y] ng/j X Cpi,i X (1 —Tls>

St =1 COD, TN, TP
raw Yj = Crop yield, Ryg; = Straw—grain ratio, Cy; ; = production coefficient of
pollution index, ns = comprehensive utilisation rate of straw
P
Ppi = 121 <Nl X Ci,l X (1 — np,l>
Livestock and poultry _ . T _ . .. COD, TN, TP,
breeding N; = numbers of livestock and poultry, C; ; = production coefficient of NH;-N

pollution index, n, ; = comprehensive utilisation rate of livestock and

poultry breeding

TN: total nitrogen, TP: total phosphorus, NH3-N: ammonia nitrogen, COD: chemical oxygen demand.

Table 2. Unit pollution load coefficients for livestock and crop production [43].

Livestock and Poultry Species

Pollution Indicators Small Ruminant Cattle Poultry
COD (kg head 1) 8.89 712 0.99
NH;-N (kg head 1) 0.14 2.52 0.02
TN (kg head 1) 8.82 104.10 1.85
TP (kg head 1) 1.88 10.17 0.48

Cereals crop

Pollution indicators Rice Wheat Corn Millet
Straw—grain ratio 0.90 0.97 1.03 1.6
COD (kg Mg™1) 5.63 6.39 11.23 5.63
TN (kg Mg™1) 5.82 5.15 10.69 5.82
TP (kg Mg~1) 0.42 0.90 2.39 0.42
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2.4. Statistical and Spatial Analysis

Statistical analyses were performed using IBM SPSS Statistics (version 29.0.2.0, IBM
Corp., Armonk, NY, USA). One-way analysis of variance (ANOVA) was used to evaluate
differences in pollutant loads across regions, years, and contribution types. All statistical
tests were conducted at a 95% confidence interval, and a p-value of less than 0.05 (p < 0.05)
was considered statistically significant. To identify specific differences between groups, a
post hoc Tukey’s HSD (Honestly Significant Difference) test was performed.

In addition to univariate analyses, a one-way Multivariate Analysis of Variance
(MANOVA) was employed to evaluate the simultaneous impact of livestock categories
and temporal variations (years) on the combined dependent variables (TN, TP, COD,
and NHj3-N).

Furthermore, to analyse temporal trends and patterns in pollutant loads from 2015
to 2024, ARIMA (Auto-Regressive Integrated Moving Average) modelling was employed
using the Expert Modeler in SPSS. This approach allowed for the identification of the
best-fitting models for each parameter by accounting for stationarity and potential outliers.
All statistical tests were conducted at a 95% confidence interval (p < 0.05).

For spatial resolution, raw pollution data were integrated into a QGIS software (ver-
sion 3.40.14, Zivilgesetzbuches, Switzerland) environment through attribute-based spatial
joining. We utilised graduated symbology and area-weighted intensity mapping (kg ha~')
to identify primary pollution hotspots, providing a high-resolution diagnostic of agricul-
tural pressure across Tiirkiye’s seven geographical regions.

3. Results
3.1. Pollution Derived from Livestock Production

A 10-year cumulative assessment reveals that potential pollution loads from livestock
followed a synchronised temporal pattern across all indicators, peaking in 2017 and de-
clining sharply in 2023. Cattle, small ruminant, broilers, and laying hens were found to be
responsible for 61%, 15%, 16% and 8% of potential TN pollution, respectively. In terms of
total phosphorus pollution, the majority of the load is accounted for by poultry production
(broilers: 13%; laying hens: 27%), cattle farming (39%), and small ruminant production
(21%). Cattle production was identified as the primary driver of organic and nitrogenous
pollution, accounting for 5.08 million tonnes of TN and an enormous 34.8 million tonnes
of COD (Figure 1c). Regarding ammonia nitrogen pollution, cattle farming is again the
dominant source (75%), while the contributions of poultry and small ruminant farming are
comparatively minor (Figure 1la—e).

Cattle farming was identified as the hot spot for organic pollution, contributing an
overwhelming 94% of the potential COD load. In contrast, phosphorus loading showed
a more heterogeneous distribution, with poultry and small ruminant playing a signifi-
cant role (Figure le). As reflected in the 10—year cumulative data, increases in animal
numbers and production levels over time have led to a corresponding rise in potential
pollution loads. Of the evaluated pollution indicators, chemical oxygen demand is the
most dominant, accounting for 79.2% of non-point-source pollution associated with animal
husbandry. Although total nitrogen (TN) and ammonia nitrogen (NH3-N) loads are more
evenly distributed among animal categories, cattle farming still represents the largest share.
In contrast, TP loads are more evenly distributed, with small ruminant and poultry pro-
duction systems contributing a relatively higher proportion of the phosphorus load than
other parameters.

The spatial distribution maps and the statistical comparative analyses were indepen-
dently generated using QGIS (version 3.40.14) for geospatial mapping and SPSS (version
29.0.2.0) for descriptive statistics, based on the calculated nutrient loads.
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Figure 1. Temporal dynamics and sectoral distribution of livestock-derived pollution in Tiirkiye
(2015-2024): (a) Broiler, (b) Laying hen, (c) Cattle, (d) Small ruminant, and (e) cumulative sectoral
contributions to the total pollution load over the ten-year study period.
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Figure 2 illustrates the 10—year regional differences in area-based pollution loads
across Tiirkiye, utilising QGIS-based spatial attribute mapping to identify key pollution
clusters. The analysis reveals a clear spatial disparity between absolute production volume
and environmental pressure. The Aegean and Marmara regions consistently exhibited the
highest pollution intensities (kg ha~?!) for all parameters (COD, NH3-N, TN, and TP), rep-
resenting statistically significant spatial hotspots of localised environmental pressure. This
clustering is associated with intensive livestock production and limited land availability in
Western Tiirkiye.
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Figure 2. Spatial Intensity of Livestock-Derived Pollutants between 2015 and 2024.

Conversely, when considering cumulative total loads, Central and Eastern Anatolia
emerged as the dominant contributors (COD: 7.87 Mt; NH;3-N: 0.03 Mt). This is primar-
ily attributed to their extensive land areas and spatially dispersed production systems.
Regarding total nutrient loads, Central Anatolia and the Aegean led in nitrogen load-
ing (>1.5 million tonnes), while phosphorus loads were highest in the Aegean, followed
by Central Anatolia and Marmara. These findings demonstrate that while expansive
agricultural regions contribute substantially to total loads, the highest-resolution environ-
mental risk (hotspots) is concentrated in the high-intensity clusters of the Aegean and
Marmara regions.

As summarised in Table 3, pollutant loads from livestock production in Tiirkiye
show significant variation across categories. Cattle production constitutes the dominant
source, contributing the largest share of TN, TP, COD, and NHj3-N loads. In contrast,
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small ruminants and poultry (broilers and laying hens) contribute comparatively lower
loads, although their cumulative impact remains non-negligible. These findings highlight
livestock production, particularly cattle farming, as a major driver of nutrient pollution
due to higher manure generation rates and management practices.

Table 3. Summary of estimated cumulative pollutant loads disaggregated by livestock category in
Tiirkiye (2015-2024).

Livestock Category TN (Mt) TP (Mt) COD (Mt) NH;3-N (Mt)
Cattle 5.09 0.50 34.81 0.12
Small Ruminant 1.28 0.27 1.29 0.02
Broiler 1.31 0.34 0.70 0.01
Laying Hen 0.63 0.16 0.34 0.01
Total 8.31 1.27 37.14 0.16
Table 4 summarises the descriptive statistics of the COD, NH3-N, TN, and TP values
measured for the different animal types (laying hens, cattle, small ruminant, and broilers),
with 70 samples representing each type. Statistical analysis revealed significant differences
among animal types at the 95% confidence level for all evaluated parameters.
Table 4. Livestock production descriptive statistics.
Parameter Livestock Species N Mean (Tonnes) Std. Deviation Std. Error Minimum  Maximum
Laying Hens 70 4.806 4 3710 443 1.074 14.720
oD Cattle 70 497.267 @ 186.654 22.309 202.285 848.621
Small ruminant 70 18.478 P 9.125 1091 4.798 36.682
Broiler 70 10.007 € 8.134 972 190 26.715
Laying Hens 70 974 75 9 22 297
NH--N Cattle 70 1.760 2 661 79 716 3.004
} Small ruminant 70 291° 144 17 76 578
Broiler 70 202 ¢ 164 20 4 540
Laying Hens 70 8980 © 6.934 829 2008 27.506
TN Cattle 70 72.704 2 27.290 3.262 29.576 124.075
Small ruminant 70 18.332 9.053 1.082 4.760 36.393
Broiler 70 18.700 P 15.201 1.817 356 49.921
Laying Hens 70 23304 1.799 215 521 7.137
TP Cattle 70 71032 2.666 319 2.889 12.121
Small ruminant 70 3.908 ¢ 1.930 231 1.015 7.757
Broiler 70 4.852° 1.027 122.8 2.662 3.893

a-d Means followed by different superscript letters indicate statistically significant differences at p < 0.05 according
to the post hoc Tukey’s HSD test. Values are presented as means + standard deviation (SD).

Cattle exhibited the highest mean COD value by far (497.267 tonnes), which was
significantly greater than those observed for small ruminant (18.478 tonnes), broilers
(10.007 tonnes), and laying hens (4.806 tonnes). Small ruminant and broilers exhibited
intermediate COD levels, while laying hens exhibited the lowest COD values. These results
indicate substantial variation in organic load depending on the type of animal.

Regarding NH3-N, cattle again exhibited the highest mean concentration (1.760 tonnes),
which was significantly higher than those observed for small ruminant (291 tonnes), broil-
ers (202 tonnes), and laying hens (97 tonnes). Small ruminant and broilers formed distinct
statistical groups, while laying hens consistently exhibited the lowest NH3-N concentrations
of all the animal types.
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A similar trend was observed for TN values. Cattle had the highest mean TN
concentration (72.704 tonnes), followed by small ruminant (18.332 tonnes) and broilers
(18.700 tonnes), whose values did not differ significantly from each other. Laying hens had
significantly lower TN levels (8.980). These results suggest that nitrogen output is strongly
influenced by animal species, particularly large ruminants.

For TP, cattle exhibited the highest mean value (7.103 tonnes), which was significantly
higher than the values recorded for broiler (4.852 tonnes), small ruminant (3.908 tonnes),
and laying hens (2.330 tonnes). Laying hens again exhibited the lowest TP concentrations,
while cattle and small ruminants displayed intermediate but statistically distinct values.

Cattle exhibited significantly higher COD, NH3-N, and TN values, while broilers
showed the highest TP concentrations. Laying hens consistently exhibited the lowest
values for all parameters. These findings demonstrate that animal type has a statistically
significant effect on COD, NH3-N, and TN.

The MANOVA results revealed a highly significant multivariate effect for livestock
categories on the combined pollutant parameters (Wilks’ A = 0.031, F (12, 627.3) = 142.88,
p < 0.001, Partial n? = 0.687). This indicates that the type of livestock is the primary driving
factor behind the variation in the environmental footprint profile. While the multivariate
effect of “Year” was not statistically significant at the p < 0.05 level (Wilks” A = 0.927,
p = 0.994), the Between-Subjects Effects confirmed that livestock category had a robust
and significant influence (p < 0.001) on each individual pollutant parameter (COD, TN,
TP, and NH3-N) independently. Detailed multivariate statistical outputs are provided in
Supplementary Table S1.

To address the potential for long-term trends and abrupt changes in livestock-related
emissions, ARIMA models were developed for each pollutant load (Table 5). The NH3-
N emissions were best characterised by an ARIMA (7, 1, 0) model, achieving a high
stationary R? of 0.836. The requirement for first-order differencing (d = 1) in the models
for COD, TN, and NH;3-N confirms that these emissions are non-stationary, exhibiting
a consistent and significant upward trend over the study period rather than fluctuating
around a fixed mean. The ARIMA (1, 1, 14) model for COD and ARIMA (0, 1, 8) for TN
provided a statistical fit of 0.628, effectively capturing the systematic growth driven by
increasing livestock populations. Furthermore, the Ljung—Box Q test for the NH3-N model
yielded a non-significant p-value (0.741), indicating that the model successfully captured
the underlying temporal structure without leaving significant residual autocorrelation.
These results demonstrate that livestock emissions follow a deterministic growth pattern,
with no evidence of abrupt stochastic shocks or regime shifts during the analysed decade.

Table 5. ARIMA model results for livestock production.

Parameter Best Model Stationary R2 RMSE MAE Ljung-Box (p)
TN ARIMA (0, 1, 8) 0.628 8679.348 5914.926 <0.001
TP ARIMA (0, 0, 14) 0.722 1096.014 566.281 <0.001
COD ARIMA (1, 1, 14) 0.628 1,305,933.443 135,768.54 <0.001
NH;3-N ARIMA (7,1, 0) 0.836 478.860 152.897 0.741

3.2. Pollution Derived from Fertiliser Use

Although the use of chemical fertiliser in Tiirkiye has fluctuated over the past decade,
it has increased by around 28% compared to 2015 levels (Figure 3) [42]. In crop production,
nitrogen-based fertilisers account for the largest proportion of total fertiliser consumption
(66%) [42]. Phosphorus fertilisers represent 32% of the total application, while potassium-
based fertilisers account for the smallest proportion at 2% [42]. Datasets for fertiliser

https://doi.org/10.3390/su18073453


https://doi.org/10.3390/su18073453

Sustainability 2026, 18, 3453

11 of 23

consumption were retrieved from the official records of the Ministry of Agriculture and
Forestry [42].
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Figure 3. Temporal synchronisation between chemical fertiliser consumption and estimated nutrient
pollution loads in Tiirkiye (2015-2024).

Figure 3 illustrates the evolution of TN and TP pollution levels in relation to the use
of chemical fertilisers over time. Although potassium-based fertilisers are widely used
in agriculture, they were not included in this study as they do not pose a significant risk
of aquatic pollution. Both TN and TP pollution loads exhibited pronounced temporal
fluctuations throughout the study period. Total nitrogen pollution peaked at around
1.23 Mt in 2020 and generally remained at elevated levels, typically exceeding one million
tonnes per year. Despite interannual variability, total phosphorus loads tended to remain
relatively high in the latter part of the study period, particularly after 2022.

Between 2015 and 2024, TN and TP pollution loads derived from chemical fertiliser
use exhibited significant regional variation across Ttirkiye, characterised by high temporal
instability. Based on the intensity mapping (kg ha™!), the Southeastern Anatolia region was
identified as the primary pollution hotspot, with peak nutrient intensities of 282.9 kg ha~!
for TN and 45.0 kg ha~! for TP (Figure 4). This concentrated environmental pressure is
linked to large-scale irrigation projects and intensive crop rotation. Marmara emerged as
the second-highest intensity area (TN: 235.6 kg ha~!), while Central Anatolia contributed
considerably due to its expansive agricultural footprint. In contrast, Eastern Anatolia
exhibited the lowest intensities (TN: 22.7 kg ha™1), reflecting reduced agricultural input.

Analysis of the 10-year period indicates that fertiliser-related emissions do not follow
a linear growth or decline trend, instead showing a random pattern with irregular annual
fluctuations. While total loads in coastal regions appear moderate, the localized accumu-
lation in high-intensity clusters poses a significant risk for nutrient transport to receiving
water bodies, potentially triggering eutrophication in sensitive aquatic ecosystems.

Table 6 presents the descriptive statistics for the total nitrogen (TN) and total phospho-
rus (TP) values measured over ten years, with seven observations taken each year. Statistical
analysis indicated that the differences between the years were statistically significant at the
95% confidence level for both the TN and TP parameters.
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Figure 4. Spatial Intensity of Fertiliser-Derived Pollutants between 2015 and 2024.
Table 6. Statistical summary of chemical fertilizer-derived nutrient loads by year.
Parameter  Year N Mean (Tonnes) Std. Deviation Std. Error Minimum  Maximum

2015 7 137.473° 64.279 24.295 29.278 223.57
2016 7 175.366 @ 87.408 33.037 38.518 305.684
2017 7 163.162 2 80.621 30.472 33.371 276.881
2018 7 1355220 64.682 24.447 32.495 229.507

N 2019 7 145.941° 73.696 27.854 28.069 255.019
2020 7 175.944 2 91.392 34.543 34.018 321.439
2021 7 153.201 2b 75.076 28.376 34.857 237.088
2022 7 135.376 ® 73.172 27.656 27.218 240.66
2023 7 166.987 2 87.901 33.223 40.115 303.844
2024 7 164.312 2 91.376 34.537 40.255 329.766
2015 7 23.585P 14.583 5.512 6.347 51.272
2016 7 319622 20.229 7.646 8.989 71.14
2017 7 30.445 @ 18.661 7.053 9.35 66.656
2018 7 20.173 ¢ 11.701 4.423 6.417 42.81

TP 2019 7 25.256 16.11 6.089 6.561 55.302
2020 7 28.564 2P 17.842 6.744 8.457 59.525
2021 7 23.699 P 13.811 522 7 47.68
2022 7 22.577b 14.959 5.654 6.229 51.228
2023 7 27.525 2b 18.959 7.166 8.809 65.746
2024 7 27.4112b 19.031 7.193 9.126 66.577

3¢ Means followed by different superscript letters indicate statistically significant differences at p < 0.05 according
to the post-hoc Tukey’s HSD test. Values are presented as means = standard deviation (SD).

The highest mean TN values were observed in years 2016, 2017, 2020, 2023, and
2024, forming a statistical group with significantly higher concentrations than the other
years. In contrast, years 2015, 2018, and 2022 exhibited the lowest mean TN values,
indicating comparatively reduced nitrogen levels during these periods. Year 2021 showed
intermediate TN values, while year 2019 was statistically distinct from both the highest
and lowest groups, suggesting moderate nitrogen accumulation.

A similar temporal variation was observed for TP. Years 2016 and 2017 exhibited
the highest mean TP values, followed by years 2020, 2023 and 2024, which also showed
relatively high phosphorus levels. The lowest TP concentrations were recorded in the years
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2015, 2021 and 2022, while the year 2018 had the lowest mean TP of all the years. Year 2019
showed intermediate TP values, forming a statistically distinct group.

Consequently, both TN and TP values demonstrated pronounced interannual variabil-
ity, with several years showing significantly higher nutrient concentrations than others.
These findings suggest that temporal factors play a crucial role in influencing nutrient
levels, with year-to-year variations in TN and TP being statistically significant at the 95%
confidence interval.

The temporal dynamics of nutrient loads from chemical fertilizers were analysed
using ARIMA modelling (Table 7). The TN load was best characterized by an ARIMA
(0, 0, 1) model with a stationary R? of 0.281, while the TP load followed an ARIMA (0, 0, 0)
model, which indicates a purely stochastic process without a discernible temporal pattern
(R? = 0.000). The absence of a significant trend (d = 0) in both parameters suggests that
fertilizer-related emissions did not exhibit a consistent or systematic trajectory over the
ten-year period. High residual variance was observed, particularly for the TP load, with
an RMSE of 64,714.62 and an MAE of 52,534.49. These results demonstrate that nutrient
loads from fertilizer application follow an irregular and non-linear temporal distribution
compared to the more structured patterns observed in other agricultural sectors.

Table 7. ARIMA Model Results for Fertilizer Use (2015-2024).

Parameter Best Model Stationary R2 RMSE MAE Ljung-Box (p)
N ARIMA (0,0, 1) 0.281 16,060.119 12,462.312 <0.001
TP ARIMA (0, 0, 0) 0.000 64,714.622 52,534.491 <0.001

Due to the autocorrelation and non-normal distribution inherent in agricultural nutri-
ent loads, MANOVA was not employed as it violates the assumptions of independence
and multivariate normality. Instead, ARIMA modelling was utilized for temporal trend
decomposition, while one-way ANOVA was used for spatial comparisons. This combined
approach provides a more robust analysis of non-linear trends and stochastic patterns than
traditional multivariate tests.

3.3. Pollution Derived from Cereal Production

Although the total area of agricultural land in Tiirkiye decreased between 2015 and
2019, it began to recover slightly after 2020 and exceeded 2015 levels by 2024. As shown in
Figure 5, the changing balance between the availability of arable land and demographic
growth is clear. Among cereal crops, wheat and maize continue to dominate national
production, while crops such as rice and millet remain significant at a regional level.

Consequently, both TN and TP values demonstrated pronounced interannual variabil-
ity, with several years showing significantly higher nutrient concentrations than others.
These findings suggest that temporal factors play a crucial role in influencing nutrient
levels, with year-to-year variations in TN and TP being statistically significant at the 95%
confidence interval.

Area-based pollution loads of COD, TN, and TP exhibited significant regional vari-
ability across Tiirkiye, revealing distinct spatial clustering patterns (Figure 6). Utilizing
intensity-based mapping, Central and Southeastern Anatolia were identified as the primary
pollution hotspots for all three parameters. Central Anatolia recorded peak intensities
of 587 kg ha~! for COD, 540 kg ha~! for TN, and 106.2 kg ha~! for TP, representing a
concentrated environmental pressure driven by intensive agricultural practices and high
nutrient inputs. Similarly, the Marmara and Black Sea regions exhibited elevated COD and
TN loads, reflecting intensive land use and organic nutrient concentrations.

https://doi.org/10.3390/su18073453


https://doi.org/10.3390/su18073453

Sustainability 2026, 18, 3453

14 of 23

B Total agriculture area (ha) ] Population Person/ha
g 90 ~ - ~ - 2.30 =
s 10 0 on S
[~ ] M — -
22 5| LT )
) 2] ‘\ T‘
= v N F 220 &
gL 60 \ =
8= q L 215 =
o o
= £ «
E S \ o
EE 45 Y 210 m
2B A
E o o
&0 - 2.05
S8 30 g
& -
kS - 2.00
=
15
- 1.95
0 — 1.90
2015 2019 2024

Year
Figure 5. Temporal changes in agricultural land and population pressure in Ttirkiye.
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Figure 6. Spatial COD, TN and TP pollution intensities from cereals production between 2015
and 2024.

In contrast, the lowest pollution intensities were observed in Eastern Anatolia, consis-
tent with its extensive land area and lower production density. While the Mediterranean
and Aegean regions contribute significantly to total national loads, their moderate area-
based intensities highlight the critical distinction between cumulative pollution volume
and localized hotspot pressure. Temporal analysis of these crop-related loads indicates
a random annual distribution without a fixed linear trend, suggesting that environmen-
tal risks in these hotspots are influenced by variable seasonal factors rather than steady
temporal growth.
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Table 8 presents the descriptive statistics for the COD, TN, and TP values measured
across four different crop types (wheat, maize, rice, and millet), with a sample size of 70 for
each type. According to the statistical analysis, significant differences were found among
the products for COD, TN, and TP at the 95% confidence level.

Table 8. Crop production descriptive statistics.

Parameter Crop N Mean (kg ha—1) Std. Deviation Std. Error Minimum  Maximum
Wheat 70 10.552b 3.254 0.389 5.31 20.89
COD Maize 70 28.228 2 7.457 0.891 12.43 43.88
Rice 70 4.688 ¢ 4.471 0.613 0 14.63
Millet 70 11704 0.934 0.112 0.00 3.12
Wheat 70 8.505 P 2.623 0.313 428 16.83
TN Maize 70 26.8702 7.099 0.848 11.83 41.77
Rice 70 4.846 ¢ 4.656 0.556 0.00 15.13
Millet 70 1.2104 0.966 0.115 0.00 3.23
Wheat 70 1.486° 0.458 0.055 0.75 2.94
P Maize 70 6.008 2 1.587 0.190 2.64 9.34
Rice 70 0.350 € 0.336 0.040 0.00 1.09
Millet 70 0.087 4 0.070 0.008 0.00 0.23

a-d Means followed by different superscript letters indicate statistically significant differences at p < 0.05 according
to the post-hoc Tukey’s HSD test. Values are presented as means =+ standard deviation (SD).

For COD, maize exhibited the highest mean value (28.228 kg ha~!), which was sig-
nificantly higher than the values for wheat (10.552 kg ha™1), rice (4.688 kg ha—1), and
millet (1.170 kg ha—!). Wheat showed intermediate COD levels, while rice and millet had
significantly lower values, with millet having the lowest COD of all the products.

A similar pattern was observed for TN. Maize had the highest mean TN concentration
(26.870 kg ha~1), followed by wheat (8.505 kg ha1), rice (4.846 kg ha~1), and millet
(1.210 kg ha—1). The statistical grouping letters show that all crop types differ significantly
from each other, indicating a clear gradient in TN levels among the products.

Regarding TP, maize had the highest mean value (6.008), which was significantly
higher than the values for wheat (1.486 kg ha™1), rice (0.350 kg ha=1), and millet
(0.087 kg ha~1). Millet had the lowest TP concentration, while wheat and rice exhibited
intermediate but statistically distinct values.

Overall, maize consistently exhibited significantly higher COD, TN and TP values than
the other crops, whereas millet had the lowest values for all three parameters. These results
suggest that crop type has a strong, statistically significant effect on COD, TN, and TP levels.

For crop production, a similar multivariate analysis confirmed that the type of
crop product significantly influenced the combined nutrient loads (Wilks” A = 0.008,
F (9, 579.3) = 405.85, p < 0.001, Partial n? =0.801). Interestingly, for this sector, “Year” also
showed a significant multivariate impact when considering the Roy’s Largest Root statistic
(Value =0.150, F = 3.99, p < 0.001), suggesting temporal shifts in production patterns over the
decade. Detailed multivariate statistical outputs are provided in Supplementary Table S2.

The temporal analysis of pollutant loads from crop production demonstrated a highly
structured and systematic pattern (Table 9). The loads for TN, TP, and COD were success-
fully modelled using ARIMA (0, 0, 10), ARIMA (0, 0, 14), and ARIMA (1, 0, 13), respectively.
These models exhibited exceptional explanatory power, with stationary R2 values of 0.932
for TN, 0.974 for TP, and 0.930 for COD. The absence of a differencing operation (d = 0)
across all parameters indicates that crop-related emissions followed a stationary yet highly
deterministic trajectory over the ten-year period. Despite the high model fit, several outliers
were identified and integrated into the models—specifically 7 for TN and 8 for TP—to
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account for inter-annual variations. The low error metrics, particularly for the TP load
(RMSE: 0.416, MAE: 0.252), further confirm the high precision of these time-series models
in capturing the emission dynamics of the crop production sector.

Table 9. ARIMA Model Results for Crop Production (2015-2024).

Parameter Best Model Stationary R2 RMSE MAE Ljung-Box (p)
TN ARIMA (0, 0, 10) 0.932 2.882 2.081 <0.001
TP ARIMA (0, 0, 14) 0.974 0.416 0.252 <0.001
COD ARIMA (1, 0, 13) 0.930 3.481 2.482 <0.001

4. Discussion

The intensification of agricultural production creates environmental pressure in
the form of nutrient and pollutant loads from activities such as the use of animal ma-
nure, chemical fertilisers, and crop cultivation. This pressure is closely linked to a de-
crease in land per capita, forcing agricultural intensification to meet global food demand.
These activities result in significant pollution loads that degrade water quality and cause
eutrophication [44—47]. The migration of nitrogen-based pollutants from agricultural fields
to water bodies is primarily driven by leaching and surface runoff [48]. Due to the high
solubility of nitrates, they easily penetrate the soil profile, reaching groundwater systems,
whereas ammonium tends to be adsorbed by soil particles but can still be transported via
soil erosion during high-intensity rainfall events [49]. In contrast to nitrogen, phosphorus
exhibits lower mobility due to its strong adsorption capacity to soil minerals [50]. Therefore,
its entry into aquatic ecosystems is predominantly linked to sediment-associated transport
and surface runoff, particularly in regions with high erosion potential, such as the sloping
terrains of the Black Sea and Eastern Anatolia basins. The transport of organic matter from
livestock operations is largely a function of direct discharge or runoff from poorly managed
manure storage facilities, leading to rapid oxygen depletion in receiving water bodies.

4.1. Implications of Pollution from Livestock Production

Between 2015 and 2024, Tirkiye’s livestock sector experienced significant growth,
with red and white meat production increasing by 77% and 32%, respectively [6]. Increased
production and the resulting high volume of manure, coupled with inadequate manure
management mechanisms, create problems for production and producers alike, leading to
ecological damage [51]. This increase in production quantities corresponds with a consistent
rise in livestock numbers, forming the primary baseline for the escalating potential pollution
loads identified in this study.

In Ttirkiye, the cumulative potential pollution load from manure over the past 10 years
(8310 Mt TN, 1273 Mt TP, 37,139 Mt COD) underscores the need for effective manure
management. The overwhelming dominance of cattle farming in the COD load (94%)
identifies large ruminant operations as a critical ‘hotspot’ for managing organic pollution.
This disproportionate contribution suggests that the efficiency of manure handling and
treatment in cattle systems is more decisive for the risk of aquatic oxygen depletion than in
the poultry or small ruminant sectors. Additionally, ammonia nitrogen exhibited distinctly
different behaviour, with the entire NH;3-N load originating from livestock production.
This clearly indicates that ammonia load within the studied agricultural system is directly
linked to the management of animal manure.

According to the “Regulation on the Protection of Waters Against Agricultural Nitrate
Pollution,” effective storage and management plans are mandatory for farms exceeding spe-
cific nitrogen production thresholds (1600 kg N/year in sensitive areas). However, despite
these regulations, nutrient surpluses continue to pose a significant environmental problem,
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particularly in areas with high livestock density. Similarly, in non-nitrate-sensitive areas,
livestock farms producing > 3500 kg of nitrogen per year must store animal manure and de-
velop a manure management plan. These regulations aim to limit the uncontrolled transport
of nutrient loads from animal production into soil and water environments. Furthermore,
the Regulation states that, in nitrate-sensitive areas, the amount of pure nitrogen (N) that
can be applied to the soil via animal manure should not exceed 170 kg per hectare per year.
This limit must take into account regional, soil, and climate characteristics, as well as
plant needs.

Similar to the European Union’s Nitrates Directive, which aims to protect water re-
sources from nitrate pollution caused by agriculture, Ttirkiye’s Regulation on the Protection
of Water Resources from Agricultural Nitrate Pollution also imposes conditions on fertiliser
management based on regional sensitivity classifications. Both regulatory frameworks
emphasise the importance of adequate storage capacity, controlled soil application, and
nutrient management planning, with the aim of minimising nitrogen loss to surface and
groundwater systems. However, despite the existence of such regulations, nutrient sur-
pluses resulting from intensive livestock production and excessive fertiliser use continue to
pose a significant environmental problem, particularly in areas with high livestock density
and limited land available for fertiliser application. This situation highlights the need for
better implementation and monitoring of strategies for managing livestock manure, and
for these strategies to be integrated with regional nutrient balances.

The dominance of livestock-derived loads, particularly COD from cattle farming,
mirrors findings in other regions with high production intensity. For instance, studies in
the Yongding River Basin [28] and the Yangtze River Basin [30] have similarly identified
livestock as a disproportionate contributor to nutrient and organic matter hotspots. How-
ever, the 10-year growth trend observed in Tiirkiye (77% in red meat) suggests a more
rapid intensification compared to some Mediterranean counterparts, necessitating urgent
localized manure-to-energy or nutrient recovery solutions.

4.2. Implications of Pollution from Fertiliser Use

The application of chemical fertilisers is critical for crop productivity, yet nitrogen-
based fertilisers account for 66% of total consumption in Tiirkiye [24]. In contrast,
potassium-based fertilisers represent the smallest proportion (2%), as Turkish soils gen-
erally contain sufficient potassium, reducing the need for additional fertilisation. The
cumulative pollution loads estimated in this study suggest that the use of chemical fertiliser
in Tirkiye has substantially contributed to nutrient enrichment over the last decade, with
total nitrogen (TN) and total phosphorus (TP) loads reaching 1102.3 kg /ha and 176.2 kg/ha,
respectively. The temporal patterns of TN and TP loads closely followed fluctuations in
chemical fertiliser consumption, suggesting a strong link between fertiliser use intensity
and nutrient pollution dynamics. While phosphorus fertilisers are applied at moderate
levels (32%), they remain significant due to their potential contribution to surface runoff.

Nutrients not absorbed by plants are transported via runoff, contributing to eutrophi-
cation and soil salinisation [52-55]. Of these nutrients, nitrogen is of particular concern due
to its high mobility and potential for transformation in soil-water systems. Plant nutrients
such as nitrate and ammonium are highly soluble, which facilitates their rapid leaching
into surface and groundwater. Under specific environmental conditions, these nitrates
can be reduced to nitrites, which can then contribute to the formation of carcinogenic
nitrosamines [56].

In Tiirkiye, the Nitrate Pollution Prevention and Control Regulation, aligned with
the EU Nitrates Directive, aims to mitigate this risk. However, the cumulative loads
(1102.3 kg/ha TN) identified in our study suggest that achieving the regulatory maximum
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of 25 mg/L in groundwater requires more than just compliance: a shift towards Nutrient
Use Efficiency (NUE) and precision fertilisation is also needed to align with the targets set
out in the European Green Deal.

4.3. Implications of Pollution from Cereal Production

Cereal production was identified as a dominant source of national-scale pollution,
contributing 60.5% of TN and 64.9% of TP loads. The continuing decrease in cultivated
land per capita due to rapid population growth suggests mounting pressure on existing
land resources, likely leading to more intensive farming practices to sustain food security.
Among cereals, wheat and maize dominate national production.

Notably, due to the absence of specific coefficients for barley, its associated pollution
load was excluded from the study to maintain the precision of nutrient loss estimations.
The findings indicate that organic pollution (COD) is shared between livestock (52.2%) and
cereal cultivation (47.8%), highlighting that crop-based activities are as critical as livestock
for managing organic matter loads. In the context of the European Green Deal’s “Farm to
Fork” strategy, regional strategies must prioritise the Marmara and Aegean basins, where
these drivers have pushed pollution levels toward critical thresholds.

Overall, the contribution of agricultural non-point pollution identified in this study
indicates that effective mitigation cannot rely on a single management approach. Improving
nutrient use efficiency in crop production systems is essential for reducing nitrogen and
phosphorus losses, while improved manure management practices are critical for control-
ling organic pollution and ammonia. Therefore, an integrated management framework
that addresses both livestock and crop production activities is necessary to reduce the
cumulative environmental impact of agricultural intensification.

In the context of the European Green Deal, Tiirkiye’s efforts to mitigate agricultural
non-point-source pollution are becoming increasingly important for international trade and
environmental compliance. Our results demonstrate that grain production and livestock
farming remain the primary drivers of nutrient and organic loads. In order to align with
the Farm to Fork objectives of reducing fertiliser runoff and pesticide dependency, regional
strategies must prioritise the Marmara and Aegean basins, where pollution levels have
reached critical thresholds. The transition to precision agriculture and integrated waste
management is an environmental and socio-economic necessity for Tiirkiye’s integration
into global sustainable value chains.

4.4. Limitations and Future Perspectives

This study provides a national-scale baseline of agricultural pollution loads in Tiirkiye,
focusing on spatial patterns and priority regions rather than detailed watershed-level
processes. These results serve as a foundation for future fine-scale, process-based studies.

In integrated agricultural systems, livestock and crop production are inherently in-
terconnected through nutrient cycling. Manure generated from livestock production is
frequently recycled as organic fertilizer in crop production, a process that can partially
mitigate the net pollution load attributed to individual agricultural sectors. Consequently,
treating these sectors as independent sources in this study may lead to an overestimation
of the net environmental impact. While the synergistic interaction between livestock and
crop systems is acknowledged, a full Material Flow Analysis (MFA) or Nutrient Balance ap-
proach could not be implemented due to the lack of high-resolution, province-level data on
actual manure recovery and recycling efficiency in Tiirkiye. Therefore, the results presented
here should be interpreted as gross potential pollution loads, providing a baseline for
environmental risk assessment. Future research should prioritize nutrient flow frameworks
to refine these estimates and support more circular agricultural management policies.
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While this study establishes a critical national baseline for potential pollution loads,
future research can leverage these inventory data as a primary input for basin-scale hy-
drological models like SWAT. This would allow for site-specific simulations of runoff and
leaching processes, building upon the high-resolution spatial diagnostics provided by our
current assessment.

In addition to these methodological perspectives, certain limitations regarding the
estimation process should be noted. The use of standard emission factors and national-level
statistical data involves inherent uncertainties, as these may not fully account for local
microclimates, soil variations, and farm-specific management practices. Furthermore, the
lack of specific coefficients for certain crops and the potential for under-reported agricultural
inputs may lead to conservative estimations. Despite these constraints, the findings offer a
robust scientific roadmap for aligning Ttirkiye’s agricultural policies with the European
Green Deal and the UN Sustainable Development Goals.

From a policy implementation perspective, translating these findings into practice
requires a regionally differentiated and phased approach tailored to Tiirkiye’s agricultural
structure. Given the spatial heterogeneity of agricultural systems, precision fertilization
strategies can be prioritized in crop-intensive western regions, where technological in-
frastructure and access to advisory services are relatively more developed. In contrast, in
livestock-dominated regions, particularly in central and eastern Tiirkiye, promoting ma-
nure management and waste-to-energy technologies (e.g., biogas production) can provide
dual benefits of nutrient recycling and renewable energy generation. In the short term, pilot
projects supported by existing rural development and agricultural subsidy programs can
facilitate technology adoption. Over the medium to long term, integrating crop-livestock
systems through nutrient management planning and strengthening extension services will
be essential. Aligning these strategies with national agricultural policies and international
frameworks can enhance both environmental sustainability and implementation feasibility.

5. Conclusions

In order to assess the impact of pollution loads from various agricultural activities
on the aquatic environment by a simple method, this study quantified the total contri-
butions of pollutants from livestock, chemical fertilisers, and cereal production over a
decade. The results reveal clear distinctions in the drivers of pollution, showing that live-
stock production—specifically cattle farming—is the primary source of COD and NH3-N
loads, while cereal cultivation dominates nutrient-related (TN and TP) enrichment. These
findings emphasise that effective control of agricultural non-point-source pollution re-
quires an integrated management approach combining source control, process control, and
regulatory compliance.

The impacts of intensive agriculture on water bodies are multifaceted and encompass
nutrient enrichment, pesticide pollution, sedimentation, changes to the hydrological cycle,
and biodiversity loss. Addressing these impacts requires a comprehensive, integrated
approach that combines sustainable agricultural practices, land use management, and
effective monitoring and regulation. Only by implementing such measures can the negative
impacts of agricultural intensification on aquatic ecosystems be reduced and the long-term
health and sustainability of water resources, as well as the biodiversity they support, be
ensured. Furthermore, the results demonstrate that fragmented regulatory frameworks
can limit the effectiveness of pollution control efforts and that clearer, more integrated
management guidelines could improve implementation at the field level. Future research
should integrate nutrient flow frameworks and Material Flow Analysis (MFA) at the basin
scale to provide more refined estimates of net pollution loads by considering the circular
interaction between livestock and crop production.
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In this context, the findings point to potential limitations in existing regulatory frame-
works; however, a systematic evaluation of policy effectiveness was beyond the scope of this
study. Future research should explicitly assess the role of agricultural and environmental
policies in shaping pollution outcomes.
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