


Nutrient and Land-Use Management Effects on Water Resource Nutrient Pollution in a Hilly Watershed

Abstract: The conservation and sustainable management of natural resources have become a vital part of development programmes globally. Nutrient and sediment losses from watersheds are strongly influenced by morphometry, land use, and hydrological characteristics. This study evaluates spatial patterns of water quality and nutrient transport across different reaches of the Sillahalla watershed. The watershed was stratified into three elevation-based reaches viz., lower (<2200 m), middle (2200–2400 m) and upper (2400–2630 m), and integrated grab samples were collected thrice during the monsoon period (June–August 2016). A total of 14 physicochemical parameters, including major ions and nutrient indicators, were analysed using standard laboratory procedures. Analysis of 14 physicochemical parameters revealed that most water quality indicators, including pH, electrical conductivity, total dissolved solids, and major ions, were within permissible limits for irrigation use. However, nitrate concentrations showed a progressive increase from upper (23.5 mg L⁻¹) to lower reaches (55.5 mg L⁻¹), with the lower reach exceeding the recommended limit, indicating potential risks for water quality. Elevated Biological Oxygen Demand (BOD) in the lower reach further suggested contamination from organic and anthropogenic sources. The (Nutrient Pollution Index) NPI for Nitrogen in the lower reach is 1.23 and exceeds the NPI limit of 1 indicating the potential water pollution, and the NPI for P indicates no pollution. However, the combined NPI also indicates the nutrient pollution in Lower reaches. Further, Agricultural Non-Point Source (AGNPS) model was employed to simulate nutrient losses under different management scenarios, including existing farmer practices, 25% and 50% reductions in fertilizer application, and a land-use change scenario involving partial conversion to tea plantations. Based on this result, ready reckoner for fertilizer recommendation was developed for potato and carrot with the STCR equations. This can be readily utilized by the Sillahalla watershed farmers. The study underscores the need for integrated approaches involving farmers, researchers, and policymakers to prioritise soil erosion control and sustainable land management practices. Adoption of site-specific, cost-effective, and climate-resilient soil and water conservation measures, supported by appropriate incentives, can significantly enhance on-field implementation. Overall, the research advocates for a participatory and sustainable watershed management framework to minimise nutrient losses, protect water resources, and ensure long-term agricultural sustainability in hilly regions.
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INTRODUCTION
Natural resources, namely soil, water, and vegetation, are critical indicators of a Nation's economic and social development (Raihan, 2024). Their degradation can significantly impact a country's development by disrupting key socio-economic activities, such as agriculture and related sectors. Therefore, the conservation and sustainable management of natural resources have become a vital part of development programmes globally. Recognizing this, the Indian government has implemented Integrated Watershed Development Programmes (IWDP) to ensure effective use of land and water resources (Manivannan et al., 2021). Despite these efforts, nutrient loss through soil erosion from agricultural fields via runoff remains a major challenge in hilly watersheds (Bauwe et al., 2019). Studies have demonstrated that nutrient loss can reduce soil fertility and crop yield, while nutrients transported to water bodies, especially nitrogen and phosphorus, contribute to eutrophication and other water pollution issues (Jia, 2024; Ayele et al., 2021; Van Beek et al., 2018; Tedeschi et al., 2024).
Nutrient and sediment losses from watersheds are strongly influenced by morphometry, land use, and hydrological characteristics. Morphometric analysis provides essential information on watershed topography, drainage, and runoff potential (Waikar & Nilawar, 2014). Remote sensing and GIS techniques are widely used to monitor land use changes and understand watershed behavior, providing valuable context for evaluating runoff and nutrient dynamics (Singh et al., 2021; Bogale, 2021). Hilly watersheds are inherently prone to natural erosion due to topographic conditions. In agrarian hilly watersheds, intensive agriculture, slope cultivation, and limited soil conservation measures accelerate erosion rates (Liu et al., 2022). The Sillahalla watershed in Nilgiris, Tamil Nadu, is a hilly agricultural watershed where vegetables such as potato, carrot, radish, beetroot, cauliflower, and cabbage are commonly cultivated on slopes. Fertilizer application is frequent, and during monsoon, surface runoff transports nutrients from the fields into nearby water bodies, potentially contributing to water pollution. The present study aims to study the nutrient transport across different reaches of the Sillahalla watershed and to evaluate spatial patterns of nutrient pollution in runoff water. GIS-based morphometric analyses (Kasthuri Thilagam et al., 2024) and AGNPS model simulations (Kasthuri Thilagam et al., 2023) are used to interpret observed variations in water quality and to provide recommendations for nutrient management and soil and water conservation strategies.
Materials and Methods
Study watershed
[image: ]The Sillahalla watershed is a sub-catchment of the Kundha River, located south of the Nilgiri Plateau in Tamil Nadu, India (11°19'–11°25' N; 76°38'–76°44' E). Covering an area of 6,523 ha, the watershed features hilly terrain and predominantly agricultural land, forming a fragile agrarian ecosystem (Fig. 1). 














Fig 1. The location map of study watershed

The region receives an average annual rainfall of 1,340 mm, primarily during the southwest and northeast monsoons (Manivannan et al., 2016). Elevation within the watershed ranges from 1,869 to 2,630 m above mean sea level. The watershed soils are largely sandy clay loam, followed by sandy clay, clay, clay loam, and loamy sand in minor patches. Approximately 83% of the area is under cultivation of annual vegetables and tea plantations. Commonly grown crops include carrot, potato, cauliflower, cabbage, and beetroot. The high intensity of rainfall and steep slopes contribute to significant soil erosion and runoff, leading to nutrient losses from agricultural fields.
Runoff Water Sample Collection
In the present study runoff water samples were collected for the analysis of quality parameters. For sample collection the entire watershed was divided in to three reaches based on their elevation. Streams up to 2200 m constituted the lower reach, those between 2200- 2400 m for middle reach and streams between 2400-2630 m represented the upper reach. Integrated grab samples were collected from each reach three times during June–August 2016. Sampling containers were thoroughly rinsed with the same water prior to collection to prevent contamination and immediately transported to the laboratory for analysis. The collected samples were analyzed for 14 water quality parameters, including pH, Electrical Conductivity (EC), Dissolved Oxygen (DO), Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Dissolved Solids (TDS), Total Suspended Solids (TSS), Sulphate (SO₄²⁻), Chloride (Cl⁻), Calcium (Ca²⁺), Magnesium (Mg²⁺), Sodium (Na⁺), Nitrate (NO₃⁻), and Phosphate (PO₄³⁻). Standard laboratory procedures were followed for analyses: pH and EC were measured using a digital meter; TDS and TSS were determined gravimetrically; Ca and Mg were quantified by EDTA titration; Na by flame photometry; Cl by AgNO₃ titration; SO₄ and PO₄ spectrophotometrically; NO₃ by the Kjeldahl method. The DO, BOD, and COD were measured at the Environmental Science Laboratory, Tamil Nadu Agricultural University. 
Nutrient Pollution Index (NPI)
The Nutrient Pollution Index (NPI) was employed to evaluate nutrient pollution levels in the collected runoff samples across the reaches based on nitrate nitrogen (N) and phosphate (P) concentrations. The index expresses the degree to which observed nutrient concentrations exceed their respective permissible or threshold limits.
NPI nutrient  = C nutrient  / MAC nutrient
Where:
· C nutrient​ = observed mean concentration of the nutrient (mg L⁻¹)
· MAC nutrient​ = maximum allowable concentration of the nutrient (mg L⁻¹)
For the present study, the maximum allowable nitrate nitrogen was taken as 45 mg L⁻¹, in accordance with international and national drinking water guidelines (WHO, 2017; BIS, 2012). Since there is no health-based guideline for phosphate, a threshold concentration of 0.1 mg L⁻¹ was adopted to represent the eutrophication limit for surface waters from the earlier studies (Vollenweider, 1968; OECD, 1982; USEPA, 2000). 
To assess the overall nutrient pollution status, a combined Nutrient Pollution Index for nitrogen and phosphorus was calculated as the arithmetic mean of NPIN and NPIP by using the formula given by Sanad et al., 2024

Combined NPI= (NPIN​ + NPIP)/2
Where 
NPI = Nutrient Pollution Index
NPIN = Nutrient Pollution Index for nitrogen 
NPIP= Nutrient Pollution Index for phosphorus

Nutrient recommendation and land use management options for the watershed
 The AGNPS model was used to simulate nutrient loss of the Sillahalla watershed for the selected rainfall events during the rainy season of 2017.  A total of four scenarios were simulated, incorporating three nutrient management options along with one land-use management strategies. In the nutrient management scenario, it is assumed that the nutrient application by the farmer was 100% (Framers Practice). Scenario 1 was present farmer's fertilizer application rates, Scenario 2 and 3 were 25 % and 50 % reduction in nutrient dose (N and P) from the present farmer's fertilizer application rates. The Scenario 4 was conversion of 25 % of the existing agricultural land into tea plantations, with nutrient application reduced by 50 % (as scenario 3) and discussed in the earlier publication of Kasthuri Thilagam et al., 2023. The results found that the Scenario 2 ie 50 % reduction in nutrient dose (N and P) from the present farmer's fertilizer application rates with INM is optimal to obtain the maximum yield of vegetable crops. Based on this Soil Test Crop Response (STCR) equation with Integrated Nutrient Management (INM) equations developed for carrot and potato crops by the Tamil Nadu Agricultural University for Nilgiris soils (Gayathri et al.,2009; Anonymous) was used for nutrient recommendations and given as a ready reckoner for the watershed farmers. 
Results and Discussion
Runoff Water Quality Parameters
The runoff water samples collected from different reaches of the Sillahalla watershed were analyzed for 14 water quality parameters, and the results are summarized in Table 1. The pH of runoff water from all three reaches indicates neutral conditions, with values of 6.79, 6.99, and 7.00 for the upper, middle, and lower reaches, respectively. Total dissolved solids (TDS) ranged from 627 to 844 mg L⁻¹, which are well within the permissible limit of 2,000 mg L⁻¹ (Bureau of Indian Standards, BIS, 2012). Similarly, sulphate (SO₄²⁻), chloride (Cl⁻), and soluble salts including calcium (Ca²⁺), magnesium (Mg²⁺), and sodium (Na⁺) were within BIS standards, indicating that irrigation with this water is unlikely to cause salinity or sodium hazards to soils and crops.
Table 1. Runoff water quality parameters of Sillahalla watershed in different reaches
	Parameter
	Upper reach
	Middle reach
	Lower reach

	
	Range
	Mean
	SD
	Range
	Mean
	SD
	Range
	Mean
	SD

	pH
	0.64
	6.79
	0.33
	0.3
	6.99
	0.16
	0.57
	7.00
	0.29

	EC (dS/m)
	0.02
	0.15
	0.01
	0.02
	0.15
	0.01
	0.01
	0.15
	0.01

	Dissolved oxygen (mg L⁻¹)
	0.56
	4.80
	0.28
	0.13
	4.35
	0.07
	0.32
	4.96
	0.17

	BOD (mg L⁻¹)
	6.20
	49.00
	3.13
	4.65
	56.00
	2.59
	3.98
	67.00
	1.99

	COD (mg L⁻¹)
	10.30
	74.00
	5.24
	8.68
	92.00
	4.37
	10.29
	62.00
	5.50

	TDS (mg L⁻¹)
	110.30
	627.00
	55.06
	79.21
	793.00
	40.12
	101.91
	844.00
	53.04

	TSS (mg L⁻¹)
	0.80
	5.00
	0.46
	0.28
	6.00
	0.15
	0.47
	9.00
	0.24

	Sulphate (mg L⁻¹)
	1.80
	12.00
	0.90
	1.60
	18.00
	0.81
	0.67
	13.50
	0.39

	Chloride (mg L⁻¹)
	14.30
	112.00
	7.30
	10.85
	185.00
	5.68
	21.2
	246.00
	10.90

	Calcium (mg L⁻¹)
	7.40
	56.00
	3.79
	5.54
	48.00
	2.81
	4.09
	50.00
	2.34

	Magnesium (mg L⁻¹)
	1.50
	12.00
	0.76
	2.12
	14.00
	1.09
	2.04
	23.00
	1.94

	Sodium (mg L⁻¹)
	1.50
	9.50
	0.76
	1.99
	11.30
	1.01
	1.22
	8.50
	0.86

	Nitrate Nitrogen (mg L⁻¹)
	3.30
	23.50
	1.65
	4.23
	34.50
	2.18
	3.15
	55.50
	1.73

	Phosphate (mg L⁻¹)
	0.04
	0.10
	0.01
	0.01
	0.10
	0.01
	0.01
	0.10
	0.01



The nitrate (NO₃⁻) content varied across the watershed, with 23.5, 34.5, and 55.5 mg L⁻¹ in the upper, middle, and lower reaches, respectively. Notably, the nitrate concentration in the lower reach exceeds the BIS permissible limit of 45 mg L⁻¹, raising concerns about water quality for domestic use. The mean Phosphate (PO₄³⁻) concentrations not exceeded eutrophication thresholds (0.1 mg L⁻¹). The higher Biological Oxygen Demand (BOD) in the lower reach further suggests the presence of organic wastes, including agricultural residues and domestic sewage, entering the water bodies through runoff. These findings are consistent with Rangasamy and Muniyandi (2024), who reported elevated BOD levels in waterbodies of the Nilgiris region due to similar anthropogenic activities.
Nutrient Pollution Index (NPI)
The NPI worked out with the N and P data indicated the pollution status of the watershed. The NPIN  in upper and middle reaches are 0.52 and 0.77 respectively. This value of NPI indicates that there is no pollution in these water samples, at the same time the NPI N in the lower reach is 1.23 and exceeds the NPI limit of 1 indicating the potential water pollution due to nitrogen. The NPIP in all the reaches are within the limit of NPI. The combined NPI also indicating the N pollution in Lower reaches (Fig 2). 














Fig 2. Nutrient Pollution Index (NPI) across the Reaches of watershed
The upper and middle reaches are dominated by forest and plantation crops, which provide substantial vegetation cover, reducing soil erosion and nutrient runoff. In contrast, the lower reach is surrounded by intensive agricultural fields, making it more susceptible to nutrient losses through surface runoff. The elevated nitrate levels in this reach are likely due to soil erosion, runoff from fertilized fields, and disposal of crop residues into nearby water bodies (Shanthi et al., 2002). 
Nutrient recommendation 
The watershed farmers apply complex fertilisers as basal and DAP as top dressing for both potato and carrot crops which is higher than the recommendation of state horticulture department.  From the study conducted by Kasthuri Thilagam et al., 2023 scenario 4, that is converting 25 % of agricultural land to plantation and applying 50% of the present fertilizer dose was adopted for major vegetable crops, such as potato and carrot, with INM to reduce the nutrient enrichment in surface water bodies. This reduction of fertiliser dose was compared with Soil Test Crop Response (STCR) equation with Integrated Nutrient Management (INM) equations developed for carrot and potato crops by the Tamil Nadu Agricultural University for Nilgiris soils (Gayathri et al., 2009; Anonymous) with following equations. 
The STCR equation for carrot with INM:
FN=0.48 T −0.17SN − 0.33ON
FP2O5 = 1.11 T − 1.17 SP − 0.31 OP
FK2O= 0.83T-0.40SK-0.43OK
The STCR equation for potato with INM:
FN=0.71 T − 0.24SN − 0.41ON
FP2O5 = 1.40 T − 0.55 SP − 0.95 OP
FK2O = 0.72 T - 0.25 SK – 0.39 OK
where FN = Fertilizer Nitrogen (kg ha−1); FP2O5 = Fertilizer Phosphorus (kg ha−1); FK2O = Fertilizer Potassium (kg ha−1)T=Yield target (q ha−1); SN = Available soil N (kg ha−1); SP = Available soil P (kg ha−1); SK = Available soil K (kg ha−1); ON, OP and OK are the quantities of N and P supplied through organic manures (kg ha−1). 
Based on these results and the soil nutrient status of the watershed, we have prepared a ready reckoner for nitrogen (N) phosphorus (P) and potassium (K) recommendations. Fertilizer recommendations were provided for the straight fertilisers, as complex fertilisers were found to supply nutrients in imbalanced proportions relative to crop requirements.  The yield of 400 q ha−1 for carrot and 350 q ha−1 for potato was kept as target in consultation with the watershed farmers (Table 2 and 3). 


Table 2. Ready reckoner for fertiliser recommendation of carrot based on STCR approach for Sillahalla watershed
	Soil available nitrogen
(kg ha-1)
	Soil available phosphorus
(kg ha-1)
	Soil available potassium
(kg ha-1)
	Fertilizer required for the Yield target of 400 q ha-1

	
	
	
	With FYM
	Inorganic fertilizers

	
	
	
	Nitrogen
(kg ha-1)
	Phosphorus
(kg ha-1)
	Potassium
(kg ha-1)
	Nitrogen
(kg ha-1)
	Phosphorus
(kg ha-1)
	Potassium
(kg ha-1)

	300
	250
	400
	121
	142
	146
	141
	152
	172

	320
	260
	425
	118
	131
	136
	138
	140
	162

	340
	270
	450
	114
	119
	126
	134
	128
	152

	360
	280
	475
	111
	107
	116
	131
	116
	142

	380
	290
	500
	108
	95
	106
	127
	105
	132

	400
	300
	525
	104
	84
	96
	124
	93
	122


Table 3. Ready reckoner for fertiliser recommendation of potato based on STCR approach for Sillahalla watershed
	Soil available nitrogen
(kg ha-1)
	Soil available phosphorus
(kg ha-1)
	Soil available potassium
(kg ha-1)
	Fertilizer required for the Yield target of 350 q ha-1

	
	
	
	With FYM
	Inorganic fertilizers

	
	
	
	Nitrogen
(kg ha-1)
	Phosphorus
(kg ha-1)
	Potassium
(kg ha-1)
	Nitrogen
(kg ha-1)
	Phosphorus
(kg ha-1)
	Potassium
(kg ha-1)

	300
	250
	400
	152
	315
	136
	177
	353
	152

	320
	260
	425
	147
	309
	130
	172
	347
	146

	340
	270
	450
	142
	304
	124
	167
	342
	140

	360
	280
	475
	138
	298
	118
	162
	336
	133

	380
	290
	500
	133
	293
	111
	157
	331
	127

	400
	300
	525
	128
	287
	105
	153
	325
	121



The derived fertilizer dose in the ready reckoner also confirmed that the farmers of this watershed could reduce 50 % of the nitrogen and phosphorus fertilizers with addition of 15 t ha-1 FYM. The soil test based fertilizer recommendation with INM helps to obtain the maximum yield of vegetable crops. Fertilizer recommendations based on STCR equations are highly precise as it accounts both soil nutrient status and crop nutrient demand (Kasthuri Thilagam et al., 2009). 
Land use management strategy
The nutrient loss from the watershed is significantly influenced by land-uses (Silva et al., 2015), and the nutrient management in agricultural crops is crucial in controlling nutrient loading of water resources within small watersheds (Gravelle et al., 2009). In scenario 4, soil loss was reduced to 10% due to reduced soil disturbance for agricultural practices and the higher vegetation coverage of tea plantations. The Nitrogen and phosphorus loads were also reduced to 56 and 48%, respectively. Though nutrient management practice results in fair nutrient loss reduction, it may not reduce soil loss. Hence combining both the nutrient management and land use change scenarios will have higher impact on reducing nutrient loss (Pathak  et al., 2025). Reducing the land under agriculture and optimizing the fertilizer dose may further help to reduce soil and nutrient loss (Yusof et al., 2019). 
Potential Soil and Water Conservation Measures 
Scientific planning and implementation of conservation measures in watersheds leads to achieve potential benefits with sustainability (Manivannan et al., 2017). Doza et al. (2025) highlighted the that localized interventions can significantly reduce the nutrient losses, whereas the management strategies implemented at watershed level will address the further nutrient loss from the whole watershed (Moriasi et al., 2020). Construction of temporary structures like loose boulders and brushwood check dams in the first order streams with the locally available materials is economical as the waterflow is very minimum. Semipermanent structures like Gabion check dams are recommended in the second and third order streams to reduce erosion. Whereas, in the fourth and fifth order streams, RR masonry check dams are recommended to manage the heavy water flow. However, the agricultural lands near the higher order streams still face frequent flooding issues during heavy rains. Considering the risk, rubber or flexi check dams are advocated. These flexi dams, with the inflation and deflation capacity can be effectively deployed for flood mitigation and erosion control. The study showed that the watershed has potential for microscale water harvesting structures like farm ponds, lined farm ponds in the agricultural fields and percolation ponds for ground water recharge in common lands. 
Conclusion
The present study brought attention to the factors influencing the soil and nutrient losses in a hilly watershed predominantly characterized by agricultural land use.  The NPI of the water samples collected form three different reaches indicates that the lower reach has exceeded the NPI limit and polluted especially due to Nitrogen. The land use of lower reach is dominated by agriculture and erosion and excess nutrient application lead to pollution. As per the model prediction converting 25% of the agricultural land to plantation reduced the soil erosion by 10%. Furthermore, reduction of 50% of fertilizer dose from the farmers application rate reduced the nitrogen and phosphorus loads by 56 and 48%, respectively. In such slopping lands, effective nutrient management and appropriate land use strategies are crucial to mitigate nutrient losses. As Sillahalla is an agriculture dominated watershed the given ready reckoner for fertiliser recommendation will be highly useful for the farmers in reducing the water pollution caused by nutrient losses while sustaining soil health. Furthermore, it is imperative that the farmers, researchers and policy makers should prioritize erosion control measures to minimize the adverse impacts of land use and their management practices on natural resources in hilly watersheds. 
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