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ABSTRACT

Wheat productivity is often limited by declining soil fertility and imbalanced nutrient use, highlighting the need for soil test–based, site-specific fertiliser management to improve nutrient use efficiency and sustain yield. A field experiment was carried out during the Rabi seasons of 2020–21 and 2021–22 at the research farm of Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur, Madhya Pradesh. The study aimed to assess the long-term effects of Soil Test Crop Response (STCR)-based nutrient management on soil chemical properties under wheat (Triticum aestivum L.) cultivation in Vertisols. The experiment was laid out in a randomised block design with four replications and included six treatments comprising control, general recommended dose (GRD), STCR-based target yield levels (4.5 and 6.0 t ha⁻¹), and their integration with FYM @ 5 t ha⁻¹. The results revealed that different nutrient management practices had a significant influence on soil organic carbon and available nutrient status (N, P, K and S), while soil pH and electrical conductivity showed non-significant variation. A consistent improvement in soil chemical properties was observed with increasing levels of nutrient application and integration of organic manure. The combined application of NPK fertilisers with FYM was found to be more effective in enhancing soil fertility compared to sole chemical fertiliser application. Among all treatments, the target yield of 6.0 t ha⁻¹ + FYM @ 5 t ha⁻¹ recorded the highest values of soil organic carbon and available N, P, K and S. The study concluded that long-term STCR-based integrated nutrient management is a sustainable approach for improving soil chemical health and maintaining soil fertility in Vertisols under wheat-based cropping systems.
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1. INTRODUCTION
Wheat (Triticum aestivum L.) is a major staple crop of global importance; however, its productivity is frequently constrained by imbalanced nutrient management practices and the progressive decline in soil fertility. As a nutrient-intensive crop, wheat removes substantial quantities of essential soil nutrients, and inadequate replenishment through fertilisation can accelerate soil nutrient depletion and subsequently reduce soil fertility over time (Maheshwari et al., 2025). Conventional fertiliser recommendations, often based on generalised approaches, fail to account for spatial variability in soil fertility and crop nutrient demand. This frequently leads to either under- or over-application of nutrients, resulting in reduced nutrient use efficiency and degradation of soil chemical properties (Ausari et al., 2020; Gehlot et al., 2019).
Soil test-based nutrient recommendations take into account crop demand, nutrient response, and the targeted level of crop yield (Ramachandran and Biswas, 2016). In this context, Ramamoorthy et al. (1967) developed a soil test-based fertiliser recommendation methodology for achieving predetermined yield targets. This approach is essentially demand-driven, enabling farmers to select realistic yield goals based on their resource endowment and farm typology, and thereby facilitating the judicious and efficient use of plant nutrients. Furthermore, the application of synthetic fertilisers in wheat cultivation has been shown to enhance the availability of key macronutrients, particularly nitrogen, phosphorus, and potassium, within the soil profile (Kumar et al., 2025). 
The STCR approach, based on targeted yield and soil test values, ensures balanced and efficient nutrient application (Kurbah and Dixit, 2020; Singh, 2016). Researchers reported that continuous application of fertilisers in conjunction with farmyard manure significantly improved key soil chemical properties, including soil organic carbon, available nitrogen, phosphorus, and potassium. It also helped in maintaining favourable soil pH and electrical conductivity within optimum ranges (Gehlot et al., 2023; Bhayal et al., 2022). 
Compared to conventional fertilizer practices, STCR-based nutrient management enhanced nutrient availability, minimised nutrient imbalance, and improved nutrient use efficiency. The integrated use of organic and inorganic sources contributed to sustained soil fertility and prevented nutrient depletion over time (Maheshwari et al., 2025; Sharma et al., 2023). Thus, long-term adoption of STCR-based nutrient management plays a crucial role in improving soil chemical health and ensuring sustainable wheat productivity in Vertisols. Optimum dose of fertilizer improves wheat yield (Rawal et al., 2016; Bhayal et al., 2022) and fertilizer use efficiency, and reduces pollution (Belete et al., 2018; Singh et al., 2021). 
Moreover, the right combination of primary nutrients is also important to enhance crop yield and NUE (Jabbar et al., 2009; Kumar et al., 2022). Farmyard manure along with target yield-based fertiliser application not only revamps soil health but also improves soil properties. Therefore, it is essential to apply an adequate amount of nutrients in an appropriate balance in the soil to maintain a positive nutrient balance by replacing nutrients that are taken and lost during cropping (Buah and Mwinkaara, 2009). Long-term studies are essential to evaluate the cumulative effects of nutrient management practices on soil chemical properties, as short-term experiments may not adequately capture changes in soil fertility dynamics. Although several studies have reported the benefits of STCR-based fertilisation and integrated nutrient management, limited information is available on their long-term impact on soil chemical properties in Vertisols under wheat-based systems, particularly under varying yield targets.
Therefore, the present investigation was undertaken to assess the long-term impact of STCR-based nutrient management, alone and in combination with FYM, on soil chemical properties under wheat cultivation in Vertisols. The study aims to provide insights into sustainable nutrient management strategies that enhance soil fertility, improve nutrient availability, and support long-term agricultural productivity.

2. MATERIALS AND METHODS
2.1 Experimental Details

A field experiment was conducted over two consecutive Rabi seasons (2020–21 and 2021–22) at the Research Farm of the Department of Soil Science, Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur, Madhya Pradesh, under the ongoing All India Coordinated Research Project on Soil Test Crop Response (AICRP on STCR). The study was undertaken to investigate the long-term effects of Soil Test Crop Response (STCR)-based nutrient management on soil chemical properties. The experimental site is geographically located at 23°13′ N latitude and 79°57′ E longitude, at an altitude of 393 m above mean sea level. The experiment was arranged in a randomised block design (RBD) comprising suitable treatments and replications. Each treatment was randomly allocated within each replication to minimise experimental error. Standard agronomic practices were followed uniformly for all plots throughout the cropping period to ensure reliable comparison of treatment effects under the prevailing sub-tropical climatic conditions of the Kymore Plateau and Satpura Hills agro-climatic zone of Madhya Pradesh. The fertilizer adjustment equations are given below:
FN= 4.40T- 0.40SN FP2O5=4.00T-5.73SP FK2O=2.53T- 0.16SK
Whereas
FN = Fertilizer nitrogen (kg ha-1); FP₂O₅= Fertilizer phosphorus (kg ha-1); FK₂O = Fertilizer potassium (kg ha-1); T = Desired yield target (t ha-1); SN = Available soil nitrogen (kg ha-1); SP = Available soil phosphorus (kg ha-1); SK= Available soil potassium (kg ha-1).
2.2 Soil sampling and analysis
The processed soil samples were analysed for various soil chemical properties at depths of 0–15, 15–30, and 30–45 cm using standard analytical procedures. Soil pH and electrical conductivity (EC) were determined in a 1:2.5 soil–water suspension using a glass electrode pH meter and a digital conductivity meter, respectively, following the method described by Jackson (1973). Soil organic carbon content was estimated using the wet oxidation method as outlined by Walkley and Black (1934). Available nitrogen was determined by the alkaline permanganate method (Subbiah and Asija, 1956), wherein the liberated ammonia was absorbed in boric acid and subsequently titrated. Available phosphorus was extracted using Olsen’s reagent (0.5 M NaHCO₃, pH 8.5) and quantified colourimetrically with a spectrophotometer at 660 nm (Olsen et al., 1954). Available potassium was estimated using neutral normal ammonium acetate as an extractant and measured with a flame photometer (Jackson, 1973). Available sulphur was extracted using 0.15% CaCl₂ solution and determined by the turbidimetric method, with absorbance recorded at 420 nm using a spectrophotometer (Chesnin and Yien, 1951).

3. RESULTS AND DISCUSSION
3.1 pH, EC and organic carbon 
The data presented in Table 1 indicated that the application of NPK levels as GRD, target yield of 4.5 t ha-1, target yield of 6.0 t ha-1, target yield of 4.5 t ha-1 + FYM 5 t ha-1 and target yield of 6.0 t ha-1 + FYM 5 t ha-1 slightly decreased the pH over control in the pooled data at all soil depth but the treatments were found non-significant in pooled data. The pooled data indicated that different nutrient management treatments had a non-significant effect on soil pH and electrical conductivity (EC) at all depths (0–15, 15–30, and 30–45 cm). A slight decrease in pH and a marginal increase in EC were observed with increasing levels of NPK and integration of FYM over control. The lowest pH values (7.33, 7.36, and 7.37) and highest EC values (0.252, 0.263, and 0.264 dS m⁻¹) at respective depths were recorded under the treatment receiving target yield of 6.0 t ha⁻¹ + FYM @ 5 t ha⁻¹ (T₆), though the differences were statistically non-significant. The slight decline in soil pH under integrated nutrient management treatments may be attributed to the production of organic acids during the decomposition of FYM and enhanced nitrification processes following higher nitrogen application. Similarly, the marginal increase in EC could be associated with the addition of soluble salts through fertilizers and organic amendments. These findings are in agreement with earlier reports by Antil et al. (2007), Hati et al. (2008) and Sawarkar et al. (2013) who also observed a reduction in soil pH and an increase in EC with the combined application of inorganic fertilizers and organic manures.
In contrast, soil organic carbon content was significantly influenced by the treatments at all depths. The organic carbon increased progressively with higher fertilizer levels and FYM application. The highest organic carbon values (5.56, 5.40, and 5.13 g kg⁻¹ at 0–15, 15–30, and 30–45 cm, respectively) were recorded under T₆, which was statistically superior to other treatments. Integrated nutrient management treatments showed higher organic carbon compared to control, which recorded the lowest values (4.35, 4.17, and 3.55 g kg⁻¹ at respective depths). The significant improvement in soil organic carbon under integrated nutrient management can be attributed to the direct addition of organic matter through FYM and its subsequent decomposition, which contributes to carbon accumulation in soil. Additionally, balanced fertilization enhances crop biomass production, leading to greater root biomass and residue return to the soil, thereby further improving SOC levels. These results corroborate the findings of Gudadhe et al. (2015), who reported that the combined application of organic manures and chemical fertilizers significantly enhances soil organic carbon content over sole fertilizer application.

Table 1. Effect of STCR based NPK levels on post-harvest pH, EC and organic carbon at different soil depth (pooled data)
	
Treatment
	pH
	EC (dSm-1)
	OC (%)

	
	0-15
cm
	15-30
cm
	30-45
cm
	0-15
cm
	15-30
cm
	30-45
cm
	0-15
cm
	15-30
cm
	30-45
cm

	T1

	Control
	7.41
	7.43
	7.44
	0.235
	0.255
	0.257
	4.35
	4.17
	3.55

	
T2
	GRD (120N:80P2O5:60
K2O kg ha-1)
	7.38
	7.41
	7.43
	0.236
	0.258
	0.260
	5.12
	4.94
	3.88

	
T3
	Target Yield 4.5 t ha-1
	7.37
	7.41
	7.43
	0.242
	0.261
	0.260
	5.26
	5.09
	4.36

	
T4
	Target Yield 6 t ha-1
	
7.35
	
7.39
	
7.41
	0.243
	0.260
	0.261
	5.48
	5.27
	4.68

	
T5
	Target Yield 4.5 t ha-1 + FYM 5 t ha-1
	7.34
	7.37
	7.39
	0.246
	0.262
	0.262
	5.51
	5.37
	5.01

	
T6
	Target Yield 6 t ha-1 + FYM 5 t ha-1
	7.33
	7.36
	7.37
	0.252
	0.263
	0.264
	5.56
	5.40
	5.13

	SEm±
	0.017
	0.020
	0.018
	0.0049
	0.0051
	0.0177
	0.015
	
0.018
	
0.016

	CD (p=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	0.042
	0.051
	0.045



3.2 Available N, P, K  and S 
The pooled data presented in Table 2 clearly indicated that different nutrient management treatments significantly influenced the availability of nitrogen (N), phosphorus (P), potassium (K), and sulphur (S) in soil at all depths (0–15, 15–30, and 30–45 cm) compared to the control. A consistent and progressive increase in the availability of these nutrients was observed with increasing levels of NPK fertilisers and their integration with farmyard manure (FYM), highlighting the effectiveness of balanced and integrated nutrient management in improving soil fertility status. The control treatment recorded the lowest values of available N (159.52–152.99 kg ha⁻¹), P (9.64–6.02 kg ha⁻¹), K (229.27–214.12 kg ha⁻¹), and S (7.90–4.38 kg ha⁻¹), whereas the highest values of available N (246.50–232.85 kg ha⁻¹), P (30.03–19.50 kg ha⁻¹), K (291.17–259.07 kg ha⁻¹), and S (17.95–9.81 kg ha⁻¹) were recorded under the treatment receiving a target yield of 6.0 t ha⁻¹ + FYM @ 5 t ha⁻¹ (T₆), followed by T₅. This trend clearly demonstrates that higher nutrient application rates in conjunction with organic amendments enhance nutrient availability across the soil profile.
[bookmark: _GoBack]The enhanced availability of nitrogen under integrated treatments can be attributed to increased mineralisation of organic matter and stimulation of microbial activity, leading to a sustained release of plant-available nitrogen. In addition, improved soil organic carbon levels under FYM application likely contributed to better nitrogen retention and reduced losses through leaching or volatilisation. These findings are in conformity with earlier reports of Thakur et al. (2011), Sharma et al. (2015), Kundu et al. (2016), and Rajput et al. (2016). Similarly, the increased availability of phosphorus may be associated with the role of organic matter in reducing phosphorus fixation through the formation of organo-metallic complexes and enhancing phosphorus solubilization by microbial activity. The presence of FYM also improves soil buffering capacity, thereby maintaining favorable conditions for phosphorus availability, as reported by Swarup and Yaduvanshi (2000).
The higher availability of potassium under integrated nutrient management could be attributed to the release of potassium from organic sources and reduced fixation due to improved soil physicochemical conditions. Additionally, the interaction of organic acids with clay minerals may facilitate the release of non-exchangeable potassium into available forms. In the case of sulphur, its increased availability under integrated treatments may be due to enhanced mineralization of organic sulphur compounds present in FYM, along with improved microbial activity. The gradual release of sulphur from organic sources ensures a sustained supply throughout the crop growth period. These results are in agreement with the findings of Dutta et al. (2013) and Upadhyay et al. (2014).
Table 2. Effect of STCR based NPK levels on post-harvest N,P,K and S at different soil depth (pooled data)

	     Treatment
	N (kg ha-1)
	P (kg ha-1)
	K (kg ha-1)
	S (kg ha-1)

	
	0-15
cm
	15-30
cm
	30-45
cm
	0-15
cm
	15-30
cm
	30-45
cm
	0-15
cm
	15-30
cm
	30-45
cm
	0-15
cm
	15-30
cm
	30-45
cm

	T1

	Control
	159.52
	156.23
	152.99
	9.64
	7.94
	6.02
	229.27
	223.22
	214.12
	7.90
	6.43
	4.38

	
T2
	GRD (120N:80P2O5:60
K2O kg ha-1)
	
180.15
	
175.51
	
170.34
	17.44
	13.68
	9.70
	
256.07
	
246.13
	
240.67
	
11.78
	
8.45
	
5.91

	
T3
	Target Yield 4.5 t ha-1
	
207.47
	
201.57
	
193.90
	20.36
	18.00
	12.05
	
267.58
	
251.49
	
246.64
	
14.11
	
10.46
	
7.93

	
T4
	Target Yield 6 t ha-1
	
214.72
	
208.71
	
201.69
	26.92
	23.11
	16.59
	
280.79
	
260.42
	
251.95
	
16.25
	
11.20
	
8.47

	
T5
	Target Yield 4.5 t ha-1 + FYM 5 t ha-1
	
237.95
	
230.28
	
224.29
	27.39
	25.53
	19.37
	
284.44
	
264.01
	
255.16
	
16.97
	
11.93
	
9.24

	
T6
	Target Yield 6 t ha-1 + FYM 5 t ha-1
	
246.50
	
240.12
	
232.85
	
30.03
	
27.30
	
19.50
	
291.17
	
269.79
	
259.07
	
17.95
	
12.34
	
9.81

	SEm±
	
3.90
	3.68
	
3.43
	1.16
	0.64
	0.47
	4.91
	3.80
	4.07
	
0.51
	
0.43
	
0.37

	CD (p=0.05)
	11.26
	10.63
	9.91
	3.35
	1.85
	1.36
	14.19
	10.96
	11.76
	1.47
	1.23
	1.06



Bottom of Form
4.CONCLUSION
The study concluded that long-term STCR-based nutrient management significantly improved soil chemical properties, particularly organic carbon and availability of N, P, K, and S, in Vertisols under wheat crop, while pH and EC remained non-significant. Integrated application of NPK along with FYM proved more effective than sole fertilizer use. The treatment with target yield of 6.0 t ha⁻¹ + FYM @ 5 t ha⁻¹ recorded the highest nutrient status. Overall, integrated nutrient management is a sustainable approach for maintaining soil fertility and enhancing productivity of wheat.
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