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Abstract
Cropping system diversification plays an important role in improving productivity, nutrient use efficiency, and sustainability of intensive cereal-based cropping systems of the Indo-Gangetic Plains. Continuous cultivation of conventional rice–wheat cropping systems has resulted in declining soil fertility, nutrient imbalance, and reduced system productivity over time. Therefore, the present investigation was conducted during 2023–24 and 2024–25 at the Student Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur (Uttar Pradesh), to evaluate the performance of diversified cropping systems on system productivity, nutrient content, nutrient uptake and nutrient harvest index. The experiment was laid out in Randomized Block Design with ten cropping system treatments and four replications. The results revealed that diversified cropping systems significantly influenced productivity and nutrient dynamics. Legume- and vegetable-based cropping systems recorded higher nutrient content and nutrient uptake compared to cereal-based systems. Inclusion of fodder crops improved total biomass production and nutrient removal, whereas vegetable-based systems showed higher nutrient harvest index. Among different cropping systems, maize + cowpea – oat and maize (cob) – potato + mustard cropping systems performed better in terms of productivity and nutrient uptake. Therefore, cropping system diversification may be recommended for improving system productivity and soil fertility under central Indo-Gangetic Plains of Uttar Pradesh.
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Introduction
Agriculture in India is confronted with the dual challenge of meeting the food and nutritional demands of a rapidly increasing population while conserving natural resources for future generations (Singh et al., 2019). The Indo-Gangetic Plain (IGP), extending across the states of Punjab, Haryana, Uttar Pradesh, Bihar, and West Bengal, forms the backbone of Indian agriculture (Rattan et al., 2021). This region is characterized by deep, fertile alluvial soils, favorable agro-climatic conditions, and a well-developed irrigation infrastructure, making it one of the most productive agricultural regions in the country (Kullu et al., 2021). The rice–wheat cropping system (RWCS) emerged as the dominant production system in the Indo-Gangetic Plain during the Green Revolution era, driven by the introduction of high-yielding varieties, expansion of canal and tube-well irrigation, and increased use of chemical fertilizers and pesticides (Gupta et al., 2003). RWCS is one of the world’s largest agricultural production systems, occupying around 12.3 Mha in India and about 15.5 Mha in the IGP region. Initially, this system proved highly successful in boosting food grain production, stabilizing yields, and reducing the risk of famine (Albahar et al., 2023). Rice and wheat were preferred due to their high yield potential, relatively stable market demand, and strong policy support in terms of minimum support prices and procurement mechanisms (Chen et al., 2025). the continuous and intensive cultivation of the rice–wheat cropping system over several decades has led to the emergence of serious agronomic, environmental, and economic challenges. Yield levels of both rice and wheat have shown signs of stagnation or decline in many parts of the IGP region, indicating a gradual loss of system productivity (Sekar et al., 2012). Continuous cereal–cereal-based cultivation has resulted in heavy removal of nutrients from the soil without adequate replenishment (Mahajan et al., 2009), leading to nutrient mining and imbalance of macro- and micronutrients. Declining soil organic carbon levels have further reduced soil fertility, water-holding capacity, and nutrient use efficiency. The biological health of soils under continuous rice–wheat-based cultivation has also deteriorated. Frequent changes from anaerobic conditions under puddled rice to aerobic conditions under wheat disrupt soil microbial communities and nutrient transformation processes (Kaur et al., 2021). From an economic perspective, the profitability of the rice–wheat cropping system has declined over time. Rising costs of inputs such as fertilizers, pesticides, irrigation, fuel, and labor, coupled with stagnating yields, have reduced net returns to farmers. Small and marginal farmers, who constitute most farming households in the Indo-Gangetic Plain, are particularly vulnerable to these challenges (Erenstein et al., 2011). In addition to resource degradation and economic constraints, climate change has emerged as a major threat to the sustainability of existing cropping systems in the IGP region. Increasing temperatures, erratic rainfall patterns, frequent droughts and floods, and shifting growing seasons have intensified production risks (Kumar et al., 2018). Crops such as wheat are particularly sensitive to terminal heat stress, which can significantly reduce grain yield and quality. These climatic uncertainties further highlight the limitations of intensive, cereal-dominated cropping systems and emphasize the need for more resilient agricultural practices (Ali et al., 2025). Under these circumstances, sustaining agricultural productivity in the Indo-Gangetic Plains requires a fundamental reorientation of existing cropping systems (Gathala et al., 2013).
Crop diversification is one of the proven agronomic practices for ensuring climate resilience by minimizing the risk of crop failure due to different biotic and abiotic stresses in crop production. There is a growing recognition that diversification of cropping systems can play a crucial role in addressing the challenges associated with monocropping and intensive cereal-based agriculture. Diversified cropping systems involving cereals, pulses, oilseeds, vegetables, fodder crops, and other high-value crops offer opportunities to enhance productivity, improve soil health, optimize resource use, and increase farm profitability (Choudhary et al., 2025). A systematic evaluation of different cropping systems is required to identify those that can simultaneously enhance productivity, maintain soil health, improve nutrient dynamics, and ensure higher profitability for farmers. The inclusion of legumes in cropping systems plays a particularly important role in improving productivity. Leguminous crops contribute to biological nitrogen fixation, thereby increasing nitrogen availability for companion and succeeding crops (Kebede et al., 2021). Cropping systems involving oilseeds and vegetables also contribute to higher productivity in terms of both yield and economic output. Oilseed crops with deep root systems help improve soil structure and nutrient uptake from deeper soil layers, which enhances overall system efficiency (Liu et al., 2011). Vegetables, owing to their short duration and high yield potential, allow multiple cropping and higher cropping intensity. Their inclusion in traditional cereal-based systems increases total biomass production and yield per unit area, thereby improving land-use efficiency. Diversified cropping systems offer an effective approach for improving nutrient content and uptake through balanced nutrient removal, enhanced nutrient recycling, and improved soil biological processes (Grant et al., 2002). Crop diversification involves the integration of crops with contrasting nutrient requirements, rooting depths, and nutrient acquisition mechanisms within a cropping sequence (Grant et al., 2002). Such diversity promotes complementary nutrient use and reduces competition among crops, thereby improving overall nutrient availability and uptake efficiency. The inclusion of leguminous crops in diversified systems plays a pivotal role in enhancing nitrogen dynamics. Legumes form symbiotic associations with Rhizobium bacteria, enabling biological nitrogen fixation, which enriches soil nitrogen pools and improves nitrogen availability for succeeding crops (Huang, 2024).
MATERIALS AND METHODS
Experimental Site
Experimental Site
During 2023–24 and 2024–25, the field trial was conducted at the Student Instructional Farm of Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, Uttar Pradesh. The experimental site is located in the central Indo-Gangetic Plains, where the prevailing climate provides good growth potential for different types of crops under irrigated conditions.
Climate of Experimental Site
Summer in the area of study experiences very high humidity and high heat. The mean annual precipitation is roughly 800–900 mm, mainly in the form of rainfall that occurs during the southwest monsoon seasons that run from June until September. Summer temperatures can reach as high as 45 °C, while winter temperatures can drop to as low as 4 °C.
Soil Characteristics of Experimental Field
In the experimental plot, sandy loam texture and nearly neutral soil reaction characterised the soils. Before the experiment was conducted, initial soil fertility assessment indicated low available nitrogen, medium available phosphorus and potassium levels and medium levels of organic carbon in the soil.
Table 1- Nitrogen, Phosphorus and Potassium uptake of Treatments

		Treatment details
	N Uptake
(kg/ha)
	P Uptake
(kg/ha)
	K Uptake
(kg/ha)

	
	2023-24
	2024-25
	2023-24
	2024-25
	2023-24
	2024-25

	CSSc1
	196.55
	237.25
	52.65
	66.77
	245.09
	308.59

	CSSc2
	209.35
	258.37
	52.58
	67.48
	249.06
	324.41

	CSSc3
	210.01
	189.33
	38.49
	32.29
	202.29
	175.64

	CSSc4
	288.50
	248.25
	66.28
	56.17
	317.84
	274.64

	CSSc5
	338.11
	336.01
	74.66
	73.89
	348.31
	351.47

	CSSc6
	258.81
	228.40
	60.54
	59.06
	324.71
	290.78

	CSSc7
	350.27
	358.89
	40.18
	43.00
	354.01
	365.68

	CSSc8
	460.51
	474.81
	91.15
	95.24
	704.51
	724.63

	CSSc9
	183.51
	172.26
	52.96
	52.41
	225.90
	228.51

	CSSc10
	443.17
	405.85
	73.43
	66.42
	278.86
	246.74

	CD (P =0.05)
	15.05
	11.05
	4.46
	4.25
	10.11
	10.64

	SE (m)
	5.16
	3.78
	1.53
	1.45
	3.46
	3.64


Experimental Design and Treatments
The experiment was laid out in Randomized Block Design consisting of ten cropping system treatments replicated four times. The treatments included cereal-based, legume-based, vegetable-based and fodder-based cropping systems evaluated under irrigated conditions.
Table 2- Evaluation of Ten cropping system treatments 
	T1
	Hybrid rice  –  Wheat
	CSSc1

	T2
	Hybrid maize  – Wheat
	CSSc2

	T3
	Blackgram – chickpea + Mustard
	CSSc3

	T4
	Hybrid Maize + Black gram – Chickpea + Linseed
	CSSc4

	T5
	Hybrid Rice – Veg.Pea + Mustard
	CSSc5

	T6
	Hybrid Maize – Chickpea + Mustard
	CSSc6

	T7
	Maize + Cow pea (Fodder) – Berseem
	CSSc7

	T8
	Maize + Cow pea (Fodder) – Oat
	CSSc8

	T9
	Maize (Cob) – Potato + Mustard
	CSSc9

	T10
	Okra – Veg. Pea + Mustard
	CSSc10


Crop Management Practices
All crops included in different cropping systems were raised using recommended agronomic practices for the region. Fertilizers were applied as per recommended doses for each crop. Irrigation was applied according to crop requirement at critical growth stages. Weed control measures were adopted through mechanical and chemical methods, and plant protection measures were taken whenever required.
Plant Sample Analysis
Samples of plants taken following harvesting were tested by means of regular laboratory methods for nitrogen, phosphorus, and potassium percentages in the samples of the plant. Nitrogen was measured for the plant sample using the Kjeldahl method for determination; for phosphorus, determination was made using the yellow-colouredmolybdate method with a vanadomolybdate reagent; and for potassium, flame photometer techniques were used for determination.
Nutrient Uptake
Nutrient uptake by grain and straw was calculated using the following relationship:
Nutrient uptake (kg ha⁻¹) = Nutrient content (%) × Yield (kg ha⁻¹) / 100
Nutrient Harvest Index
Nutrient harvest index was calculated as:
Nutrient harvest index (%) = Grain nutrient uptake / Total nutrient uptake × 100
Statistical Analysis
All experimentals were statistically analyzed using Analysis of Variance under a Randomized Block Design. Treatment differences were determined to be significant at the 5% level.
RESULTS AND DISCUSSION
 Effect of Cropping System Diversification on System Productivity
Cropping system diversification significantly influenced the overall system productivity under irrigated conditions of the central Indo-Gangetic Plains of Uttar Pradesh. Inclusion of legumes, vegetables and fodder crops in different cropping sequences improved system productivity compared to cereal-based cropping systems (Table 3). This improvement in productivity might be attributed to better utilization of available resources such as nutrients, moisture and solar radiation by component crops grown in sequence or association.Vegetable-based cropping systems recorded higher system productivity due to higher biomass production and greater economic yield potential of vegetable crops compared to cereals. Similarly, inclusion of leguminous crops in cropping sequences improved soil nitrogen availability through biological nitrogen fixation, which enhanced growth and yield of succeeding crops and ultimately increased system productivity.Fodder-based cropping systems also produced higher total biomass yield, which contributed significantly towards improvement in system productivity. On the other hand, continuous cereal-based cropping systems recorded comparatively lower productivity due to nutrient mining and reduced soil fertility status.The higher productivity recorded under diversified cropping systems clearly indicates the importance of crop diversification in sustaining productivity under intensive agriculture of Indo-Gangetic Plains.
	 
	2023-24
	2024-25

	Treatments
	Kharif (q/ha)
	Rabi (q/ha)
	Kharif (q/ha)
	Rabi (q/ha)

	 
	Main
	Inter
	Main
	Inter
	Main
	Inter
	Main
	Inter

	CSSc1
	54.7
	0
	51.14
	0
	55.49
	0
	51.89
	0

	CSSc2
	62.55
	0
	51.48
	0
	63.29
	0
	52
	0

	CSSc3
	13.94
	0
	16.1
	6.74
	14.73
	0
	16.6
	7.28

	CSSc4
	64.26
	5.35
	16.19
	6.68
	64.93
	6.36
	16.79
	6.85

	CSSc5
	55.56
	0
	81.78
	6.89
	56.29
	0
	82.84
	7.23

	CSSc6
	65.16
	0
	17.03
	7.32
	65.8
	0
	17.26
	7.6

	CSSc7
	431.85
	95.66
	556.19
	0
	435.39
	96.1
	559.16
	0

	CSSc8
	430.42
	93.42
	425.07
	0
	431.41
	94.6
	426.25
	0

	CSSc9
	74580 (No.)
	0
	284.68
	7.33
	75340 (No.)
	0
	286.11
	7.52

	CSSc10
	105.71
	0
	84.41
	6.56
	107.44
	0
	85.18
	7.21


Table . 3. Effect of cropping system diversification on system productivity
Effect of Cropping System Diversification on Nutrient Content in Grain
Cropping system diversification significantly influenced nitrogen, phosphorus and potassium content in grain during both experimental years (figure 1). Among different cropping systems, higher nitrogen content in grain was recorded under CSSc4 followed by CSSc3 and CSSc5 during both years of experimentation. The increase in nitrogen content under these cropping systems might be attributed to improved nutrient availability and better biological nitrogen fixation through inclusion of leguminous crops in cropping sequences. Similarly, phosphorus content in grain was also significantly higher under diversified cropping systems, particularly CSSc4 and CSSc3, compared to cereal-based cropping systems. This improvement may be due to enhanced microbial activity and improved phosphorus solubilization in diversified cropping sequences. Potassium content in grain was highest under CSSc4 followed by CSSc3 and CSSc9 during both years. Higher potassium content under these cropping systems might be associated with efficient nutrient uptake and better root growth of component crops included in diversified cropping systems. Cropping system diversification significantly influenced nutrient content in grain of component crops. Legume-based cropping systems recorded higher nitrogen content in grain compared to cereal-based cropping systems. This increase in nitrogen content might be attributed to biological nitrogen fixation by legumes and improved soil nitrogen availability for succeeding crops. Similarly, phosphorus content in grain was higher under diversified cropping systems due to improved root activity and better nutrient availability in the rhizosphere region. Inclusion of legumes enhances phosphorus solubilization through microbial activity, thereby improving phosphorus uptake by crops. Potassium content in grain was also influenced by cropping system diversification. Cropping systems involving vegetables and fodder crops recorded comparatively higher potassium content due to their higher nutrient absorption capacity and deeper rooting behaviour.Thus, diversified cropping systems improved overall nutrient concentration in grain compared to conventional cereal-based cropping systems.

      Figure 1.  Effect of cropping system on nutrient content in grain
Effect of Cropping System Diversification on Nutrient Content in Stover
Nutrient content in stover was significantly affected by different cropping systems. Fodder-based cropping systems recorded higher nutrient content in stover due to higher biomass production and efficient nutrient absorption capacity of fodder crops (figure 2). Higher nitrogen content in stover under legume-based cropping systems may be attributed to residual nitrogen effect of biological nitrogen fixation. Similarly, phosphorus content in stover improved due to enhanced microbial activity and improved soil nutrient availability under diversified cropping systems.Potassium content in stover was also higher under cropping systems involving vegetables and fodder crops due to their higher potassium requirement and uptake capacity.These results clearly indicate that inclusion of legumes and fodder crops improves nutrient concentration in crop residues and contributes towards nutrient recycling in soil.

        Figure 2 . Effect of cropping system on nutrient content in stover
Effect of Cropping System Diversification on Nutrient Uptake
Cropping system diversification significantly influenced nutrient uptake by crops. Diversified cropping systems recorded higher total nutrient uptake compared to cereal-based cropping systems due to higher biomass production and improved nutrient availability. Legume-based cropping systems recorded higher nitrogen uptake due to contribution of biologically fixed nitrogen and improved soil fertility status. Similarly, vegetable-based cropping systems showed higher phosphorus uptake due to greater root activity and higher yield potential.Potassium uptake was significantly higher under fodder-based cropping systems due to higher biomass production and greater nutrient absorption capacity of fodder crops.The increased nutrient uptake under diversified cropping systems indicates better utilization of soil nutrients and improved nutrient use efficiency compared to conventional cropping systems(Figure 3).

Figure 3 Effect of different cropping system on total Uptake of Nutrients by the system
 Effect of Cropping System Diversification on Nutrient Harvest Index
Nutrient harvest index represents the efficiency of crops in partitioning absorbed nutrients towards economic yield. Cropping system diversification significantly influenced nutrient harvest index of component crops. Vegetable-based cropping systems recorded higher nutrient harvest index due to efficient partitioning of nutrients towards economic yield components such as tubers, pods and grains. Similarly, legume-based cropping systems also recorded higher nutrient harvest index due to better translocation efficiency of absorbed nutrients.On the other hand, fodder-based cropping systems recorded comparatively lower nutrient harvest index because a larger proportion of nutrients remained distributed in vegetative biomass rather than economic yield(Figure 4).Thus, diversified cropping systems improved nutrient partitioning efficiency and enhanced nutrient harvest index compared to cereal-based cropping systems.

Figure 4 . Effect of cropping system on nutrient harvest index
ECONOMICS OF CROPPING SYSTEMS
Cropping system diversification significantly influenced gross return, net return and benefit–cost ratio under different cropping systems. Vegetable-based cropping systems recorded higher gross returns due to higher market value of vegetable crops compared to cereal crops.Legume-based cropping systems also improved economic returns by reducing fertilizer nitrogen requirement through biological nitrogen fixation. Fodder-based cropping systems contributed towards additional income through livestock integration and improved farm sustainability.Higher net returns recorded under diversified cropping systems clearly indicate the economic advantage of crop diversification over conventional cereal-based cropping systems.
EFFECT OF CROPPING SYSTEMS ON SOIL FERTILITY STATUS AFTER HARVEST
Cropping system diversification significantly influenced soil fertility status after completion of cropping cycles. Legume-based cropping systems improved available nitrogen status of soil due to biological nitrogen fixation.Available phosphorus content of soil increased under diversified cropping systems due to enhanced microbial activity and improved nutrient solubilization processes. Similarly, available potassium status of soil improved under cropping systems involving deep-rooted crops due to efficient nutrient recycling from deeper soil layers.Organic carbon content of soil also improved under diversified cropping systems due to higher biomass addition and incorporation of crop residues into soil.Thus, cropping system diversification contributed significantly towards improvement of soil health and sustainability of production systems.
CONCLUSION
Based on the results of the present investigation, it can be concluded that cropping system diversification significantly improved system productivity, nutrient content, nutrient uptake, and nutrient harvest index under irrigated conditions of the central Indo-Gangetic Plains of Uttar Pradesh. Inclusion of legumes, vegetables, and fodder crops in cropping sequences enhanced nutrient availability and improved soil fertility status compared to conventional cereal-based cropping systems. Among different cropping systems, legume- and vegetable-based cropping systems performed better in terms of productivity and nutrient use efficiency. diversified cropping systems may be recommended for improving productivity, nutrient dynamics, and sustainability of intensive cropping systems under Uttar Pradesh conditions.
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Effect of cropping system on nutrient content in stover
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Effect of different cropping system on total Uptake of Nutrients by the system
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Nutrient uptake (kg/ha)



Effect of cropping system on nutrient harvest index
CSSc1	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	72.649999999999991	72.11	51.9	49.21	17.59	17.41	CSSc2	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	71.900000000000006	71.28	56.59	53.4	18.54	17.939999999999987	CSSc3	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	60.339999999999996	63.690000000000012	48.58	44.309999999999995	20.73	23.21	CSSc4	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	59.99	66.14	49.92	48.230000000000011	19.16	22.09	CSSc5	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	72.430000000000007	72.11	54.52	51.120000000000012	23.459999999999987	23.82	CSSc6	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	61.790000000000013	67.19	48.07	46.33	16.59	18.559999999999999	CSSc7	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	0	0	0	0	0	0	CSSc8	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	0	0	0	0	0	0	CSSc9	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	92.3	92.5	81.47	80.48	71.13	73.149999999999991	CSSc10	2023-24	2024-25	2023-24	2024-25	2023-24	2024-25	N (%)	P (%)	K (%)	82.11999999999999	86.490000000000023	74.540000000000006	75.440000000000026	46.15	52.6	Name of nutrient

Nutrient harvest index (%)






