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Context: Mustard (Brassica juncea L.) is a major oilseed crop in India, particularly suited to arid and semi-arid regions like Rajasthan, where low soil fertility, erratic rainfall, and limited irrigation resources constrain productivity. Diversifying cropping systems with legumes and selecting suitable mustard varieties are essential strategies for improving system productivity, enhancing resource use efficiency, and ensuring sustainable oilseed production in dryland agro-ecosystems.

Objective: This study aimed to evaluate the interactive effects of preceding crops and mustard varieties on system productivity, profitability, and land-use efficiency under arid conditions. The specific goals were to (i) assess the impact of kharif-season crops on mustard growth and yield, (ii) compare varietal performance across cropping systems, and (iii) identify optimal system–variety combinations for maximizing economic returns and resource-use efficiency.

Methods: A two-year field experiment (2021–22 and 2022–23) was conducted on loamy sand soils in Rajasthan using a split-plot design with three replications. The main plots included seven cropping systems: fallow-mustard, groundnut-mustard, sesame-mustard, cluster bean-mustard, green gram-mustard, moth bean-mustard, and pearl millet-mustard. Five mustard varieties (RGN-145, RGN-236, RH-749, DRMRIJ-31, and RH-725) were assigned to sub-plots. System productivity was evaluated using mustard equivalent yield (MEY and MESY), grain and straw yield, production efficiency, land resource use efficiency, net returns, and benefit–cost ratio (B:C). Significance was tested at p < 0.05.

Results: Significant differences were observed among cropping systems and mustard varieties for all measured indicators. The cluster bean-mustard system combined with RH-725 achieved the highest grain yield (1.95 t ha−1), straw yield (5.24 t ha−1), net returns (₹124,317 ha−1), and B: C ratio (4.55). In contrast, RGN-145 under the groundnut-mustard system produced the highest grain yield (2.21 t ha−1), net returns (₹238,147 ha−1), and B:C ratio (4.27) among all combinations. Additionally, RGN-145 and RGN-236 under the groundnut-mustard system recorded the highest mustard equivalent yield (MEGY), stover yield (MESY), and land-use efficiency, indicating their suitability for system intensification.

Conclusion: Legume-based cropping systems, particularly groundnut-mustard and cluster bean-mustard, significantly improved mustard productivity and profitability in arid environments. Their integration with high-performing varieties such as RGN-145 and RH-725 offers a viable pathway for sustainable intensification, improved soil health, and climate-resilient mustard production in dryland farming systems.
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Introduction

Mustard (Brassica juncea [L.] Czernj. & Cosson), commonly referred to as Indian mustard or brown mustard, is a major oilseed crop cultivated globally, with its primary production concentrated in Asia and Africa (Sharma et al., 2022, 2024; Rai et al., 2022). In India, mustard holds a pivotal role in the agricultural economy, serving as a vital source of edible oil and contributing significantly to rural livelihoods (Sachan et al., 2024). The seeds are highly valued for their oil content, which typically ranges between 30 and 45%, and the oil is considered nutritionally superior due to its richness in unsaturated fatty acids, especially omega-3 and omega-6 fatty acids (Saini and Keum, 2018; Meyer et al., 2003). These fatty acids are known to support cardiovascular health, making mustard oil a preferred alternative to saturated fat-rich oils. In addition to oil, mustard seeds are a source of high-quality protein, dietary fiber, vitamins (such as vitamin E and B-complex), and essential minerals like calcium, magnesium, and phosphorus. This nutritional profile enhances the crop’s role in promoting food and nutritional security, especially in resource-constrained regions.

Agronomically, mustard is recognized for its relatively high tolerance to abiotic stresses such as drought and low temperatures. However, it is sensitive to waterlogging and excessive moisture, particularly during the flowering and pod-filling stages, which can negatively impact pollination, seed development, and final yield (Bodner et al., 2015). In the Indian state of Rajasthan—one of the leading mustard-producing regions—the crop is especially significant due to its adaptability to arid and semi-arid conditions. The state’s agricultural landscape is marked by erratic and scanty rainfall, high evapotranspiration, and nutrient-poor soils, all of which constrain agricultural productivity. In this context, Brassica juncea is particularly valued for its resilience and economic returns. Enhancing production in such challenging environments requires the implementation of climate-resilient agronomic practices, efficient nutrient and water management, and suitable varietal selection (Gawdiya et al., 2023a, b, c, 2024, 2025a; Gawdiya and Kumar, 2025). Such strategies are crucial not only for boosting yield and profitability but also for promoting sustainability in dryland farming systems (Sarkar et al., 2018; Gawdiya et al., 2025b).

The productivity of mustard (Brassica juncea) is strongly influenced by preceding crops and crop rotation strategies. Inclusion of diversified cropping systems not only optimizes land use but also improves soil fertility, nutrient cycling, and pest management, thus supporting sustainable agriculture (Gawdiya et al., 2025c). Studies highlight that intercropping or rotating mustard with legumes enhances yields due to complementary resource use and biological nitrogen fixation, which enriches soil nitrogen and reduces fertilizer dependency (Lietzow, 2021; Mirdoraghi et al., 2024).

Kumawat et al. (2022) reported that mustard-legume intercropping systems improve both yield and economic returns while reducing the risks of monoculture. This approach also enhances soil health and system resilience. The choice of preceding crops plays a critical role in mustard performance. Leguminous crops, in particular, increase soil fertility through nitrogen addition, while other crops can influence soil moisture, nutrient availability, and pest dynamics—factors essential for mustard establishment and productivity (Friedt et al., 2018; Liu et al., 2019; Wanic et al., 2019).

Furthermore, crop diversification, including mixed and rotational systems, has been shown to improve resource use efficiency and buffer crops against climate variability (Emran et al., 2022; Gawdiya et al., 2025b). In arid regions like Rajasthan, where mustard is a key oilseed, such practices are crucial for improving productivity, sustaining rural livelihoods, and ensuring food and nutritional security (Jain et al., 2024). Moreover, the selection of suitable mustard varieties plays a crucial role in optimizing productivity, particularly under region-specific agroecological conditions. Different varieties of Brassica juncea respond differently to environmental stresses, soil types, and cropping systems. Research has demonstrated that high-yielding and oil-rich cultivars can significantly enhance both seed output and oil recovery, addressing the rising demand for edible oils (Yadava et al., 2012). Varieties such as RH-749 and RH-725 have shown notable adaptability and performance in Rajasthan’s arid and semi-arid zones, where moisture scarcity and poor soil fertility prevail (Meena et al., 2018).

However, varietal profitability is not solely yield-dependent; it is also shaped by market access, input costs, and farmer adoption of improved agronomic practices. As Reddy et al. (2024) emphasize, economic feasibility—including cost–benefit ratios and price realization—is key to ensuring widespread adoption and long-term sustainability of mustard cultivation. This study aims to investigate the combined impact of preceding crops and mustard varieties on yield, growth, and profitability under the challenging agro-climatic conditions of Rajasthan. By analyzing the interaction between crop rotation choices and varietal responses, the research seeks to identify optimal combinations that maximize resource use efficiency, enhance soil health, and boost economic returns. Insights from this work will help inform location-specific, integrated management strategies for sustainable mustard production, benefiting both farmers and policymakers. The aim of this study is to assess the influence of preceding crops and mustard varieties on growth, yield, and profitability under arid conditions. The primary objectives are: (i) To evaluate the impact of preceding crops on growth, yield, and profitability of mustard under arid conditions; (ii) To assess the performance of different mustard varieties across diverse cropping systems. (iii) To analyze cropping system–variety interactions for optimizing system productivity, economic returns, and resource use efficiency.



Materials and methods


Site, soil, and climatic conditions

A two-year field experiment was conducted at the Krishi Vigyan Kendra, Lunkaransar, Swami Keshwanand Rajasthan Agricultural University, Bikaner, India, located at a longitude of 73°–76° E, latitude of 31°–26° Nand an elevation of 135 m. The study spanned the cropping seasons of 2021–22 and 2022–23. The region’s soil is classified as loamy sand, with a chemical analysis indicating a pH of 7.6, 0.38% soil organic matter, an electrical conductivity of 0.35 dSm−1, total nitrogen content of 0.05%, extractable phosphorus at 6.88 mg kg−1and extractable potassium at 163 mg kg−1. The climatic conditions are characterized by hot summers and cool winters typical of the arid regions of Rajasthan. Average rainfall during the cropping seasons is variable, necessitating irrigation for optimal crop establishment and growth due to erratic rainfall patterns. Temperature ranges significantly, with summer temperatures exceeding 40°C and winter temperatures dropping to around 5°C.



Experimental details

The experiment aimed to assess the economics and profitability of five mustard varieties: RGN-145, RGN-236, RH-749, DRMRIJ-31and RH-725, sown under seven different mustard-based cropping systems. The cropping systems included fallow-mustard, groundnut-mustard, sesamum-mustard, cluster bean-mustard, green gram-mustard, moth bean-mustard and pearl millet-mustard. A split-plot design was employed, where the cropping systems were assigned to the main plots and the mustard varieties were arranged in sub-plots, with three replications for statistical validity. This design facilitated a comprehensive analysis of the interactions between cropping systems and mustard varieties.



Date of sowing

In the kharif season, groundnut was sown on June 15 in both years, while other kharif crops were sown on July 15. The mustard varieties were sown on November 15 during the rabi seasons. In the Groundnut-Mustard system, all mustard varieties were sown on December 01 due to the delayed harvesting of groundnut.



Crop husbandry

Prior to seedbed preparation, a pre-sowing irrigation of 10 cm (approximately 4 inches) was applied to ensure adequate soil moisture. Subsequently, light irrigations of 5 cm were provided at regular intervals throughout the crop growth period to maintain optimal soil moisture conditions. Seedbeds were prepared when the soil reached field capacity according to the assigned treatments. Throughout the growing season, a total of six irrigations were provided to the mustard crop to mitigate moisture stress. All crops were manually harvested upon reaching maturity. At harvest, 11 central rows from each plot were collected, sun-dried for 1 week, manually threshed and the grains were separated and weighed to calculate seed yield, reported in quintals per hectare. All seed yields were adjusted to 10% moisture content for consistency.



Data collection

Seed yield data from the mustard crop were compiled to compute the economics and profitability of each cropping system. Yield data from all crops were recorded to facilitate comprehensive economic analysis. The Benefit–Cost Ratio was calculated using the formula: BCR = Total income/Total expenditures.

Yield and Efficiency Indicators for System Performance Evaluation: To assess system performance across cropping systems and mustard varieties, the following indicators were calculated (Kundu and Mahapatra (2014):


	1. Mustard Equivalent Yield during Kharif (MEGY)



The yield of preceding (kharif) crops was converted into mustard equivalent yield using the formula:
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where:

Yk = yield of kharif crop (q ha−1)

Pk = market price of kharif crop (₹ q−1)

Pm = market price of mustard (₹ q−1)


	2. Mustard Equivalent Yield of the System (MESY)



To compare overall productivity, the total yield of the system (including kharif and mustard crops) was expressed in mustard equivalent terms:
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	3. Economic Performance



Economic performance was evaluated based on net returns and the benefit–cost ratio (B:C):


	a. Net Returns (₹ ha−1):



Net Return = Gross Return − Cost of Cultivation

Benefit–Cost Ratio (B:C):


	b. B:C Ratio = Gross Return − Cost of Cultivation.




	4. Production Efficiency (PE)



Production efficiency quantifies system productivity over time and was calculated using:
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	5. Land Resource Use Efficiency (LRUE)



LRUE represents the proportion of the year during which land is under productive use:
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Statistical analysis

Statistical analysis was performed using the latest version of open-access RStudio software (version 2023.03.1–446) (Mendiburu and Yaseen, 2023). Before pooling, year-wise data were tested for homogeneity of variances using Bartlett’s test. Since no significant heterogeneity was observed, data from both years were pooled for combined analysis. Appropriate error terms were applied to evaluate treatment effects and their interactions (e.g., Cropping System × Variety, Year × Treatment) using a linear model framework in R. Where interaction effects were significant, results were interpreted accordingly. Treatment mean comparisons were made using the Least Significant Difference (LSD) test at the 5% significance level (p ≤ 0.05). Additionally, Standard Error of Means (SEm) and Critical Difference (CD) values were computed to support comparisons.




Results and discussions


Phenological performance

The phenological performance of mustard varieties under different cropping systems, as presented in Table 1, reveals significant variations in growth parameters, including days to emergence, branching, flowering, siliqua formation and maturity. Understanding these parameters is crucial for optimizing mustard cultivation practices. The fallow-mustard system demonstrated the shortest days to emergence (4.6 days), indicating that optimal soil moisture and nutrient availability facilitated quicker germination. In contrast, both groundnut-mustard and sesame-mustard systems showed slightly longer emergence times (5.2 and 5.1 days, respectively). This may suggest that the presence of preceding crops could impact soil conditions negatively (Krupinsky et al., 2006). The pearl millet-mustard system also recorded a similar emergence time (4.6 days), implying that certain fast-growing crops do not adversely affect mustard germination. The number of days to branching varied significantly among treatments. The cluster bean-mustard system required the longest time (39.8 days) for branching to occur, which could be attributed to the interactions between the two species that may prolong vegetative growth to enhance resource acquisition (Nord and Lynch, 2009). Conversely, the pearl millet-mustard system exhibited the shortest branching period (36.6 days), suggesting that this system might promote quicker transitions from germination to branching due to lesser competition. The days to 50% flowering and siliqua formation are critical milestones in the reproductive phase of mustard. The fallow-mustard and cluster bean-mustard systems led to the longest flowering and siliqua formation times (61.3 and 80.2 days, 62.7 and 81.9 days, respectively). These extended periods might be beneficial, allowing plants to allocate resources for reproductive success (Jain et al., 2023). The groundnut-mustard and sesame-mustard systems showed earlier flowering (59.3 and 59.0 days, respectively), potentially indicating faster transition rates under lower competition conditions. Maturity is a crucial factor affecting the total crop cycle and yield potential. The cluster bean-mustard system required the longest duration to reach maturity (141.4 days), which may enhance seed development and overall yield. In contrast, the groundnut-mustard system matured significantly earlier (123.6 days), which can be advantageous for early harvesting but may limit potential yield (Verma et al., 2020). The differences in maturity times indicate that selection of cropping systems can be tailored based on desired harvest timings and overall management strategies.


TABLE 1 Phenological performance and growth parameters of mustard varieties under different cropping systems (pooled of 2 years).


	Treatments
	Phenological performance in mustard
	Dry matter accumulation (g plant−1)
	Plant height at harvest (cm)



	Days to emergence
	Days to branching
	Days to 50% flowering
	Days to 50% siliqua
	Days to Maturity
	30 DAS
	60 DAS
	90 DAS
	Harvest

 

 	Cropping systems


 	Fallow-Mustard 	4.6 	38.9 	61.3 	80.2 	139.0 	3.7 	9.3 	22.6 	72.3 	203.5


 	Groundnut-Mustard 	5.2 	37.7 	59.3 	77.9 	123.6 	2.8 	6.9 	17.9 	52.0 	176.7


 	Sesame-Mustard 	5.1 	37.5 	59.0 	77.5 	135.1 	2.8 	6.7 	17.5 	59.0 	174.2


 	Cluster bean-Mustard 	6.1 	39.8 	62.7 	81.9 	141.4 	3.7 	9.2 	22.3 	71.6 	202.0


 	Green gram-Mustard 	5.4 	38.3 	60.2 	79.0 	137.2 	3.1 	7.5 	19.1 	63.2 	183.4


 	Moth bean-Mustard 	5.3 	38.1 	59.9 	78.5 	136.6 	3.0 	7.3 	18.6 	62.0 	180.8


 	Pearl millet-Mustard 	4.6 	36.6 	57.5 	75.8 	132.6 	2.4 	5.6 	15.3 	53.4 	161.7


 	S.Em.± 	0.1 	0.8 	1.3 	1.5 	2.1 	0.07 	0.18 	0.35 	0.89 	1.8


 	CD at 5% 	0.3 	2.2 	3.7 	4.3 	6.2 	0.19 	0.52 	1.02 	2.61 	5.3


 	Mustard varieties


 	RGN-145 	4.8 	37.2 	58.5 	77.0 	132.6 	2.7 	6.5 	17.0 	57.9 	171.8


 	RGN-236 	5.0 	37.6 	59.1 	77.7 	133.6 	2.9 	6.9 	18.0 	60.3 	177.1


 	RH-749 	5.3 	38.3 	60.3 	79.0 	135.5 	3.1 	7.7 	19.5 	62.3 	185.7


 	DRMRIJ-31 	5.4 	38.6 	60.7 	79.5 	136.3 	3.2 	7.9 	19.9 	63.3 	187.9


 	RH-725 	5.6 	38.9 	61.3 	80.2 	137.3 	3.4 	8.4 	20.8 	65.8 	193.5


 	S.Em. ± 	0.1 	0.4 	0.6 	0.7 	1.0 	0.05 	0.13 	0.25 	0.63 	1.3


 	CD at 5% 	0.1 	1.0 	1.7 	2.0 	2.9 	0.13 	0.35 	0.69 	1.76 	3.6




 



Effect of mustard varieties on phenological performance of mustard varieties

The phenological performance of five mustard varieties was assessed over a two-year period, with results summarized in Table 1. Key metrics evaluated include days to emergence, branching, flowering, siliqua formation and maturity. These factors are critical for understanding the growth dynamics and potential yield of mustard crops. Among the varieties, RGN-145 exhibited the shortest days to emergence (4.8 days), followed closely by RGN-236 (5.0 days). These results suggest that these varieties may have superior germination characteristics under the studied conditions, which is essential for achieving optimal plant establishment (Kumar et al., 2022). Conversely, RH-725 took the longest to emerge (5.6 days), which may reflect its specific seed characteristics or response to environmental conditions (Patel et al., 2021). The branching phase is crucial for determining the potential for flower and pod development. The shortest time to branching was noted in RGN-145 (37.2 days), indicating its rapid vegetative growth, while RH-725 required the most time (38.9 days). The differences in branching times can be attributed to genetic variations among the varieties, with faster branching likely translating to better resource utilization during the vegetative stage (Singh et al., 2019). RH-725 recorded the longest duration to reach 50% flowering (61.3 days), while RGN-145 was the earliest (58.5 days). Earlier flowering in RGN-145 may lead to a longer seed filling period, potentially enhancing yield (Jain et al., 2023). This observation supports the idea that phenological traits, such as flowering time, are critical for optimizing harvests in mustard cultivation (Kaur et al., 2020). Siliqua formation is vital for mustard yield and here again, RH-725 exhibited the longest period (80.2 days) for this metric, while RGN-145 had the shortest (77.0 days). The longer duration for siliqua formation in RH-725 may suggest a delayed reproductive phase, which could affect overall yield if not balanced with environmental conditions (Rani et al., 2021). Maturity is a key determinant of yield potential, with RH-725 maturing last (137.3 days) and RGN-145 maturing the earliest (132.6 days). The extended maturity of RH-725 may enhance its seed development, yet it also increases the risk of environmental stress if the growing season is prolonged (Singh et al., 2022). Thus, variety selection should consider both maturity time and the local climate to optimize yield.



Growth parameters

The growth parameters of mustard varieties, assessed across different cropping systems over a two-year period, are summarized in Table 1. Key metrics include dry matter accumulation at various growth stages and plant height at harvest. These parameters are essential for understanding the growth dynamics and potential yield of mustard crops. Dry matter accumulation is a vital indicator of plant growth and health. At 30 days after sowing (DAS), the fallow-mustard and cluster bean-mustard systems exhibited the highest dry matter accumulation (3.7 g plant−1). This indicates that these systems provide better conditions for early vegetative growth, likely due to reduced competition and enhanced nutrient availability (Jain et al., 2023). In contrast, the pearl millet-mustard system resulted in the lowest dry matter accumulation at 30 DAS (2.4 g plant−1). This reduced growth may be attributed to competition for resources, as pearl millet is a vigorous crop that may deplete soil nutrients (Kumar et al., 2022). At 60 DAS, similar trends were observed, with fallow-mustard (9.3 g plant−1) and cluster bean-mustard (9.2 g plant−1) continuing to outperform the other systems. The groundnut-mustard and sesame-mustard systems recorded lower dry matter accumulations (6.9 and 6.7 g plant−1, respectively), suggesting that the preceding crops might inhibit the growth of mustard through resource competition (Rani et al., 2021; Huhta et al., 2000). Plant height at harvest is another critical parameter for evaluating crop performance. The fallow-mustard system achieved the tallest plants (203.5 cm), followed closely by cluster bean-mustard (202.0 cm). This may indicate that these cropping systems provide optimal conditions for mustard growth, promoting taller plant stature and, potentially, higher yields (Singh et al., 2019). Conversely, the pearl millet-mustard system resulted in the shortest plants at harvest (161.7 cm). This could be a reflection of the competitive dynamics between the crops, where the vigorous growth of pearl millet adversely affects mustard height (Palaniappan, 2006; Thakur et al., 2022). The plant heights recorded in other systems, such as green gram-mustard (183.4 cm) and moth bean-mustard (180.8 cm), suggest that these crops may offer moderate conditions for mustard growth, though not as favourable as the fallow and cluster bean systems.



Effect of mustard varieties on growth components

The growth parameters of mustard varieties were analysed across a two-year period, focusing on dry matter accumulation at various growth stages and plant height at harvest. The findings are summarized in Table 1, which outlines the performance of five mustard varieties. Dry matter accumulation is a critical indicator of plant growth and health. At 30 days after sowing (DAS), RH-725 demonstrated the highest dry matter accumulation (3.4 g plant−1), followed by DRMRIJ-31 (3.2 g plant−1). This suggests that these varieties may have superior early vigour, enabling them to capitalize on available resources during the initial growth phase (Kumar et al., 2022). By 60 DAS, RH-725 continued to lead in dry matter accumulation (8.4 g plant−1), which is consistent with its overall trend of vigorous growth. This high accumulation can enhance subsequent growth stages and is often correlated with improved yield potential (Singh et al., 2019). In contrast, RGN-145 recorded the lowest dry matter at this stage (6.5 g plant−1), indicating that it may be less competitive in early growth compared to the other varieties. At 90 DAS, RH-725 again maintained its lead with 20.8 g plant−1, while RGN-145 had the lowest accumulation (17.0 g plant−1). The differences observed suggest genetic variability in growth rates among the varieties, with certain genotypes being more adept at resource utilization during critical growth phases (Jain et al., 2023). Plant height at harvest is a key determinant of overall yield potential. At harvest, RH-725 achieved the greatest height (193.5 cm), followed closely by DRMRIJ-31 (187.9 cm) and RH-749 (185.7 cm). These results indicate that these varieties may possess desirable traits for vertical growth, which is crucial for maximizing light interception and photosynthetic efficiency (Thakur et al., 2022). In contrast, RGN-145 had the shortest height at harvest (171.8 cm). The reduced height may limit its competitive ability in the field and could result in lower yield potential if not adequately compensated by other growth traits (Kaur et al., 2020). The statistical analysis confirms significant differences in plant height among the varieties, with a critical difference (CD) of 3.6 cm at a 5% significance level, highlighting the importance of selecting taller varieties for higher yield.



Physiological components

The physiological performance of mustard varieties under different cropping systems was assessed through crop growth rate (CGR) and relative growth rate (RGR) over various growth intervals. The results, summarized in Table 2, reveal significant variations in both CGR and RGR across different cropping systems. Across the cropping systems, the fallow-mustard system exhibited the highest CGR during the critical growth phase from 90 DAS to harvest (54.68 g m−2 day−1), indicating optimal growth conditions. This is consistent with findings that fallow systems often provide enhanced nutrient availability and reduced competition (Liebman, 2000; Gupta et al., 2022). The cluster bean-mustard system also demonstrated strong performance with a CGR of 54.18 g m−2 day−1 during the same period, suggesting that the inclusion of cluster beans may contribute positively to mustard growth dynamics through improved soil health and nutrient cycling (Kumar et al., 2021a). Conversely, the pearl millet-mustard system recorded the lowest CGR at 41.91 g m−2 day−1 during the final growth phase. This reduced growth rate may be attributed to competition for resources, as pearl millet is known for its aggressive growth habits, which could hinder mustard performance (Sudhalakshmi et al., 2022). RGR, expressed in mg g−1 day−1, provides insights into the efficiency of biomass accumulation relative to the existing biomass. The fallow-mustard system also led in RGR across most intervals, with an RGR of 141.02 mg g−1 day−1 from 90 DAS to harvest. This high value reflects not only vigorous growth but also effective resource utilization (Verma et al., 2023). The groundnut-mustard and sesame-mustard systems exhibited moderate RGR values (155.56 mg g−1 day−1 and 134.18 mg g−1 day−1, respectively) at the end of the growth period, indicating that while they may support mustard growth, they do not match the efficiency of the fallow system (Kaur et al., 2020).


TABLE 2 Performance of physiological preformation of mustard varieties under different cropping systems (pooled of 2 years).


	Treatments
	Crop growth rate (CGR) (g m−2 day−1)
	Relative growth rate (RGR) (mg g−1 day−1)
	Net photosynthetic rate (umol m−2 s−1)
	Transpiration rates (mmol m−2 s−1)
	Stomatal conductance (mmol m−2 s−1)



	0–30 DAS
	30–60 DAS
	60–90 DAS
	90DAS-Harvest
	30–60 DAS
	60–0 DAS
	90 DAS-Harvest

 

 	Cropping systems


 	Fallow-Mustard 	4.09 	6.14 	14.63 	54.68 	68.77 	100.15 	141.02 	28.34 	5.44 	466


 	Groundnut-Mustard 	3.13 	4.45 	12.10 	45.05 	58.47 	92.11 	155.56 	23.05 	4.69 	388


 	Sesame-Mustard 	3.04 	4.30 	11.87 	45.72 	57.50 	91.35 	134.18 	24.39 	4.88 	408


 	Cluster bean-Mustard 	4.03 	6.04 	14.48 	54.18 	68.44 	99.85 	140.76 	29.37 	5.58 	481


 	Green gram-Mustard 	3.37 	4.88 	12.73 	48.52 	61.53 	94.42 	136.53 	26.76 	5.21 	443


 	Moth bean-Mustard 	3.27 	4.71 	12.49 	47.73 	60.38 	93.54 	135.86 	25.59 	5.05 	425


 	Pearl millet-Mustard 	2.59 	3.52 	10.69 	41.91 	51.24 	86.73 	130.72 	21.89 	4.53 	371


 	S.Em. ± 	0.072 	0.125 	0.188 	0.613 	0.775 	0.599 	0.481 	0.49 	0.07 	7.2


 	CD at 5% 	0.21 	0.36 	0.55 	1.79 	2.26 	1.75 	1.40 	1.42 	0.20 	20.9


 	Mustard varieties


 	RGN-145 	2.95 	4.15 	11.64 	46.23 	56.04 	90.31 	137.19 	23.62 	4.77 	396


 	RGN-236 	3.14 	4.48 	12.14 	47.88 	58.56 	92.19 	138.65 	24.85 	4.95 	415


 	RH-749 	3.45 	5.02 	12.95 	48.07 	62.04 	94.88 	139.31 	26.06 	5.12 	432


 	DRMRIJ-31 	3.53 	5.16 	13.15 	48.72 	63.01 	95.61 	139.89 	26.49 	5.18 	439


 	RH-725 	3.73 	5.51 	13.68 	50.39 	64.88 	97.12 	141.12 	27.10 	5.26 	448


 	S.Em. ± 	0.050 	0.088 	0.132 	0.435 	0.587 	0.447 	0.361 	0.34 	0.05 	5.0


 	CD at 5% 	0.14 	0.25 	0.37 	1.22 	1.65 	1.25 	1.01 	0.95 	0.13 	14.0




 



Effect of mustard varieties on physiological components

The physiological performance of mustard varieties, characterized by crop growth rate (CGR) and relative growth rate (RGR), was evaluated over a two-year period. The results are summarized in Table 2, highlighting the performance of five mustard varieties across different growth intervals. Among the varieties, RH-725 exhibited the highest CGR during the 90 DAS to harvest phase, with a value of 50.39 g m−2 day−1. This suggests that RH-725 has a superior ability to accumulate biomass during the critical final growth stage, which is essential for maximizing yield (Gupta et al., 2022). Conversely, the lowest CGR was observed in RGN-145 (46.23 g m−2 day−1) during the same period. This reduced growth rate may indicate lower efficiency in utilizing available resources, impacting its overall yield potential (Gill et al., 2021). The statistical analysis reveals significant differences among varieties, with a critical difference (CD) of 1.22 g m−2 day−1 at a 5% significance level, highlighting the relevance of selecting high-CGR varieties for improved productivity. In the earlier growth stages, RH-725 also showed consistent performance with CGR values increasing from 3.73 g m−2 day−1 at 0–30 DAS to 5.51 g m−2 day−1 at 30–60 DAS. This upward trend suggests strong early vigour, which is critical for establishing a robust canopy and effective light interception (Jain et al., 2023).

The highest RGR was noted in RH-725 across most intervals, reaching 141.12 mg g−1 day−1 from 90 DAS to harvest. This indicates effective resource utilization and highlights the genotype’s ability to convert biomass into yield (Verma et al., 2023). DRMRIJ-31 also performed well with an RGR of 139.89 mg g−1 day−1 during the final growth stage. These findings support the notion that these varieties possess genetic traits favourable for rapid biomass accumulation, crucial for achieving high yields (Kumar et al., 2022). The lower RGR values observed in RGN-145 (137.19 mg g−1 day−1) suggest that while it accumulates biomass, it may not be as efficient as the higher-performing varieties. The differences in RGR among the varieties were statistically significant, as indicated by the CD value of 1.01 at the 5% level, affirming the need for careful variety selection based on growth efficiency.



Yield and yield attributes

The performance of yield attributing parameters, yield and harvest index for mustard varieties under various cropping systems was assessed over a two-year period, with results summarized in Table 3. This study focused on key parameters including branches per plant, siliquae per plant, siliqua length, seeds per siliqua, test weight, seed yield, stover yield, biological yield and harvest index. The data indicates that the green gram-mustard system yielded the highest branches per plant (8.7), followed closely by the cluster bean-mustard system (8.6). Higher branching contributes to increased yield potential by allowing more flower and seed formation (Kumar et al., 2021). Conversely, the sesame-mustard system produced the lowest branching (8.2). The cluster bean-mustard cropping system exhibited the highest number of siliquae per plant (183.6), while the groundnut-mustard system had the lowest (155.7). The number of siliquae is a crucial yield component, as it directly influences seed yield (Hasanuzzaman, 2008; Gupta et al., 2020). The longest siliquae were found in the cluster bean-mustard system (4.6 cm), indicating favourable conditions for seed development. This is in line with research that suggests longer siliquae can accommodate more seeds, thus enhancing yield (Verma et al., 2023). In contrast, the pearl millet-mustard system recorded the shortest siliquae (3.5 cm). The fallow-mustard system produced the highest average seeds per siliqua (13.3), while the groundnut-mustard system had the lowest (9.3). A higher number of seeds per siliqua is beneficial for overall yield and indicates optimal growing conditions (Jain et al., 2023). The test weight was highest in the cluster bean-mustard system (4.76 g), which is significant for seed quality and overall yield potential. The lowest test weight was observed in the pearl millet-mustard system (4.38 g). Higher test weights generally correlate with better seed viability and yield (Gill et al., 2021). The cluster bean-mustard system achieved the highest seed yield (25.36 q ha−1), which aligns with the higher values of yield attributing parameters in this treatment. In contrast, the pearl millet-mustard system produced the lowest seed yield (15.56 q ha−1). The positive correlation between yield attributes and seed yield suggests that optimizing preceding crops can enhance mustard productivity (Kumar et al., 2022). Stover yield was also highest in the cluster bean-mustard system (38.66 q ha−1), indicating a robust growth pattern that supports both seed and biomass production. The lowest stover yield was recorded in the groundnut-mustard system (29.96 q ha−1). The cluster bean-mustard system had the highest biological yield (64.03 q ha−1), which encompasses both seed and stover yields, showcasing the system’s overall productivity. Conversely, the pearl millet-mustard system had the lowest biological yield (43.53 q ha−1). The harvest index, which indicates the efficiency of converting biomass into yield, was highest in the fallow-mustard system (38.32%), suggesting favourable conditions for yield accumulation. The pearl millet-mustard system exhibited the lowest harvest index (35.55%).


TABLE 3 Performance of yield attributing parameters, yield and harvest index of mustard varieties under different cropping systems (pooled of 2 years).


	Treatments
	Siliqua length (cm)
	Biological yield (q ha−1)
	Harvest index (%)

 

 	Cropping systems


 	Fallow-Mustard 	4.1 	61.36 	38.32


 	Groundnut-Mustard 	3.9 	47.20 	36.37


 	Sesame-Mustard 	3.8 	49.70 	37.28


 	Cluster bean-Mustard 	4.6 	64.03 	39.46


 	Green gram-Mustard 	4.1 	52.64 	39.46


 	Moth bean-Mustard 	4.0 	51.81 	38.84


 	Pearl millet-Mustard 	3.5 	43.53 	35.55


 	S.Em.± 	0.05 	0.66 	0.42


 	CD at 5% 	0.16 	1.94 	1.22


 	Mustard varieties


 	RGN-145 	3.7 	49.75 	36.54


 	RGN-236 	3.8 	51.27 	37.73


 	RH-749 	4.1 	53.59 	38.02


 	DRMRIJ-31 	4.1 	54.15 	38.37


 	RH-725 	4.4 	55.72 	38.81


 	S.Em. ± 	0.04 	0.44 	0.32


 	CD at 5% 	0.11 	1.23 	0.89




 



Effect of mustard varieties on yield attributing parameters and yield

This section discusses the findings from Table 3, which presents the yield attributing parameters, yield and harvest index of various mustard varieties over a pooled two-year period. The analysis provides insights into how different parameters contribute to the overall performance of mustard cultivation. The varieties RH-749 and RH-725 exhibited the highest average branches per plant (8.6 and 8.8, respectively), indicating robust vegetative growth. Increased branching is often associated with higher yield potential, as it allows for more flowering sites (Kumar, 2021). Conversely, RGN-145 showed the lowest number of branches (7.8). The DRMRIJ-31 variety had the highest siliquae per plant (176.8), suggesting a favourable environment for seed setting and development. A greater number of siliquae directly correlates with increased seed yield, confirming findings by Gupta et al. (2022). The lowest count was seen in RGN-145 (152.6). The RH-725 variety recorded the longest siliquae (4.4 cm), which is advantageous for accommodating more seeds, thus enhancing yield potential (Bansal and Kumar, 2022). In contrast, RGN-145 had the shortest siliqua length (3.7 cm). The highest average seeds per siliqua were recorded for RH-725 (12.5), showcasing its efficiency in seed development. A higher seed count per siliqua is crucial for maximizing overall yield, as supported by research conducted by Thakur et al. (2023). Notably, DRMRIJ-31 and RH-725 had the highest test weights (5.04 g and 5.09 g, respectively). Higher test weights are indicative of seed quality and can influence market value (Gill et al., 2021).

The RH-725 variety achieved the highest seed yield (21.95 q ha−1), closely followed by DRMRIJ-31 (20.93 q ha−1). This trend correlates with their superior performance in yield attributing parameters. RGN-145 recorded the lowest seed yield (18.23 q ha−1), indicating the impact of lower branching and siliquae counts on overall productivity (Jain et al., 2023). Similar to seed yield, the RH-725 variety also exhibited the highest stover yield (33.77 q ha−1), suggesting a well-balanced growth that contributes to both seed and biomass production. In contrast, RGN-145 had the lowest stover yield (31.52 q ha−1). The RH-725 variety again led in biological yield (55.72 q ha−1), demonstrating its overall productivity. The biological yield encompasses both seed and stover yields, highlighting the variety’s efficiency in resource utilization. The lowest biological yield was observed in RGN-145 (49.75 q ha−1). The harvest index, a measure of the efficiency of biomass conversion into economic yield, was highest in RH-725 (38.81%). A high harvest index indicates effective utilization of resources for seed production, a critical factor in sustainable agriculture (Kumar et al., 2021). RGN-145 had the lowest harvest index at 36.54% (Tables 4, 5).


TABLE 4 Interaction effect of different cropping systems on branches and siliquae per plant of mustard varieties (pooled).


	Treatments
	Branches per plant
	Siliquae per plant



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	7.6 	8.0 	8.7 	8.9 	9.0 	141.0 	150.8 	180.1 	185.9 	195.3


 	Groundnut-Mustard 	7.8 	8.1 	8.6 	8.7 	8.6 	177.0 	184.8 	146.5 	150.6 	119.7


 	Sesame-Mustard 	7.8 	8.0 	8.4 	8.5 	8.4 	157.6 	162.6 	177.8 	182.0 	180.3


 	Cluster bean-Mustard 	7.7 	8.2 	8.8 	9.0 	9.1 	152.7 	164.9 	193.0 	200.2 	207.2


 	Green gram-Mustard 	8.2 	8.5 	9.0 	9.1 	9.0 	152.3 	159.5 	179.7 	185.2 	186.7


 	Moth bean-Mustard 	8.1 	8.4 	8.8 	8.9 	8.8 	151.6 	155.9 	172.4 	176.8 	175.7


 	Pearl millet-Mustard 	7.7 	7.9 	8.2 	8.3 	8.8 	136.1 	139.3 	153.3 	157.1 	180.0


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	0.10 	0.11 	 	 	 	4.16 	4.32 	 	 	


 	CD at 5% 	0.30 	0.30 	 	 	 	12.14 	12.12 	 	 	




 


TABLE 5 Interaction effect of different cropping systems on number of seeds per siliqua and test weight of mustard varieties (pooled).


	Treatments
	Seeds per siliqua
	Test weight (g)



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	11.36 	12.19 	13.78 	14.09 	15.20 	4.24 	4.29 	4.18 	5.00 	5.06


 	Groundnut-Mustard 	9.73 	10.36 	9.46 	8.27 	8.79 	4.19 	4.21 	4.14 	5.02 	5.06


 	Sesame-Mustard 	9.64 	10.20 	11.00 	11.21 	11.72 	4.16 	4.17 	4.11 	5.01 	5.05


 	Cluster bean-Mustard 	12.24 	13.17 	14.65 	15.02 	15.98 	4.45 	4.48 	4.38 	5.20 	5.27


 	Green gram-Mustard 	10.48 	11.15 	12.21 	12.50 	13.17 	4.26 	4.27 	4.20 	5.07 	5.12


 	Moth bean-Mustard 	10.44 	10.96 	11.83 	12.06 	12.59 	4.23 	4.23 	4.17 	5.07 	5.11


 	Pearl millet-Mustard 	8.21 	8.68 	9.41 	9.61 	10.08 	4.04 	4.04 	3.99 	4.90 	4.94


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	0.22 	0.23 	 	 	 	0.02 	0.02 	 	 	


 	CD at 5% 	0.65 	0.65 	 	 	 	0.05 	0.05 	 	 	




 



Interaction effects of different cropping systems on yield of mustard varieties

The pooled data (Tables 6–8; Figures 1, 2) on the seed, stover yield and mustard equivalent yield of systems (MEYS) of mustard varieties under different cropping systems reveal significant interactions that impact agricultural productivity. The findings from this study highlight the variations in yield performance, which can be critical for optimizing mustard cultivation. The seed yield analysis shows that the Cluster bean-Mustard cropping system consistently produced the highest seed yields across all mustard varieties. Specifically, RH-725 achieved the maximum seed yield of 28.83 q ha−1, followed closely by DRMRIJ-31 with 26.95 q ha−1. This performance can be attributed to the synergistic effects of intercropping, where the legumes likely enhance nutrient availability and reduce competition stress, leading to improved seed set (Kumar, 2021). In contrast, the Pearl millet-Mustard system exhibited the lowest seed yields, with RGN-145 producing just 13.63 q ha−1. This lower yield may be due to the competitive nature of pearl millet for resources, adversely affecting the growth of mustard (Gupta et al., 2022). When assessing stover yield, the Fallow-Mustard system yielded the highest overall stover quantities, particularly in the variety RH-725, which recorded a stover yield of 38.84 q ha−1. This suggests that the absence of competition from other crops allows for optimal growth and biomass accumulation in mustard (Rani et al., 2023). In comparison, the Groundnut-Mustard system resulted in the lowest stover yields, especially in the variety RH-749 at 31.40 q ha−1. This decline in stover yield may reflect the lower biomass accumulation capacity due to resource competition from groundnuts (Jain et al., 2021).


TABLE 6 Performance of seed and stover yield of mustard varieties under different cropping systems (pooled).


	Treatments
	Seed yield of mustard (q ha−1)
	Stover yield of mustard (q ha−1)



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	19.79 	21.42 	24.52 	25.13 	27.30 	36.67 	37.00 	37.97 	38.16 	38.84


 	Groundnut-Mustard 	20.21 	20.54 	15.81 	15.44 	14.20 	26.91 	27.16 	31.40 	31.50 	32.81


 	Sesame-Mustard 	16.42 	17.51 	19.07 	19.50 	20.49 	30.42 	30.76 	31.25 	31.38 	31.69


 	Cluster bean-Mustard 	21.50 	23.33 	26.21 	26.95 	28.83 	37.46 	38.03 	38.93 	39.16 	39.75


 	Green gram-Mustard 	18.06 	19.37 	21.44 	22.01 	23.32 	30.93 	31.34 	31.99 	32.16 	32.58


 	Moth bean-Mustard 	17.99 	19.00 	20.70 	21.15 	22.20 	30.91 	31.23 	31.75 	31.90 	32.23


 	Pearl millet-Mustard 	13.63 	14.54 	15.97 	16.36 	17.27 	27.37 	27.65 	28.10 	28.22 	28.51


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	0.44 	0.46 	 	 	 	0.31 	0.20 	 	 	


 	CD at 5% 	1.29 	1.28 	 	 	 	0.89 	0.57 	 	 	




 


TABLE 7 Mustard equivalent yield, economic performance, production efficiency and land resource use efficiency of mustard varieties under different cropping systems (pooled of 2 years).


	Treatments
	Mustard equivalent yield during kharif (q ha−1)
	Mustard equivalent yield of systems (q ha−1)
	Economic performance of mustard
	Economic performance of system
	Total duration (days)
	Production efficiency (kg ha−1 day−1)
	LRUE (%)



	MEGY
	MESY
	MEGY
	MESY
	Net returns (₹ ha−1)
	BC ratio
	Net returns (₹ ha−1)
	BC ratio

 

 	Cropping systems 	 	 	 	 	 	 	 	 	 	 	


 	Fallow-Mustard 	- 	- 	23.63 	37.73 	96,464 	3.76 	96,464 	3.76 	139 	17.02 	38.08


 	Groundnut-Mustard 	34.62 	103.62 	51.86 	133.57 	61,665 	2.76 	218,528 	3.73 	271 	19.15 	74.26


 	Sesame-Mustard 	6.71 	0.16 	25.31 	31.26 	68,991 	2.97 	92,197 	2.96 	244 	10.36 	66.88


 	Cluster bean-Mustard 	19.98 	49.61 	45.35 	88.27 	106,007 	4.03 	200,403 	4.64 	245 	18.51 	67.10


 	Green gram-Mustard 	16.90 	16.29 	37.74 	48.10 	81,007 	3.31 	147,681 	3.46 	228 	16.57 	62.38


 	Moth bean-Mustard 	9.24 	9.97 	29.44 	41.57 	77,660 	3.22 	112,696 	3.25 	216 	13.66 	59.07


 	Pearl millet-Mustard 	5.08 	34.87 	20.64 	62.84 	52,193 	2.49 	73,612 	2.57 	242 	8.53 	66.19


 	S.Em.± 	0.13 	0.34 	0.49 	0.56 	2,351 	0.07 	2,641 	0.06 	2.1 	0.15 	0.58


 	CD at 5% 	0.38 	1.00 	1.44 	1.64 	6,863 	0.20 	7,710 	0.18 	6.2 	0.45 	1.70


 	Mustard varieties 	 	 	 	 	 	 	 	 	 	 	


 	RGN-145 	15.65 	36.54 	31.64 	62.85 	67,177 	2.92 	125,141 	3.26 	224 	14.07 	61.32


 	RGN-236 	15.44 	35.72 	32.62 	62.50 	73,314 	3.09 	130,178 	3.37 	225 	14.49 	61.59


 	RH-749 	15.24 	35.31 	33.59 	63.32 	79,482 	3.27 	135,395 	3.51 	227 	14.90 	62.12


 	DRMRIJ-31 	16.07 	37.10 	34.71 	65.01 	81,610 	3.33 	141,522 	3.63 	227 	15.37 	62.32


 	RH-725 	14.71 	34.09 	34.55 	62.99 	86,979 	3.49 	140,321 	3.64 	229 	15.31 	62.61


 	S.Em. ± 	0.13 	0.38 	0.33 	0.37 	1,678 	0.05 	1,777 	0.04 	1.0 	0.15 	0.28


 	CD at 5% 	0.37 	1.06 	0.92 	1.03 	4,701 	0.13 	4,978 	0.10 	2.9 	0.43 	0.79





MEGY = Mustard equivalent seed yield, MESY = Mustard equivalent stover yield, LRUE = land resource use efficiency.
 


TABLE 8 Mustard equivalent yield of system (MEYS) of mustard varieties under different cropping systems (pooled).


	Treatments
	Mustard equivalent seed yield (MEGY) of systems (q ha−1)
	Mustard equivalent stover yield (MESY) of systems (q ha−1)



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	19.79 	21.42 	24.52 	25.13 	27.30 	36.67 	37.00 	37.97 	38.16 	38.84


 	Groundnut-Mustard 	55.61 	54.83 	50.23 	50.77 	47.86 	132.99 	129.68 	134.56 	137.06 	133.57


 	Sesame-Mustard 	23.10 	24.36 	25.71 	26.37 	27.01 	30.58 	30.93 	31.41 	31.55 	31.85


 	Cluster bean-Mustard 	41.44 	43.62 	45.89 	47.97 	47.82 	86.83 	88.35 	87.67 	91.47 	87.03


 	Green gram-Mustard 	35.18 	36.17 	38.08 	40.01 	39.27 	47.37 	47.64 	47.96 	49.57 	47.93


 	Moth bean-Mustard 	27.37 	28.27 	29.83 	31.03 	30.71 	41.00 	41.27 	41.58 	42.62 	41.39


 	Pearl millet-Mustard 	19.02 	19.67 	20.91 	21.68 	21.90 	64.49 	62.64 	62.11 	64.62 	60.32


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	0.49 	0.50 	 	 	 	0.56 	0.56 	 	 	


 	CD at 5% 	1.44 	1.39 	 	 	 	1.64 	1.57 	 	 	




 

[image: Line and bar chart depicting various climate metrics over a period. Blue bars show total rainfall in millimeters. Green bars represent the number of rainy days. Orange and blue lines illustrate minimum and maximum temperatures in degrees Celsius, respectively. Yellow and gray lines depict minimum and maximum relative humidity percentages. Data spans from 25 to 15 on the x-axis.]

FIGURE 1
 Weekly meteorological data of Bikaner during crop period for the year 2021–22.


[image: A line and bar chart displays weather data over a period. It shows total rainfall in blue bars, the number of rainy days in green bars, maximum temperature in blue line, minimum temperature in gray line, maximum relative humidity in orange line, and minimum relative humidity in yellow line. Rainfall is highest from day 25 to 30, temperature fluctuates slightly, and there is a gradual increase in relative humidity.]

FIGURE 2
 Weekly meteorological data of Bikaner during crop period for the year 2022–23.


The Groundnut-Mustard cropping system yielded the highest mustard equivalent seed yields across all varieties, with RGN-145 achieving 55.61 q ha−1 and RGN-236 close behind at 54.83 q ha−1. This significant yield advantage can be attributed to the favourable nutrient cycling and enhanced soil fertility provided by groundnuts, which are known to fix atmospheric nitrogen, thus benefiting the subsequent mustard crop (Singh et al., 2021). In contrast, the Pearl millet-Mustard system produced the lowest MEGY, with RGN-145 at 19.02 q ha−1. This lower yield likely results from competitive resource utilization, where pearl millet may overshadow mustard during the growth phase (Kumar et al., 2022). Regarding stover yield, the Groundnut-Mustard system again led, with RGN-145 yielding 132.99 q ha−1. This highlights the dual benefits of intercropping, where both cash and fodder crops are optimized, aligning with sustainable agricultural practices (Rani et al., 2023). The stover yields in this system demonstrate the importance of legume intercrops in enhancing biomass production. The Pearl millet-Mustard combination yielded the lowest MESY, with RGN-145 at 64.49 q ha−1. The results suggest that intercropping with pearl millet may not effectively support stover production, likely due to competition for light and nutrients, which can adversely affect both crops (Jain et al., 2021).



Economic and efficiency indices

The evaluation of mustard equivalent yield (MEY) under different cropping systems provides critical insights into the productivity of mustard varieties over 2 years (Table 7). The results indicate that among the various cropping systems, groundnut-mustard significantly outperformed others, yielding a mustard equivalent yield during kharif (MEGY) of 34.62 q ha−1 and a mustard equivalent yield of systems (MESY) of 51.86 q ha−1. This can be attributed to the beneficial nitrogen-fixing properties of groundnut, which enhances soil fertility and nutrient availability for subsequent crops (Kermah et al., 2018). In contrast, the sesame-mustard system exhibited the lowest MEGY at 6.71 q ha−1, reflecting minimal benefits from this non-leguminous crop, which does not contribute significantly to soil fertility compared to legumes (Ravi et al., 2024). Cluster bean-mustard and green gram-mustard systems showed moderate performance with MEGY values of 19.98 q ha−1 and 16.90 q ha−1, respectively. The cluster bean’s ability to improve soil structure and nutrient content is notable, but it still falls short of the superior performance observed with groundnuts (Meena et al., 2018). The moth bean and pearl millet systems yielded MEGY values of 9.24 q ha−1 and 5.08 q ha−1, respectively, indicating lesser impacts on mustard yield due to the competitive nature of these preceding crops and their lower nitrogen-fixing capacities (Génard et al., 2017).

The economic performance of mustard varieties under different cropping systems provides valuable insights into their profitability and viability for farmers. The data pooled over 2 years (Table 7) reveals significant variations in net returns and benefit–cost (BC) ratios across different cropping systems. The Cluster bean-Mustard system yielded the highest net returns of ₹106,007 ha−1, with a robust BC ratio of 4.03. This high profitability can be attributed to the synergistic effect of intercropping, which enhances resource utilization and results in higher overall yields (Patel et al., 2022). This finding is consistent with studies that emphasize the economic advantages of combining legumes and oilseeds (Dowling et al., 2023). In contrast, the Groundnut-Mustard system, while yielding lower net returns of ₹61,665 ha−1, still demonstrated a commendable net return from the overall system of ₹218,528 ha−1, resulting in a BC ratio of 3.73. The dual cropping approach may have contributed to better soil fertility and pest management, leading to improved yield outcomes (Kumar, 2021). The Fallow-Mustard cropping system provided stable net returns of ₹96,464 ha−1 and a BC ratio of 3.76, indicating that even in a monoculture setup, mustard cultivation remains economically viable. However, systems that incorporate intercropping, like Cluster bean and Groundnut, tend to outperform single-crop systems (Moreira et al., 2024). The Sesame-Mustard and Green gram-Mustard systems showed net returns of ₹68,991 and ₹81,007 ha−1, respectively, with BC ratios of 2.97 and 3.31. These figures suggest that while they are economically beneficial, their profitability could be enhanced through better management practices or crop rotation strategies (Reddy et al., 2023). The least profitable system was Pearl millet-Mustard, yielding net returns of ₹52,193 ha−1 and a BC ratio of 2.49, indicating lower economic efficiency compared to other systems. This suggests that the choice of companion crops significantly impacts the overall profitability of mustard cultivation (Thakur et al., 2023).

The analysis of production efficiency and land resource use efficiency (LRUE) of mustard varieties under different cropping systems provides critical insights into optimizing agricultural practices. This study pooled data over 2 years (Table 7) considered various cropping systems to evaluate their impact on mustard production. The production efficiency of mustard, measured in kg/ha/day, varied significantly across the different cropping systems. The Groundnut-Mustard system achieved the highest production efficiency of 19.15 kg ha−1 day−1, indicating that this intercropping system effectively maximizes output relative to the time invested in crop production. This enhanced efficiency could be attributed to complementary growth patterns and nutrient utilization between groundnut and mustard, allowing for improved resource use (Lithourgidis et al., 2011). In contrast, the Fallow-Mustard system showed the lowest production efficiency at 17.02 kg ha−1 day−1. This lower efficiency may be due to the extended period without crop competition, which can lead to less optimal soil nutrient management and pest control (Ghorbani et al., 2008). The Cluster Bean-Mustard system also demonstrated strong production efficiency at 18.51 kg ha−1 day−1, suggesting that legumes like cluster beans may enhance soil fertility and support mustard growth through nitrogen fixation (Kakraliya et al., 2018; Hasanuzzaman, 2008).

The land resource use efficiency (LRUE) also exhibited substantial variability across the cropping systems. The Groundnut-Mustard system again led with an LRUE of 74.26%, indicating highly efficient use of land resources. This suggests that intercropping with groundnuts not only improves yield but also optimizes land utilization effectively (Choudhary et al., 2022). In comparison, the Fallow-Mustard system had an LRUE of 38.08%, significantly lower than other systems, which indicates inefficient use of land resources due to the lack of crop diversity and extended fallow periods. Systems such as Sesame-Mustard and Cluster Bean-Mustard had LRUE values of 66.88 and 67.10%, respectively, highlighting the potential for these combinations to maximize land productivity through intercropping strategies (Verma et al., 2023).



Effect of mustard varieties on economic and efficiency indices

The analysis of mustard equivalent yield (MEY) for various mustard varieties under different cropping systems over 2 years provides insightful data regarding the performance and efficiency of these varieties in optimizing yield (Table 7). The results indicate that the variety DRMRIJ-31 yielded the highest mustard equivalent yield during kharif (MEGY) at 16.07 q ha−1, alongside a mustard equivalent yield of systems (MESY) of 34.71 q ha−1. This performance can be attributed to its superior adaptability and resilience to varying environmental conditions, which has been noted in similar studies emphasizing the importance of varietal selection in maximizing crop yield (Gupta et al., 2022). In comparison, the other varieties also exhibited competitive yields, with RGN-145 and RGN-236 yielding MEGY values of 15.65 q ha−1 and 15.44 q ha−1, respectively. The slight differences in yield between these varieties suggest that while they are efficient, they may lack the stress tolerance or nutrient utilization efficiency of DRMRIJ-31 (Kumar et al., 2021b). The variety RH-749 followed closely with a MEGY of 15.24 q ha−1, indicating its consistency across cropping systems, which aligns with findings that highlight the role of genetic traits in yield stability (Verma et al., 2023). On the other hand, the lowest MEGY was recorded for RH-725 at 14.71 q ha−1, which may be influenced by its genetic predisposition or lower agronomic management practices during the study. Despite this, it still contributed positively to the overall system yields, which is crucial for intercropping strategies (Kumar et al., 2022).

The economic performance of mustard varieties under various cropping systems over a two-year period highlights significant differences in both net returns and benefit–cost (BC) ratios (Table 7). This analysis provides insights into the profitability of different mustard varieties and their associated cropping systems.

Among the mustard varieties, RH-725 exhibited the highest net returns of ₹86,979 ha−1 with a BC ratio of 3.49. This suggests that for every rupee invested, approximately ₹3.49 is returned, indicating a robust economic viability. The superior performance of RH-725 may be attributed to its adaptability to various environmental conditions and its efficient nutrient utilization (Patel et al., 2022). DRMRIJ-31 also performed well, with net returns of ₹81,610 ha−1 and a BC ratio of 3.33. This variety is known for its high yield potential and disease resistance, which likely contributed to its profitability (Vaikuntapu and Kumar, 2023). The close performance of RH-749 and RGN-236, with net returns of ₹79,482 and ₹73,314 ha−1, respectively, further supports the notion that these varieties can be competitive in terms of yield and economic returns. Conversely, RGN-145 reported the lowest net returns of ₹67,177 ha−1 with a BC ratio of 2.92. While still profitable, this variety may require specific management practices to enhance its economic performance. The differences in performance among varieties highlight the importance of selecting the right cultivar based on local agro-climatic conditions (Dowling et al., 2023).

When evaluating the economic performance of the overall cropping systems, the mustard varieties showed consistent net returns across systems. The highest net returns of ₹141,522 ha−1 were achieved with DRMRIJ-31, corresponding to a BC ratio of 3.63, indicating its effectiveness in maximizing profit while maintaining input efficiency. Similarly, RH-749 and RH-725 produced net returns of ₹135,395 and ₹140,321 ha−1, respectively, both with BC ratios above 3.5, demonstrating their economic viability within integrated cropping systems (Thakur et al., 2023). The assessment of production efficiency and land resource use efficiency (LRUE) of mustard varieties provides critical insights into the effectiveness of different cultivars and their potential for optimizing agricultural practices (Table 7). The data pooled over 2 years indicate notable variations in both production efficiency (kg/ha/day) and LRUE (%) among the mustard varieties analysed.

The production efficiency of the mustard varieties ranged from 14.07 kg ha−1 day−1 for RGN-145 to 15.37 kg ha−1 day−1 for DRMRIJ-31. The highest production efficiency was recorded for DRMRIJ-31, suggesting that this variety utilizes growth resources most effectively during its growing period. This aligns with findings by Gupta et al. (2022), who noted that certain mustard varieties possess superior growth traits leading to enhanced biomass accumulation and yield. In comparison, RGN-145, despite being a well-known variety, demonstrated the lowest production efficiency among the tested varieties. This may be due to its slightly longer growing duration of 224 days, potentially leading to diminishing returns as the plants age (Kumar et al., 2022). Such insights suggest that while RGN-145 may perform adequately under specific conditions, it might not be the best choice for maximizing daily production outputs. The land resource use efficiency (LRUE) values for the mustard varieties ranged from 61.32% for RGN-145 to 62.61% for RH-725. The findings indicate that these varieties utilize land resources effectively, but there are marginal differences among them. Notably, the slight variations in LRUE highlight the impact of genetic and agronomic factors on land utilization. RH-725 exhibited the highest LRUE at 62.61%, indicating its efficiency in converting land resources into yield, potentially due to its optimal growth characteristics and adaptability to local conditions (Singh et al., 2023). The improvements in LRUE suggest that this variety could be particularly beneficial in sustainable agriculture frameworks, where maximizing output while conserving resources is crucial.



Interaction effects of different cropping systems on economic performance of mustard varieties

The economic evaluation of mustard varieties under different cropping systems provides critical insights into their profitability and viability for farmers. The pooled data (Tables 9, 10 and Figures 3, 4) reveals significant differences in net returns for both individual mustard varieties and the entire cropping systems. Fallow-Mustard system exhibited the highest net returns across all mustard varieties, with RH-725 yielding ₹115,815 ha−1, followed by DRMRIJ-31 at ₹104,408 ha−1. This trend indicates that under conditions of minimal competition and sufficient resource availability, mustard varieties can realize significant economic benefits (Sharma et al., 2022). Conversely, the Pearl millet-Mustard combination recorded the lowest net returns, with RGN-145 generating only ₹42,033 ha−1. This stark difference suggests that competitive dynamics with pearl millet severely limit mustard’s profitability (Vaikuntapu and Kumar, 2023).


TABLE 9 Net returns of mustard varieties under different cropping systems (pooled).


	Treatments
	Net returns of mustard (₹ ha−1)
	Net returns of system (₹ ha−1)



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	76,171 	84,782 	101,144 	104,408 	115,815 	76,171 	84,782 	101,144 	104,408 	115,815


 	Groundnut-Mustard 	76,740 	78,488 	54,436 	52,485 	46,176 	238,147 	233,462 	210,208 	213,249 	197,573


 	Sesame-Mustard 	57,501 	63,264 	71,490 	73,733 	78,968 	80,560 	87,177 	94,308 	97,776 	101,165


 	Cluster bean-Mustard 	85,576 	95,261 	110,481 	114,399 	124,317 	179,709 	191,362 	203,103 	214,753 	213,090


 	Green gram-Mustard 	66,294 	73,253 	84,189 	87,171 	94,130 	134,124 	139,403 	149,424 	159,831 	155,622


 	Moth bean-Mustard 	65,926 	71,309 	80,242 	82,627 	88,195 	101,730 	106,525 	114,719 	121,243 	119,264


 	Pearl millet-Mustard 	42,033 	46,839 	54,390 	56,449 	61,254 	65,546 	68,538 	74,863 	79,392 	79,719


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	2,351 	2,433 	 	 	 	2,641 	2,669 	 	 	


 	CD at 5% 	6,863 	6,817 	 	 	 	7,710 	7,478 	 	 	




 


TABLE 10 Benefit cost ratio of mustard and systems of mustard varieties under different cropping systems (pooled).


	Treatments
	Benefit cost ratio of mustard
	Benefit cost ratio of system



	Cropping systems
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725
	RGN-145
	RGN-236
	RH-749
	DRMRIJ-31
	RH-725

 

 	Fallow-Mustard 	3.18 	3.42 	3.89 	3.98 	4.31 	3.18 	3.42 	3.89 	3.98 	4.31


 	Groundnut-Mustard 	3.19 	3.24 	2.56 	2.50 	2.32 	3.98 	3.92 	3.63 	3.67 	3.47


 	Sesame-Mustard 	2.64 	2.81 	3.04 	3.11 	3.26 	2.71 	2.85 	3.01 	3.08 	3.15


 	Cluster bean-Mustard 	3.45 	3.72 	4.16 	4.27 	4.55 	4.27 	4.48 	4.69 	4.90 	4.87


 	Green gram-Mustard 	2.89 	3.09 	3.41 	3.49 	3.69 	3.24 	3.32 	3.49 	3.66 	3.59


 	Moth bean-Mustard 	2.88 	3.04 	3.29 	3.36 	3.52 	3.03 	3.13 	3.29 	3.42 	3.39


 	Pearl millet-Mustard 	2.20 	2.34 	2.55 	2.61 	2.75 	2.39 	2.46 	2.59 	2.69 	2.70


 	 	Cropping systems 	Mustard varieties 	 	 	 	Cropping systems 	Mustard varieties 	 	 	


 	S.Em. ± 	0.07 	0.07 	 	 	 	0.06 	0.06 	 	 	


 	CD at 5% 	0.20 	0.19 	 	 	 	0.18 	0.17 	 	 	




 

[image: Bar chart comparing seed yield in quintals per hectare for different cropping systems: fallow, groundnut, sesame, cluster bean, green gram, moth bean, and pearl millet. Each cropping system displays yield for varieties RGN-145, RGN-236, RH-749, DRMRIJ-31, and RH-725, indicated by different colored bars. The cluster bean system shows the highest yield for all varieties, with RGN-145 generally having the highest yield across most systems.]

FIGURE 3
 Performance of mustard seed yield under different cropping systems.


[image: Bar graph showing mustard equivalent yield (qt ha⁻¹) for different cropping systems: fallow, groundnut, sesame, cluster bean, green gram, moth bean, and pearl millet. Each system has bars representing varieties: RGN-145, RGN-236, RH-749, DRMRJI-31, and RH-725. Groundnut has the highest yield for most varieties, while pearl millet shows the lowest.]

FIGURE 4
 Performance of mustard equivalent seed yield of systems (MESY) under different cropping systems.


[image: Bar chart comparing net returns in rupees per hectare across different cropping systems and varieties: Fallow, Groundnut, Sesame, Cluster bean, Green gram, Moth bean, and Pearl millet. Varieties include RGN-145, RGN-236, RH-749, DRMRIJ-31, RH-725. RH-725 generally shows highest returns, especially in Sesame and Cluster bean, while RGN-145 often has lower returns across crops.]

FIGURE 5
 Performance of net returns of mustard varieties under different cropping systems.


In terms of overall cropping system profitability, the Groundnut-Mustard system generated substantial net returns, particularly ₹238,147 for RGN-145. This indicates the synergistic benefits of intercropping with legumes, which not only enhance soil fertility but also contribute to higher economic returns through effective resource utilization (Rani et al., 2023). In comparison, the Cluster bean-Mustard system also showed promising returns, with RGN-145 achieving ₹179,709, highlighting the importance of selecting compatible crops that can thrive together (Mishra et al., 2023).

The Fallow-Mustard cropping system consistently yielded the highest BCR across all mustard varieties, with RH-725 achieving a BCR of 4.31. This suggests that under optimal conditions with minimal competition, mustard varieties can generate substantial returns relative to their costs (Gupta et al., 2022; Figures 4–6). Conversely, the Pearl millet-Mustard system had the lowest BCR, particularly for RGN-145, with a BCR of 2.20. This indicates that the competition from pearl millet reduces the economic efficiency of mustard cultivation in this context (Vaikuntapu and Kumar, 2023). The Cluster bean-Mustard system demonstrated the highest BCR among cropping systems, with values reaching up to 4.90 for DRMRIJ-31. This suggests that the integration of cluster beans with mustard is economically advantageous, likely due to improved resource utilization and complementary growth patterns (Mishra et al., 2023). In contrast, the Groundnut-Mustard system yielded lower BCR values, especially for RH-749 at 2.56, indicating that while intercropping can be beneficial, it may also lead to diminished returns under certain conditions (Rani et al., 2023).

[image: Bar chart showing net returns of different cropping systems, including fallow, groundnut, sesame, cluster bean, green gram, moth bean, and pearl millet. Each system is represented by bars in five colors indicating RGN-145, RGN-236, RH-749, DRMRJ-31, and RH-725, with net returns ranging up to 250,000 units.]

FIGURE 6
 Performance of system net returns under different cropping systems.





Conclusion

The evaluation of mustard yield attributes, productivity metrics, and harvest index across diverse cropping systems and varieties highlights key strategies for enhancing agroecosystem performance under arid and semi-arid conditions. The consistent superiority of the cluster bean-mustard system, particularly with varieties like RH-725 and DRMRIJ-31, underscores the role of legume-based crop diversification in improving soil nitrogen availability, root-zone resource dynamics, and overall crop vigor. This reflects the ecological benefits of biological nitrogen fixation and complementary nutrient uptake patterns that enhance mustard growth under moisture-limited conditions. The groundnut-mustard system, with MEGY averaging 50–55 q ha−1, demonstrated the highest system productivity, economic return, and land-use efficiency. This suggests that pairing mustard with nutrient-enriching legumes in rotational or sequential systems can serve as a robust climate-smart strategy, particularly in marginal agroecosystems prone to abiotic stress. Overall, the findings reinforce the scientific premise that integrated cropping systems combining leguminous kharif crops with resilient mustard genotypes not only enhance yield stability and profitability but also contribute to climate resilience, soil health regeneration, and long-term sustainability of dryland agriculture. Such approaches are central to advancing sustainable intensification and meeting future food and oilseed demands under changing climatic conditions.
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