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REVIEW ARTICLE
Title: Smart Spacing Strategies in Castor: The HDPS Advantage – A Review 

	
	ABSTRACT
Castor (Ricinus communis L.) is an economically significant oilseed crop valued for its unique ricinoleic acid–rich oil, which finds applications across industrial, pharmaceutical, and biofuel sectors. Despite its adaptability to marginal soils and drought conditions, castor productivity remains suboptimal due to low-yielding varieties, disease incidence, poor mechanization, and limited adoption of improved agronomic practices. The High-Density Planting System (HDPS) has emerged as an innovative approach to overcome these challenges by optimizing plant population, enhancing input efficiency, and enabling mechanized cultivation. Research indicates that HDPS significantly improves seed and oil yields, resource-use efficiency, and profitability through integrated management of nutrients, irrigation, weeds, and pests. Optimal spacing (0.45–0.60 m) and plant populations (50,000–55,000 ha⁻¹) promote canopy uniformity and efficient light interception. Integrating drip fertigation, site-specific nutrient management (SSNM), and integrated pest management (IPM) further enhances system sustainability under diverse agro-climatic conditions. Breeding programs are now focusing on developing HDPS-compatible hybrids—compact, early-maturing, and disease-resistant—through marker-assisted selection, genomic tools, and omics-based breeding approaches. The integration of HDPS with precision agronomy, mechanization, and biotechnological innovations provides a sustainable pathway to boost castor productivity, profitability, and resilience, positioning it as a strategic crop for the emerging bio-based and industrial economy.
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INTRODUCTION
Castor (Ricinus communis) is increasingly recognized as a valuable commercial crop due to its unique oil properties and diverse applications. This hardy, drought-resistant plant thrives in marginal soils and is cultivated primarily in countries like India, China, and Brazil, with average seed yields ranging from 700 to 1100 kg ha-1 (Fatimah et al., 2022). The oil extracted from castor seeds is notable for its high ricinoleic acid content, making it essential for various industries, including lubricants, biodiesel, and pharmaceuticals. Castor is a cross-pollinated, annual crop that can be grown under both rainfed and irrigated conditions ("Castor Breeding", 2022). High-yielding genotypes can produce up to 1.9 t ha-1, with oil yields reaching 1250-2500Lha-1 and currently accounts for only 0.15% of global vegetable oil production, indicating room for growth in both cultivation and market demand (Severino et al., 2012). Castor oil is utilized in over 700 applications, including cosmetics, plastics, and renewable energy sources (Chakrabarty et al., 2021). It serves as a critical raw material for the specialty chemical industry due to its unique fatty acid composition. However, challenges such as toxicity and limited research may hinder its broader adoption.

Need for enhanced productivity in castor cultivation

The need for enhanced productivity in castor cultivation is driven by various challenges, including low yields, disease pressures, and increasing production costs. It highlight’s the importance of adopting innovative practices such as mechanization, improved breeding strategies, and optimized irrigation methods to boost productivity and profitability in castor farming. Selective mechanization practices (SMPs) have shown a 13.2% increase in seed and oil yield, alongside significant labor savings of 23 man-days per hectare (Ramanjaneyulu et al., 2001). A studies indicated a 25% increase the productivity and 65% reduction in cultivation costs through mechanization of critical operations (Srinivas et al., 2009). Enhancing resistance to wilt and root rot diseases is crucial, as these diseases significantly impact yields and advances in breeding strategies, including marker-assisted selection and hybridization, are essential for developing resilient castor varieties (Kashyap & Delvadiya, 2023). By using the drip-fertigation during the rabi season has been identified as a promising approach to stabilize yields and enhance productivity in southern india (Suresh et al., 2023). While these advancements present a pathway to improved productivity, challenges such as labor scarcity and climate variability continue to pose risks to castor cultivation. Addressing these issues holistically is vital for sustainable growth in the sector.

Concept of High-Density Planting System (HDPS) 

The High-Density Planting System (HDPS) in castor involves optimizing planting methods to increase yield and efficiency, particularly in mechanized and arid environments. This system focuses on strategic planting arrangements, fertilization, and pruning techniques to enhance the growth and productivity of castor plants. It facilitates mechanized harvesting by controlling the growth of castor plants to ensure uniform ripening and ease of harvest. These techniques such as topping and pruning are used to maintain the branch growth, focusing on first and second-order branches for optimal fruit development and oil content. This approach reduces labor costs and increases planting efficiency and yield per unit area (Zhou et al., 2018). In arid regions, HDPS employs a layer structure planting method, using a combination of high and short varieties to optimal space and improves the pollination. 

The use of under-mulch and drip irrigation, strategic row arrangements enhances the leaf area index and photosynthetic productivity, for high yields in water-scarce environments (Zhao et al., 2015). HDPS can also involve planting short, single-spike varieties of castor, which are easier to manage and harvest. This method includes specific planting times, row spacing, and fertilization techniques to maximize yield and ensure the main stem spike is the primary focus for fruit production (Zhimin et al., 2003). Although not specific to castor, high-density soilless systems can be adapted for castor cultivation, offering benefits such as controlled nutrient delivery and efficient use of space (Pieter, 2015). While HDPS offers significant advantages in terms of yield and efficiency, it requires careful management of plant growth and environmental conditions. The success of HDPS in castor cultivation depends on the ability to adapt these methods to specific regional and climatic conditions, ensuring that the benefits of increased density do not lead to resource competition or reduced plant health.

Optimum plant spacing and plant population

It indicates that narrower row spacings and specific plant populations can enhance seed and oil yields, particularly for short-height genotypes. Optimal row spacing for castor cultivation is generally between 0.45 m and 0.60 m. In narrower spacings (0.45 m) lead to higher yields due to better biomass production and seed allocation (Petinari et al., 2012). Wider spacings (0.90 m) resulted in lower growth and yield components. Recommended plant populations range from 50,000 to 55,000 plants per hectare for balancing yield. Higher densities can reduce individual plant growth but may not significantly affect overall yield due to compensatory mechanisms in castor plants (Souza-Schlick et al., 2014). Inadequate plant density is a common issue affecting productivity, particularly in hybrid varieties (Kathirvelan, 2017). It indicates significant economic benefits at 0.45 m spacing and 55,000 plants ha-1. Cost analysis shows that higher plant populations can increase production costs due to seed and management inputs (Petinari et al., 2012). 

Suitable varieties and hybrids for HDPS in castor

The selection of suitable varieties and hybrids in castor is crucial for optimizing yield and ensuring sustainable cultivation. HDPS involves planting crops at higher densities than traditional methods, which can enhance productivity if the right varieties are chosen. 

DCH 519: This hybrid for adaptability to various soil and climatic conditions, making it suitable for dryland farming. Optimizing plant density is essential for maximizing its yield potential, as inadequate plant population is a common issue in castor cultivation (Kathirvelan, 2017). 

SKP 93 x J 1, SKP 93 x 6-219-22, and VP 1 x HO: These hybrids exhibit significant positive heterosis for seed yield per plant, making them desirable for improving seed yield in castor, which are critical for HDPS (Joshi et al., 2002). Genotypes 48-1 and DCH-200: These genotypes are identified for their high O/L ratio, low iodine value, and high cetane number, indicating their suitability for biodiesel production to make stability and combustion quality (Lavanya et al., 2012). Enhancing resistance to wilt and root rot is vital for sustainable castor cultivation. Breeding strategies, including traditional and biotechnological approaches, are essential for developing resistant varieties that can thrive in HDPS (Kashyap & Delvadiya, 2023). 

Nutrient management under HDPS in castor

Nutrient management is crucial for optimizing yield and ensuring sustainable agricultural practices by using Integrated nutrient management (INM) approaches and organic and inorganic fertilizers, have shown significant benefits in enhancing castor yield and nutrient uptake. Combination of organic and inorganic fertilizers indicate that application of farmyard manure (FYM) along with biofertilizers like Azospirillum and phosphobacteria significantly improves yield attributes and oil yield compared to solely inorganic fertilizers and the use of 75% recommended dose of fertilizers (RDF) combined with micronutrients like ZnSO4 has been effective in maximizing seed and oil yield (Kumar & Kanjana, 2009). Implementing site-specific nutrient management (SSNM) has led to higher yields (28 q ha-1) compared to traditional practices (15 q ha-1) by tailoring fertilizer application based on soil nutrient variability. Soil sampling analysis by geo-statistical at a grid level allow for precise nutrient management, enhancing the efficiency of fertilizer use (Shankaraiah et al., 2023). By using post-harvest soil nutrient prediction models Utilizing multivariate analysis to guide future fertilizer applications, ensuring that nutrient levels are maintained for subsequent crops (Abishek et al., 2022). 

Irrigation and water use efficiency in HDPS castor

Optimal irrigation regimes, such as maintaining soil water tension at 40 kPa, have been shown to maximize grain and oil yields while minimizing water demand (Avilez et al., 2025). Drip irrigation at 0.6 Epan replenishment during the flowering stage and 0.8 Epan later resulted in comparable yields to other methods, with a maximum seed yield of 3611 kg ha-1 and Crop coefficients (Kc) for different growth phases ranged from 0.345 to 0.822, aiding in the prediction of irrigation needs and ensuring efficient water use (Kumar et al., 2023). A standardized fertigation schedule, applying nitrogen in specific quantities at different growth stages, resulted in higher seed yields (3351-3356 kg ha-1) and WUE (8.79-8.82 kg ha-1 mm) (Ramanjaneyulu et al., 2020).

Weed and pest management practices 

Effective strategies involve both weed control and pest management  practices tailored to the specific challenges of high-density planting.  Pre-emergence herbicides like diclosulam and pendimethalin have shown high weed control efficiency, with studies reporting up to 90.5% efficiency and significant yield increases (2264 kg ha-1) when combined with intercultivation practices (Imran et al., 2024; Kowser et al., 2018). Integrated approaches on chemical and mechanical methods by using power weeders, it enhances the weed control and reduces competition for resources, leading to improved growth and yield (Imran et al., 2024; Costa et al., 2014). 

A combination of soil amendments (vermicompost and neem cake) and biopesticides (Trichoderma viride) has been effective controls the pests like whiteflies and jassids, resulted in quality yield and Alternaria blight, Powdery mildew, Charcoal root rot) diseases thrive under high temperatures and drought, exacerbating yield losses (Singh et al., 2020).  Implementation of crop rotation and resistant varieties can help mitigate pest and reducing the usage of chemical controls and promoting sustainable practices and these pests (Shoot and capsule borer, Tobacco caterpillar, Semilooper) can cause substantial damage, leading to over 50% reduction in productivity (Vinay et al., 2020). IPM reduces reliance on chemical pesticides, minimizes environmental impact, and enhances crop resilience (Narayanamma et al., 2013). While these strategies are effective, challenges remain, such as the limited availability of registered herbicides and the need for ongoing research to develop new pest management solutions. Balancing chemical and ecological approaches is essential for sustainable castor production.

Canopy architecture and light interception

Canopy structure influences how effectively plants absorb the light, which is essential for photosynthesis and biomass production. Canopy architecture refers to the arrangement and density of leaves, which directly affects light interception efficiency (Murchie & Burgess, 2022). Optimized canopy structures allow more light to penetrate to lower leaves, also enhancing the photosynthesis and yield potential (Nobel et al., 1993). It enhances by genetic selection to modify canopy architecture, with mainly focus on modern breeding traits that enhance light interception (Gaillard et al., 2020). Implications for crop yield by light interception through optimized canopy can lead to higher biomass production and crop yields (Wang et al., 2016). 

Effect of growth and yield attributes on hdps

The growth and yield attributes are influenced by various agronomic practices, including sowing time, irrigation, land configuration, and weed management. Sowing castor in the second fortnight of June resulted in maximum growth attributes, such as plant height (249.53 cm) and dry matter (165.15 g plant-1) and Irrigation at 75 mm CPE also promoted growth, yield 3105.97 kg ha-1) of seeds (Panchal et al., 2019). Among DCH-519 hybrids, exhibited superior growth and yield characteristics, including plant height and seed yield, outperforming local varieties (Sannappa et al., 2016). Land Configuration and Fertilization were Ridges and furrows significantly improved growth and yield attributes compared to flatbed configurations, with 125% RDF yielding the highest results (Kausalye et al., 2023). A weed-free condition maximized growth and yield, achieving a seed yield of 2264 kg ha-1, while effective herbicidal treatments also provided substantial yield benefits (Imran et al., 2024).

Benefits of HDPS in castor on suitability for mechanization

This approach optimizes plant population density, leading to improved resource utilization and increased yields, which are crucial for mechanized harvesting. Efficiency on HDPS allows for a higher number of plants per unit area, which can lead to a 25% increase in productivity compared to traditional methods (Srinivas et al., 2009). The specific agronomic practices, such as controlled topping and selective branch management, it results in more uniform ripening and reduced fruit drop, also facilitates the mechanical harvesting (Zhou et al., 2018). Accessions with desirable morpho-agronomic characteristics, such as ideal height and oil content, have been identified, enhancing the potential for mechanized production (Oliveira et al., 2019). Economically mechanization reduces labor costs and increases operational efficiency, also more economically viable and integration of HDPS with mechanization can lead to significant cost savings, addressing labor shortages and rising input costs in agriculture (Srinivas et al., 2009). Conversely, while HDPS offers numerous benefits, it may also pose challenges such as increased competition for resources among plants, which could affect overall crop health and yield if not managed properly.

Cost-Benefit Analysis in high density

Castor plants exhibit adaptability in high-density settings, maintaining productivity despite limited secondary branching (Fioreze et al., 2016). Implementing HDPS is a low-cost method that significantly boosts seed yield, thus improving profitability for farmers (Kathirvelan, 2017). HDPS can yield higher net profits and better benefit-cost ratios compared to traditional practices (Laxman et al., 2024). 

Future prospects for breeding strategies for HDPS-Compatible varieties

Marker and genomic technologies tools are essential for identifying and selecting traits that enhance yield and adaptability to HDPS. They allow for precise selection of superior alleles and genes that contribute to desired plant characteristics and emphasizing traits that enhance grain yield and quality, including cooking and nutritional quality, is vital for HDPS. This requires a long-term strategy to combine genes for different yield-enhancing traits (Kumar et al., 2017). Engaging in breeding consortia and securing support from donors and stakeholders can accelerate the development of HDPS-compatible varieties (Beumer & Stemerding, 2021). Recurrent selection involves repeated cycles of selection to accumulate desirable traits, particularly in developing high-yielding and resilient varieties (Almeida et al., 2015). Hybridization combines genetic material from different varieties to create hybrids with improved traits, such as disease resistance and yield stability. Techniques like Genome-Wide Association Studies (GWAS) and Quantitative Trait Loci (QTL) mapping to identify and select for beneficial alleles by molecular markers (Patel et al., 2024; Vasconcelos et al., 2012). Biotechnological tools Includes by marker-assisted selection (MAS) and genetic transformation, allowing for precise manipulation of genes associated with desirable traits (Kashyap & Delvadiya, 2023). Omics technologies provide insights into the molecular mechanisms of stress tolerance, aiding in the development of climate-resilient varieties (Patel et al., 2024).
CONCLUSION
Castor is a valuable industrial crop known for its unique oil composition, adaptability to marginal environments, and diverse uses, yet its productivity remains constrained by low-yielding varieties, disease susceptibility, and limited mechanization. The High-Density Planting System (HDPS) addresses these challenges by optimizing plant population, enhancing input efficiency and supporting mechanized cultivation. HDPS improves land, nutrient, and water use efficiency while increasing seed and oil yields, benefit–cost ratio, and overall sustainability, especially when integrated with drip fertigation, site-specific nutrient management (SSNM), and integrated pest and weed management (IPM). Future efforts should focus on developing compact, early-maturing, disease-resistant, and high-yielding HDPS-compatible genotypes using molecular and omics-based breeding tools, along with refining agronomic practices for optimal spacing, canopy management, and fertigation. The integration of HDPS with precision input management, mechanization and advanced breeding strategies offers a sustainable pathway to enhance castor productivity, profitability, and resilience, supporting its role as a strategic crop in the bio-based industrial economy.
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