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High-Density Planting in Fruit Crops: A Comprehensive Review of Techniques and Outcomes

Abstract  
The average productivity of fruits in India is low when compared to many developed countries, the main reasons being old and senile orchards, low yielding genotypes, poor orchard management and inadequate technological advancements. Presently, the increasing costs of land and energy, along with shrinking cultivable land and the rising demand for fruits, have collectively routed to the adoption of High-Density Planting (HDP) systems in fruit culture. HDP aims to optimize vertical and horizontal space, accommodating more plants per unit area to reduce the gestation period, increase productivity, improve fruit quality, and maximize returns while maintaining soil and plant fertility. The effectiveness of this technology relies on employing methods to regulate shoot growth and optimize light interception as the trees start to produce fruit. The main aim of this review is to focus upon contemporary information about the spacing, suitable varieties and plant population of different fruit crops under HDP systems and how to control tree size by adopting various techniques such as use of genetically dwarf scion cultivars, use of dwarfing rootstocks and inter stock, efficient training and pruning, application of growth retardants, incompatible rootstock, induction of viral infection and how spacing, pruning techniques and application of growth retardants affect the biometric, fruit physical and quality parameters. 
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Introduction 
Fruits are the greatest gifts of nature to mankind. They are rich in vitamins A, thiamine (vitamin B1), niacin (B3), pyridoxine (B6), folic acid (B9), vit C, and E along with minerals like calcium, magnesium, iron, and potassium. Papaya, mango, guava, jackfruit, pineapple, and lemon are notable sources of vit A, and C, while wood apple and litchi are rich in phosphorus and amino acids, walnut is rich in fat. Fruits also provide health-enhancing antioxidants, including flavonoids, abundant in guava, oranges, and mangoes (Menzel and Lagadec, 2014).
India is the world's second-largest fruit producer after China, with 7.00 million hectares under cultivation and an annual production of 110.21 million tonnes (PIB, 2023). However, its productivity is lower than many developed countries due to senile orchards, low-yielding varieties, poor orchard management, and limited technological advancements (Choudhary et al., 2020).
The increasing costs of land and energy, along with shrinking cultivable land and the rising demand for fruits, have collectively routed to the adoption of High Density Planting (HDP) systems in fruit culture (Mishra et al., 2016). HDP aims to optimize vertical and horizontal space, accommodating more plants per unit area to reduce the gestation period, increase productivity, improve fruit quality, and maximize returns while maintaining soil and plant fertility (Robinson, 2014).
High Density Planting involves densely planting small trees while controlling vegetative growth using dwarfing rootstocks, bio-regulators, and pruning. This approach redirects plant energy toward economically valuable parts. Initially developed in Europe for apple cultivation in the 1960s, HDP is now adapted for various fruits across diverse agro-climatic regions. In India, it has been successfully applied to apple, peach, pear, plum, sweet cherry, banana, pineapple, papaya, mango, guava, and kinnow mandarin (Subedi et al., 2020).

Types of HDP systems
· Low high density planting (70-250 plants/ha)
· Moderate high density planting (250-500 plants/ha)
· High high density planting (500-1250 plants/ha)
· Ultra high density planting (1250 plants /ha) 
· Super high density planting (20,000plants/ha) (Radha and Mathew, 2007).
Factors influencing HDP
· Cultivar
· Rootstock
· System of planting
· Quality of planting material
· Nutrition and moisture
· Number of trees per hectare
· Economics of production
The effectiveness of this technology relies on employing methods to regulate shoot growth and optimize light interception as the trees start to produce fruit (Menzel and Lagadec, 2014).
Components of High Density Orchard
Tree size can be controlled by applying various techniques such as
· Use of genetically dwarf scion cultivars
· Use of dwarfing rootstocks 
· Canopy management
· Application of growth retardants
· Use of mechanical devices
· Use of incompatible rootstock
· Induction of viral infection   (Subedi et al., 2019).
Use of genetically dwarf scion varieties
· Apple: Red Chief, Oregon Spur, Red Spur, Stark Spur Gold, Well Spur, Starkrimson  delicious
· Cherry: Lambert, Meteor, North Star
· Guava: Pant Prabhat
· Mango: Amrapali
· Litchi: Calcutta, China
· Papaya: Pusa Nanha, Pusa Dwarf, Red Lady
· Peach: Red Heaven, Candor
· Sapota: PKM-1, PKM-3 (Saroj and Singh, 2018)
Use of dwarfing rootstocks
Rootstocks significantly influence tree vigor, early fruit production, overall yield, fruit quality, and the lifespan of orchards across various fruit crops (Goswami et al., 2014; Saroj and Singh, 2018).
Commonly used dwarfing rootstocks for different fruit crops are
· Apple: M4, M7, M9, M26, MM106, M27 (Ultra-dwarfing)
· Ber: Zizyphus rotundifolia, Z. nummularia
· Citrus: Trifoliate orange (Poncirus trifoliate var. Flying dragon), Troyer citrange, Citrangequat, Feronia, Severinia buxifolia, Karna Khatta, Sour orange
· Guava: Psidium friedrichsthalianum, P. pumilum, P. chinensis, Pusa Srijan, Aneuploid-82
· Mango: Vellaikolumban (Alphonso), Olour (Himsagar, Langra)
· Pear: Quince C
· Peach: Siberian C, St Julien X, Prunus besseyi, Rubira
· Plum: Pixy.
· Cherry: Colt, Charger
Breeding progammes to develop dwarf varieties have been successful in many fruit crops. More recently molecular breeding techniques have addressed some of the constraints of conventional breeding (Gomez et al., 2021). Several genes, including Ipt, OSHI, and rolA, B, and C, have been identified in fruit cultivars that can cause dwarfism. Shao et al. (2020) employed the CRISPR/Cas9 technology to alter MaGA20ox2 genes in ‘Gros Michel’ and resulted in semi dwarf mutants. The MdKNOX15 gene, a KNOX transcription factor in apple, was found to be more highly expressed in the scion of Fuji apples grafted onto M.9 rootstocks which exhibit dwarfism and early flowering compared to self-rooted Fuji trees (Jia et al., 2021). Reduced expression of the IPT5b gene, associated with high methylation in its promoter region, disrupts trans-zeatin production and may contribute to dwarfism in apple (Feng et al. 2017).
Canopy management
Canopy management is vital for maintaining fruit yield and quality by optimizing sunlight capture and conversion into fruit biomass. It involves shaping and pruning the canopy to maximize sunlight exposure to leaves, directly enhancing fruit production.
Objectives of canopy management 
1. Maximum utilization of light by regulating the growth
2. Avoidance of built – up microclimate congenial for diseases and pest infestation.
3. Convenience in carrying out the cultural practices
4. Maximizing the productivity with quality fruit production
5. Economy in obtaining the required canopy architecture
6. Formation of strong frame work having equidistant branches on all directions
7. Developing the canopy with centre opened so that it gets better exposure to                      sun light.
8. Controlling the stature/size of the plant to harness the maximum productivity (Kumar and Sharma, 2020)
Canopy management in bearing mango orchards
Balamohan et al. (2016) standardised canopy management practices in mango. The stepwise operations in canopy management of young trees are as follows.
· Allow the grafts to grow as a single stem up to a height of one meter from the ground.
· Cut back the graft to a height of 60–70 cm from the ground in October–November to induce the development of primary branches. Make a smooth cut using sharp secateurs.
· Heading back results in the formation of new primary branches (3-7) during March- April. Prune the excess branches and allow 3 to 4 in all the directions
· Prune primary branches at 60-70 cm height to induce new secondary shoots (7-10 month after the first cut preferably during October-November)
· Thin the excessive secondary shoots retaining 2-3 shoots per primary branch
· Tertiary branches (2 to 3) can be obtained by pruning the secondary branches at 60-70 cm height
Experiments at TNAU showed that effective canopy management, including post-harvest pruning and applying 1 g/m² paclobutrazol to the soil in September, benefits mango production. Proper canopy management also enables off-season cropping but is limited to well-maintained, irrigated orchards. As manual pruning is labor-intensive, developing mechanical pruning methods for mango trees is necessary (Kumar et al., 2009).
Training and pruning
Training starts when the tree is initially planted and continues throughout its productive life. Proper tree structure, branch angles, and limb spacing aids in effective growth control. The first training is done after one growing season, allowing each plant to maintain a single stem with upward growth to 60–80 cm, after which four scaffold branches are selected in different directions to establish the tree’s framework. Afterward, two shoots emerging from each primary branch, spaced 60–75 cm from the main stem, are allowed to form secondary branches, followed by tertiary branches in a similar pattern. Once the plants begin bearing fruit, shoots from the secondary and tertiary branches are pruned to a depth of 15–20 cm immediately after harvest. This pruning often promotes vigorous regrowth of shoots in crops like mango, guava, and others. For apples grown on dwarfing rootstocks, the spindle bush system is an efficient training method (Saroj and Singh, 2018).
Tiwari et al. (2018)  reported that in guava  highest fruit yield per tree (7.13 kg) was obtained with 2 × 2 m spacing with pruning to the last two seasons of growth, while the maximum yield per hectare (21.05 t) was achieved at 2 × 1 m spacing with the same pruning intensity.
Umara et al. (2019) found that plants pruned from both sides produced the highest number of fruits (81.19) and the largest fruit dimensions, with a length of 6.51 cm and a width of 7.75 cm. 
Balamohan and Kala (2019) inferred that light pruning (10 cm) combined with paclobutrazol @ 1 ml/l resulted in the highest fruit set percentage, number of fruits per tree, mean fruit weight, fruit length and circumference, pulp weight, and overall fruit yield per tree and per hectare. In contrast, severe pruning reduced fruit yield. However, the highest total soluble solids and total sugars were recorded under heavy pruning with Paclobutrazol, which maximized light penetration. Among the various pruning treatment pruning at 10 cm resulted in earlier vegetative bud emergence, the longest new shoot growth, larger fruit diameter at harvest, higher average fruit weight, and an increased number of fruits (Lakpathi et al. 2013). In guava pruning 30 cm of apical shoots on May significantly improved yield attributes, including the number of fruits per tree, fruit size, weight, overall yield and also enhanced fruit quality by increasing TSS, sugars, ascorbic acid, and pectin content  (Singh and Kaur, 2019). 
Das et al. (2018) achieved a greater number of shoots in 'Sardar' guava by implementing ultra high density planting with a spacing of 1 m × 2 m and pruning 50% of the shoot length three times a year in March, May, and October.  Suresh and Shakila (2017) found that pruning 30 cm of apical shoots in mid-March resulted in the greatest increase in yield and yield-related attributes such as fruit weight and fruit yield per tree, followed by pruning 20 cm in mid-March, which was similar to the findings of Shinde et al. (2020) in guava. 
Joshi et al. (2014), found that a plant spacing of 2.0m × 2.0 m and applying three-fourth shoot pruning resulted in early emergence of new shoots, increased flower buds per plant, and enhanced fruit set. 
Use of growth retardants
Use of plant growth regulators may prolong dormancy, reduce vegetative growth, delay flowering, reduce fruit drop etc. Commercially adopted growth retardants to restrict vegetative growth are CCC, Ancymidal, Phosphon D, Paclobutrazol, Alar, Uniconazole and Chloramquat. Paclobutrazol is commercially used for crop regulation on alternate bearing cultivars of mango such as Dashehari, Chausa and Bombay Green (Saroj and Singh, 2018). Paclobutrazol, a versatile growth retardant, reduces vegetative growth and promotes flowering in various fruit crops like apple, pear, peach, citrus, and mango (Sarkar and Rahim, 2012). It works by inhibiting gibberellin synthesis, blocking the conversion of kaurene to kaurenoic acid, which limits cell elongation and internode extension, thereby slowing plant growth. Similarly the growth inhibitory response of paclobutrazol at 500 ppm was reported in guava (Brar, 2010).
Cultar application was used to induce flowering in the mango variety Langra, showing greater effectiveness during off years. The best results were achieved with a soil application of 5 g per tree, which increased flowering shoots, fruit set, and retention and highest off-year yield of 54.26 kg per tree (Hoda et al., 2001).
The application of paclobutrazol significantly reduced shoot growth compared to the control, resulting in abundant flowering, an improved sex ratio, and higher fruit set and yield in "Rose Scented" litchi. Cultar-treated trees also exhibited higher total soluble solids in their fruits. A higher cultar dose (5 ml per m² of plant spread) was more effective than a lower dose (3 ml per m²) in controlling vegetative growth and enhancing flowering and yield (Ahmad et al., 2000).
Sagar et al. (2019) found that applying paclobutrazol at a concentration of 2 ml per litre per square meter of canopy improved all fruit quality parameters, including the number of fruits per plant, yield per plant, and yield per hectare. 
Paclobutrazol treated guava plants showed the highest blooming and fruit set, higher fruit numbers, yields, efficiency, and fruiting density in both rainy and winter seasons. In contrast, ethephon reduced floral bud density (FBD) and fruit set but slightly improved fruit retention and also accelerates fruit maturity by up to a week in the rainy season and two weeks in the winter season (Brar and Bal, 2010). Stan et al. (1989), reported that both foliar and soil applications of paclobutrazol enhanced flower bud formation and fruit set in high-density planting of sweet cherry. Arzani et al. (2000) observed that paclobutrazol treatment advanced flowering by 2 to 4 days in five-year-old vigorous ‘Sundrop’ apricot trees, and also enhanced fruit set, increased the final number of fruits, improved crop density, and boosted yield efficiency.
Lina and Protacio (2015) reported that applying paclobutrazol at a rate of 1 g a.i./m of canopy diameter resulted in an 18.10% increase in female inflorescence production in the ‘Eviarc Sweet’ cultivar of jackfruit. Additionally, treated trees produced female inflorescences during the offseason (August and September).
In a study on 10-year-old ‘Alphonso’ mango trees, Vijaylaxmi and Srinivasan (2000) found that among various treatments paclobutrazol (10 ml) was the most effective in enhancing the ascorbic acid content, total and reducing sugars, total soluble solids, acidity, and the sugar-to-acid ratio in the harvested fruits. Which were similar to the findings of Singh and Saini (2001) and Auxcilia et al. (2010) in mango and papaya respectively.
Singh and Bal (2006), explored the effects of pruning and growth regulators on the physicochemical properties of guava trees during the rainy season at varying spacing. The widest spacing (6 m × 5 m) resulted in the largest fruit size, highest palatability rating, total soluble solids, and vitamin C content. Ethephon at 1000 ppm yielded the lowest seed count, highest palatability rating, and TSS, whereas paclobutrazol at 1000 ppm produced the largest and heaviest fruits. Pruning at 20 cm improved physical traits like fruit weight. 
Use of incompatible rootstock
Using graft-incompatible scion and stock can induce dwarfism in the grafted plant. In a study by Saroj and Singh (2018), scion cultivars of ber grafted onto Zizyphus rotundifolia and Zizyphus nummularia rootstocks resulted in dwarfism as a consequence of graft incompatibility.
Induction of viral infection
Tree size can be reduced by inducing viral infections in citrus and apple, although this method is not used commercially. In apples, the virus-free rootstock series developed by East Malling Long Ashton (EMLA) exhibit greater vigor compared to their infected counterparts (Saroj and Singh, 2018).
Vidalakis et al. (2011) concluded that citrus dwarfing viroid is an effective method for controlling tree size in navel orange trees (Citrus sinensis) grafted onto Poncirus trifoliata rootstock. They also revealed that inducing viral infection resulted in a reduction of tree canopy volume by 45% in standard-density plantings (6 m × 6.7 m) and by 53.5% in high-density plantings (3 m × 6.7 m). Furthermore, the yield per land surface unit (Y/LSU) nearly doubled, increasing by 97.5% in high-density plantings compared to standard-density plantings. The study concluded that citrus dwarfing viroid is an effective method for controlling tree size in high-density planting systems. In Shine Muscat grapevines, graft inoculation from the mother vine with viral pathogens such as hop stunt viroid, Grapevine geminivirus A, Grapevine yellow speckle viroid 1, and Grapevine fabavirus resulted in significant dwarfing and leaf deformities (Chiaki et al., 2020).
Irrigation and fertigation
Drip irrigation and fertigation are recognized as crucial factors for the success of high-density orchards. Reliable drip irrigation, combined with fertigation, is essential following transplanting, during pruning, and throughout the fruit development stages in high-density orchards (Saroj and Singh, 2018).
Janaki et al. (2020) inferred that applying 100% recommended dose of fertilizers (RDF) through water-soluble fertilizers resulted in the highest total soluble solids at 12.84 °Brix, reducing sugar at 6.92%, non-reducing sugar at 5.15%, and the lowest titratable acidity at 0.42%.
Planting arrangement of fruit crops
A planting layout should maximize plant population per hectare, ensure adequate space for tree growth, and allow easy orchard management (Kumar et al., 2021). Mansaray et al. (2020) found that spatial arrangement had a significant impact on plant height, stem girth, and canopy width. Singh et al. (2020) showed that different planting systems significantly affected fruit growth, yield, and quality. Improper spacing is a key factor in low fruit crop productivity (Dalal et al., 2013). Hence, selection of optimum plant spacing and planting system is essential for efficient use of land and sunlight (PAR), leading to better fruit quality and yield (Mantur et al., 2014). Square and triangular systems are followed for high density planting in mango, banana, papaya and kinnow and hedge row system in Apple and Pineapple in India.
Planting density on the vegetative characters 
According to Pandey et al. (2017), plant growth can be observed through increases in length, height, stem diameter, fresh and dry biomass, leaf area, and leaf weight. Onat et al. (2017) observed that increasing plant density per unit area lead to a significant rise in plant height. Hung et al. (2011) reported that in the pineapple variety 'Smooth Cayenne', both plant height and leaf number increased in response to higher planting densities. An appropriate increase in plant density helps to achieve a sufficient population, sustain high photosynthetic efficiency, and delay leaf senescence during later growth stages, ensuring a continued supply of dry matter (Zhang et al., 2016).  Debnath et al. (2015) observed that while individual plants had fewer and smaller leaves under high-density planting, the overall number of plants and leaves per unit area increased significantly, leading to a much higher LAI.
Kumawat et al. (2014), reported that 2.0 × 2.0 m spacing showed the highest average shoot growth, with measurements including E-W spread (1.19 m), N-S spread (1.32 m), stem girth (3.75 cm), leaf area (97.16 cm²), light interception (356 μmol/m²/s). Conversely, the 1.0 × 1.5 m spacing produced the tallest plants (1.58 m), the highest leaf area index (3.29). Closest spacing (1.5 × 1.5 m) produced the tallest trees, with a height of 3.69 meters, while tree height decreased as spacing increased. Plants spaced at 6.0 × 6.0 m recorded the maximum stem girth (0.42 m) and canopy spread (3.18 m N-S and 3.11 m E-W), highest yield per tree, while closest spacing (1.5 × 1.5 m) achieved the highest yield per hectare Sharma et al. (2019). Similar findings were obtained by Ravishankar et al. (2008). Bera et al. (2021) reported that among the different spacing, minimum plant height (144.87), maximum stem girth (25.10 cm), number of leaves (29.49) were observed with a spacing of 1.80m x 1.80 m in papaya.
Planting density on fruit yield and quality
Crop geometry and plant density are key agricultural factors that impact yield and profitability (Venugopalan et al., 2013). Sarrwy et al. (2012) found that the in banana highest yield (13.80 t/ha) obtained from wider spacing (3 × 2 m) with two suckers per hole, while the lowest yield (12.28 t/ha) was from a 3 × 1 m spacing with one sucker per hole. The highest soluble solids concentration and total sugars were observed at the widest spacing (3 × 4 m) with three plants per hole. The highest  bunch weight (18.50 kg), fruit quality parameters in terms of total sugar, and sugar-to-acid ratio were found with the lowest plant population (4444 plants ha -1) and this gradually reversed as the plant density increased. This reduction in bunch weight with higher density may be due to increased canopy light interception, which likely enhanced vegetative growth but not bunch development (Chaudhuri and Baruah, 2010). 
In fig plants, individual fruit number and weight per plant increased as planting density decreased, while overall yield increased with wider spacing. However, fruit quality traits such as TSS and acidity remained unaffected by tree spacing (Kumar et al., 2015),  which was similar to the finding of Mano et al. (2011) who reported no difference in fruit quality in trees grown under closer or wider spacing. The widest spacing of 10 × 10 m produced the highest number of fruits per mango tree, along with greater average fruit weight, length, and breadth. However, the highest yield per hectare (216 t) was achieved at the closer spacing of 5 × 5 m (Gaikwad et al., 2017).
Lal et al. (2007) has shown that fruit quality parameters such as average fruit weight, total soluble solids (TSS), ascorbic acid, and sugar content were not significantly affected by different planting systems. However, the highest values for fruit weight (124.9 g), TSS (10.20%), ascorbic acid (144.39 mg/100 g pulp), and total sugar (10.06%) were observed in fruits from the square planting system. The characteristics contributing to yield, such as flower bud density, fruit setting, mean number of fruits per plant, yield per plant and fruiting density during both the crop seasons showed a notable increase in plant density of 333 plants (6 × 5 m) per hectare. And also the plant density of 333 and 416 plants/ha was shown to be better due to maximal radiation absorption and an optimal microclimate in the orchard, resulting in improved blooming, fruit set and retention, and high-quality fruits (Brar et al. 2009). In apple firmness and acidity increase with plant population whereas soluble solids, percentage blush and starch hydrolysis decreased (Costa et al., 1996) (Table 1).
Table.1 Effect of planting density/spacing on growth, yield and quality of fruit crops
	Name
	Planting
Spacing/Density
	Key Findings
	Reference

	Dragon fruit
	1815 plants ha−1
1556 plants ha−1
1361 plants ha−1
	Highest	density at 1815 plants ha−1
produced highest yield 48.7 t ha−1
	Then, 2017

	Banana
	1.75 × 1.75 m
	1.25 × 1.25 m: Highest TSS (23.05%),
	Mahmoud,

	
	1.50 × 1.50 m
	TSS/acidity ratio (101.90), reducing sugar
	2013

	
	1.25 × 1.25 m
	(14.71%) and total sugars (16.67%)
	

	Mango
	5.00 × 5.00 m
	10.00	× 10.00 m: Highest	number of
	Gaikwad et al.,

	
	5.00 × 1 0.00 m
	fruits tree−1 (347), fruit weight (271.10 g)
	2017

	
	10.00 × 10.00 m
	and the highest TSS (19.62)
	

	
	
	5.00 × 5.00 m: Yield ha−1 (21.6 t)
	

	
	
	
	

	Papaya
	2.00 × 1.50 m
2.00 × 2.00 m
2.50 × 2.00 m
	2.00 × 1.50 m: Tallest (2.12 m) plant and highest number (117,217) of fruits ha−1

2.50	× 2.00 m: Highest number (72.33
fruits plant−1) with the longest (10.93 cm) and widest (8.80 cm) fruit
	Valleser, 2016

	Sweet orange, mandarin
	3.30 × 6.60 m
3.30 × 3.30 m
6.60 × 6.60 m

	3.30 × 3.30 m: Highest plant height and lowest yield (2.11 kg plant−1)
3.30	× 6.60 m: Maximum fruit yield plant−1
	Dogar et al., 2017; Nawaz et al., 2017

	Pineapple
	45,000plants ha−1
55,000plants ha−1 65,000plants ha−1 75,000plants ha−1 
	45,000plants ha−1: Heavier fruit mass


	Valleser, 2018



High density planting in guava, (Singh, 2008) 
Since guava responds exceptionally well to pruning, the Central Institute for Subtropical Horticulture in Lucknow has recommended the following plant densities for achieving early, higher, and quality guava production:
A. 3.0m (row to row) × 1.5 m (plant to plant) accommodating 2222 plants ha-1
B. 3.0m (row to row) × 3.0 m (plant to plant) accommodating 1111plantsha-1
C. 6.0m (row to row) × 3.0 m (plant to plant) accommodating 555plants ha-1
Trees are topped to a uniform height of 60 to 70 cm above ground level two to three months after planting to induce new growth below the cut point. This results in the emergence of new shoots. Three to four evenly spaced shoots are retained around the stem to establish the main scaffold limbs of the tree. These shoots are allowed to grow for 4 to 5 months after topping until they reach a length of approximately 40 to 50 cm. The selected shoots are then pruned to 50% of their length to promote the development of multiple shoots from the buds below the cut end. New shoots are allowed to grow until they reach a height of 40-50 cm before being pruned again to encourage the growth of new shoots. This process is primarily carried out to achieve the desired shape. Pruning continues throughout the second year after planting. By the end of two years, the short branches within the tree canopy form a compact and sturdy structure. All plants are maintained in a hedge shape with an inter-row width of 2 meters and a height of 2.5 meters. Pruning is conducted annually during January-February and May-June to maintain this form.
High density planting system in banana (Kumar et al., 2018) (Table.2)
Table.2 High density planting of banana

	Sl no.
	Planting method
	Spacing (m)
	No. of plants per ha

	a
	HIGH DENSITY PLANTING
Paired row planting system
Dwarf	varieties	GrandNaine, Poovan, Rasthali, Ney Poovan
	1.2 × 1.2 x 2.0

1.5 × 1.5 x 2.0
	5200
3850

	b
	3 suckers/hill (45 cm apart in the pit)
Grand Naine, Nendran, Rasthali
	1.8 × 3.6
1.8 × 3.0
	4600
5550

	c
	Two plants per hill (Ney Poovan,
Poovan, Rasthali, Nendran, Monthan)
	2.1 × 2.4
2.1 × 2.7
	3525
3960


Table. 3 High density planting of papaya
	Crop
	Variety
	Spacing
	Plant population
	Reference

	Papaya 
	Pusa Nanha
	1.2 × 1.2 m
	6,400 plants/ha
	NHB, 2025

	
	Coorg honey dew
	1.2  × 1.8 m
	4629 plants/ha
	IIHR, 2025



Table.4 High density planting of Vazhakulam pineapple (Joy, 2010)
	Plant population/ha
	Spacing (cm)

	
	Plant to plant within a row
	Row to row
	Between paired rows

	43,500
	30
	60
	90

	53,300
	25
	60
	90

	63,000
	22.5
	60
	75

	63,758
	22.5
	45
	90



Opportunities of high density planting
· Planting fruit trees at high densities enhances early yields and profitability, especially during the first 5 to 10 years.
· High-density farming techniques maximize land use efficiency, increasing fruit yields without requiring additional planting space.
· It is an effective method for optimizing the use of both applied and natural resources, including land, solar energy, labor, water, skilled manpower, fertilizers, fungicides, herbicides, insecticides, and other inputs.
· This approach promotes better utilization of solar radiation, improves photosynthetic efficiency, and increases the bearing surface per unit area of each tree.
· High-Density Planting shortens the gestation period, promotes early fruiting, enhances yield efficiency per unit area, and improves fruit quality.
· It provides higher early economic returns on investment per unit area.
· The HDP system simplifies horticultural operations such as pruning, plant protection, and harvesting, reducing labor costs and lowering overall production expenses per unit area.
· High-density planting simplifies intercultural operations, plant protection, and harvesting, while also facilitating the mechanization of various fruit crops.
· High-density orchards are well-suited for modern, input-efficient horticultural techniques, including drip irrigation, fertigation, and mechanical harvesting.
· This planting method can be highly profitable, boosting farm income and contributing significantly to rural employment opportunities. (Subedi et al., 2020)
Challenges
· The initial establishment costs are higher compared to traditional systems.
· The economic lifespan of the orchard is relatively shorter.
· The use of growth retardants may negatively impact fruit size and quality over time.
· Intercultural operations can become more challenging.
· High-density planting limits the feasibility of intercropping and mixed cropping systems.
· Effective canopy and plant architecture management in high-density planting requires more advanced professional and scientific skills compared to conventional wider-spaced planting systems.
· There is a scarcity of planting materials, including dwarf varieties and vegetatively propagated rootstocks, for horticultural crops such as mango, guava, peach, and cherry.
· Production technology tailored for high-density planting in various fruit crops is not readily available.
· Insufficient dissemination of technical knowledge to technicians and farmers remains a significant challenge.
· High-density planting can lead to an increased incidence of certain pests and diseases, such as Sigatoka leaf spot and rhizome rot in bananas, and woolly aphid and fire blight in apples.
· The commercial use of dwarfing rootstocks in apples is limited due to their weak anchorage system, particularly in sloped, shallow, rain-fed areas with low soil fertility.
· Over time, crowding and intermingling of branches may occur, potentially reducing tree performance.
· Overcrowding in high-density orchards leads to intense competition for space, nutrients, and water, along with increased humidity and reduced cross-ventilation, creating favorable conditions for pests and diseases.
· Fertilizer application schedules and recommendations have not been standardized on an annual basis.
· The timing and intensity of pruning are not well-defined or standardized.
· Limited access to adequate irrigation facilities poses a challenge.
· The high cost of plant protection chemicals adds to the overall expense of maintaining high-density orchards. (Subedi et al., 2020)
Following recommendations are made for promotion of high density planting system  on different fruit crops
· Subsidies should be offered for infrastructural development, including the purchase of quality saplings, establishment of trellis support systems, drip irrigation, fertigation, and fencing.
· Government farms and stations should be strengthened to ensure the sustainable production of high-quality nursery trees.
· Genetic resources for major fruit crops suitable for high-density planting should be introduced and promoted.
· Tissue culture laboratories should be established at various farms and stations to standardize mass multiplication techniques for dwarfing rootstocks.
· Development of cost-effective and user-friendly high-density planting technologies is essential.
· Quality mother plants should be supplied to the private sector to support their production needs.
· Demo-plots and centers of excellence should be established to showcase proven technologies and provide technical knowledge to relevant stakeholders.
· Many farmers and technicians are still unfamiliar with high-density orchard management techniques, so exposure visits, short- and medium-term training programs, and opportunities should be offered to technical staff and farmers.
Future thrust
· Biotechnological interventions should be explored to improve high-density planting systems.
· Genome editing technologies provide opportunities to develop new fruit cultivars that can be suitably incorporated into HDP system more rapidly.
· Establishment of demo plots is essential to showcase successful practices and technologies.
· Research should focus on the economic analysis of high-density planting, involving collaboration among fruit, economics, and engineering scientists.
· The commercialization of incompatible rootstocks and the use of viral infections for dwarfing should be pursued.
· There is a need to develop dwarf rootstocks that do not negatively impact the fruit quality of the scion cultivar.
· Screening for dwarfing genes in fruit plants, such as S6PDH and GID1c from dwarf peach, should be conducted.
Conclusion
Adoption of cost effective and user friendly techniques for control of tree size to ensure better light interception into the interior parts of canopy is essential in a high density planting system. Use of dwarfing rootstocks, growth regulators, regular pruning, efficient irrigation methods and fertigation are all highly pertinent. Application of biotechnological interventions for development of dwarfing varieties would aid in enhancing the efficiency of HDP systems in orchards. Widespread adoption of high density planting in fruit crops is sure to revolutionize the fruit production in the near future.
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