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ABSTRACT

Off-season fruit production has been developed as an important strategy to provide year-round availability
of fresh fruits and to increase farmers’ income to satisfy the expanding market demand. Rapid urbanisation
worldwide, changing consumer preferences and advances in horticultural technologies have greatly
contributed to the growth of off-season farming practices. Recent improvements in sheltered cultivation,
climate smart agriculture, precision horticulture and crop regulation techniques have enabled production of
high quality fruits beyond their natural growing season. Greenhouse cultivation, polyhouse technology;,
pruning management, irrigation scheduling, mulching, fertigation and use of plant growth regulators are
significant techniques to manipulate the flowering and fruiting behaviour in different fruit crops. The
efficiency and sustainability of off-season fruit production systems have been substantially enhanced in
recent years by contemporary technology such as sensor-based monitoring systems, automatic irrigation,
artificial intelligence, and precision farming tools. Additionally, climate-smart practices are assisting cropsin
reducing the negative impacts of temperature swings, water scarcity and shifting weather patterns. However,
a number of obstacles still prevent these technologies from being widely used, especially in developing
nations, including high initial costs, the prevalence of pests and diseases, a lack of technical expertise, and
energy requirements. With a focus on contemporary cultivation methods, protected cultivation systems,
climate-smart practices, and creative management approaches, this paper emphasises recent developments
in off-season fruit production. Major obstacles and upcoming prospects for sustainable off-season horticulture
are also covered in the review. In contemporary horticulture production systems, the use of cutting-edge
technologies and integrated crop management techniques can greatly improve fruit output, quality,
profitability and sustainability.
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Introduction

Fruit production is essential to global agriculture
because it promotes food security, better nutrition, job
creation, and economic growth. Due to population
expansion, urbanisation, shifting eating patterns and
growing consumer health consciousness, the demand for
fresh fruits has skyrocketed in recent years. But the
majority of fruit crops are seasonal, meaning they only
bear fruit at certain times of the year. This seasonal
availability frequently causes market swings, higher
pricing during off-peak times and lower growers’ profits.
Off-season fruit production has become a key tactic in
contemporary horticulture to get around these restrictions

(Singh et al., 2023). The term “off-season fruit
production” describes the employment of cutting-edge
production technologies and crop management techniques
to cultivate and harvest fruits outside of their natural
growing season (Castilla et al., 2002). The primary goal
of off-season production is to increase farmers’ revenue
and market opportunities while guaranteeing year-round
supply of high-quality fruits. To control flowering and
fruiting behaviour in various fruit crops, a variety of
methods are frequently employed, including protected
culture, crop regulation, pruning, irrigation management,
fertigation, and the administration of plant growth
regulators (Kumar and Sharma, 2024). In various regions
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of the world, crops like mango, guava, strawberry, citrus,
pomegranate, papaya, and grapes are being grown under
off-season production techniques (Duckett et al., 2018).

Off-season fruit production is now much more
efficient thanks to recent developments in protected
cultivation methods. For improved plant growth and
productivity, regulated climatic conditions that help regulate
temperature, humidity, light intensity, and carbon dioxide
concentration are provided by greenhouses, polyhouses,
shade-net structures, and low tunnels (Patel et al., 2025).
Greenhouse and controlled-environment technologies are
crucial for increasing off-season horticulture yield,
according to several protected cultivation studies (Gaur
and Dhaliwal, 2003; Jindal and Sharma, 2000). These
technologies encourage early flowering and fruiting, while
shielding crops from unfavourable weather conditions like
frost, heavy rainfall, heat stress and strong winds.
Additionally, protected agriculture increases the efficiency
of water and nutrient use, lowers the prevalence of pests
and diseases, and improves fruit quality. One of the main
issues influencing fruit production globally is climate
change. Flowering, pollination, fruit set and fruit quality
are all adversely affected by rising temperatures, erratic
rainfall patterns, drought stress, and extreme weather
events (FAO, 2022). The global food supply and
agricultural output may be greatly impacted by climate
variability and rising temperatures, according to previous
research (Rosenzweig and Parry, 1994; Schmidhuber and
Tubiello, 2007).

In this regard, precision farming techniques and
climate-smart horticulture are becoming more significant
in off-season fruit producing systems. The Internet of
Things (1oT), sensor-based irrigation systems, automated
climate control, artificial intelligence and remote sensing
technologies are examples of contemporary innovations
that are assisting farmers in maximising resource utilisation
and enhancing crop productivity in the face of changing
climatic conditions (Reddy et al., 2024). In light of shifting
environmental conditions, resource management
techniques and climate adaptation are becoming more
crucial for sustainable horticulture production (Pathak et
al., 2012). Real-time monitoring of soil moisture, nutrient
status, and environmental factors is made possible by
precision horticulture techniques, which boost productivity
and sustainability. Off-season fruit production is another
important function of plant growth regulators (PGRs)
(Langhans et al., 1997). Fruit crops are frequently treated
with chemicals such paclobutrazol, gibberellic acid,
naphthalene acetic acid, and ethephon to control flowering,
fruit set, vegetative development and ripening (Sharma
and Verma, 2023). Crop control strategies, such as

irrigation stress management in mango, pruning
management in grapes and bahar treatment in guava and
pomegranate, have demonstrated encouraging outcomes
in changing the production season and enhancing fruit
output and quality. In a same vein, mulching, fertigation,
and hydroponic farming are being used more frequently
to produce fruit effectively and sustainably in protected
environments (Rajan etal., 2021 and Kader etal., 2011).

Even while off-season fruit producing technology
have advanced remarkably, a number of obstacles still
prevent their widespread implementation. For small and
marginal farmers in particular, high initial investment costs,
technological complexity, a shortage of experienced
personnel, energy requirements, and pest and disease
outbreaks continue to be significant obstacles (Kaur et
al., 2023). Furthermore, poor maintenance of protected
structures may foster the growth of physiological illnesses
and fungal diseases. As a result, there is an increasing
demand for ecologically friendly, economical, and
sustainable production methods that can increase
profitability while reducing negative effects on the
environment (Pimentel et al., 1982). In order to improve
long-term horticultural sustainability and environmental
protection, agroecological production systems and
sustainable agriculture approaches are being pushed more
and more (Altieri, 1995 and Uphoff, 2002).

Recent research efforts are mainly focused on
developing climate-resilient fruit varieties, energy-efficient
greenhouse systems, automated irrigation technologies,
and integrated crop management practices for sustainable
off-season fruit production. The integration of
biotechnology, precision agriculture and digital farming
tools is expected to revolutionize the horticulture sector
in the coming decades (Rana et al., 2025). Sustainable
intensification strategies are also gaining importance for
improving productivity while minimizing environmental
degradation in horticultural systems (Pretty and Bharucha,
2014). Furthermore, government support programs,
training initiatives and technological advancements are
encouraging growers to adopt modern off-season
cultivation practices for higher productivity and income
generation (Sharmila et al., 2018).

Modern Off-season techniques

In guaranteeing year-round fruit availability, increased
profitability, and improved market stability, contemporary
off-season fruit producing techniques have revolutionised
the horticultural industry. Many methods are used to
control the flowering and fruiting behaviour of various
fruit crops, including hydroponics, precision horticulture,
mulching, fertigation, irrigation scheduling, pruning
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management, plant growth regulators, and flowering
regulation. Under shifting climate conditions, these
technologies enhance fruit quality, productivity, and
sustainability (Monselise and Goldschmidt, 1982).

Flowering regulation

One of the most crucial methods in off-season fruit
production is flowering management. Fruit development,
yield and harvesting season are all influenced by
flowering. Mango, guava, citrus, grapes, and pomegranate
are just a few of the tropical and subtropical fruit crops
whose flowering can be controlled using crop
management techniques and environmental control to
produce fruits during non-traditional seasons (Davenport,
2007). Guava and pomegranate farming frequently uses
crop regulation techniques like bahar treatment. In order
to promote flowering during a certain season, bahar
treatment entails trimming, fertiliser control, root exposure
and withholding irrigation. This method aids growers in
producing crops when prices are higher and market
demand is strong. According to studies, choosing the right
bahar has a big impact on fruit productivity and quality
(Singh, 2001).

Fruit crops’ flowering behaviour is also influenced
by environmental conditions as temperature, humidity,
photoperiod, and water stress. In citrus and mango
cultivation, controlled drought stress followed by irrigation
is frequently used to induce flowers (Singh et al., 2026).
By inhibiting vegetative growth and encouraging floral
bud differentiation, paclobutrazol treatment has
demonstrated encouraging results in initiating blooming
in mangoes during off-season conditions (Salazar-Garcia
and Vasquez-Valdivia, 1997). The relevance of molecular
and biotechnological techniques like CRISPR/Cas9, gene
editing and flowering-related gene expression studies in
controlling off-season flowering in perennial fruit crops
has been further underlined by recent study. By enabling
precise blooming control and increased climatic resilience,
these cutting-edge technologies are predicted to
completely transform fruit production systems in the
future.

Pruning management

Another crucial method for efficient off-season fruit
production is pruning management. Pruning improves light
penetration, increases air circulation within the canopy,
controls vegetative development and promotes the
emergence of new shoots (Westwood, 1993). In many
fruit crops, proper pruning techniques improve blooming,
fruit set, and fruit quality. The harvesting season and crop
maturity in grape farming are significantly influenced by
the timing of pruning. In tropical and subtropical regions,
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Fig. 1 : Flowering Regulation in Mango using Paclobutrazol
[adapted from Davenport (2007), Whiley (1993) and
(Poerwanto et al., 2006)].

summer pruning and cane pruning are commonly used to
produce grapes during the off-season. In a similar vein,
guava trimming enhances fruit quality and size while
controlling flowering flushes. Scientific pruning greatly
enhances guava flowering and yield performance,
according to early research by Pal and Lal (1980).

By preserving appropriate canopy design and
lowering excessive humidity within the plant canopy,
pruning also helps lower the occurrence of pests and
diseases. For improved canopy management and
productivity, modern orchard systems are increasingly
using training and pruning techniques such espalier, trellis
systems, open vase systems, and central leader systems.
Robotic and Al-assisted pruning systems in orchards and
vineyards have been made possible by recent technical
developments. Artificial intelligence and machine vision-
equipped autonomous pruning robots can carry out
accurate pruning tasks with less effort. Due to growing
labour costs in horticultural production systems, these
technologies are becoming more and more significant as
they increase operational efficiency.

Plant Growth regulators

In contemporary off-season fruit production, plant
growth regulators (PGRs) are widely employed to control
vegetative growth, ripening, flowering, and fruit setting.
These substances affect the plant’s physiological and
biochemical processes and assist farmers in controlling
crop phenology to meet consumer demand. One of the
most popular plant growth regulators for encouraging
mango blossom is paclobutrazol. Gibberellin biosynthesis
is inhibited, vegetative development is suppressed, and
floral bud formation is encouraged. According to studies,
under the right environmental circumstances,
paclobutrazol-treated mango trees can be made to flower
nearly all year round (Whiley, 1993).

7
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In many fruit crops, additional growth regulators such
gibberellic acid (GA,), ethephon, naphthalene acetic acid
(NAA) and cycocel are also employed to increase fruit
size, promote blooming, decrease fruit drop and
synchronise fruit maturity. Paclobutrazol and dormancy-
breaking agents have been used to successfully trigger
off-season blooming and fruiting in citrus and mangosteen
(Poerwanto et al., 2006). Because environmental
conditions may be more successfully managed in shielded
growing systems, plant growth regulators are very helpful.
However, overuse or inappropriate application of PGRs
may have detrimental effects on environmental safety
and plant physiology. Therefore, for sustained horticulture
output, appropriate dosage and scientific management
techniques are required (Rademacher et al., 2015).

Irrigation scheduling

Effective irrigation timing affects blooming, nutrient
uptake, fruit setting, and general plant growth, all of which
are critical to off-season fruit yield. In order to promote
blooming and control crop cycles, controlled water stress
management is frequently used in the production of
mangoes, citrus, and pomegranates. In contemporary
horticulture, drip irrigation systems are becoming more
and more popular since they precisely apply water to the
root zone. These systems minimise nutrient losses,
increase water efficiency and preserve ideal soil moisture
levels. The efficiency and sustainability of irrigation are
further improved by smart irrigation systems that
incorporate climate-monitoring devices and soil moisture
sensors (Jat et al., 2016).

Artificial intelligence, remote sensing, drones, and
Internet of Things-based systems are used in recent
developments in precision irrigation technology to monitor
soil moisture and environmental variables in real time. In
protected cultivation systems, automated irrigation
systems optimise water application, lower labour costs,
and increase fruit output. Fruit quality attributes including
size, colour, sweetness, and shelf life are all enhanced by
appropriate irrigation schedule. The impact of climate
change and water shortage on global horticulture output
has made efficient water management more crucial
(Duckett et al., 2018).

Mulching practices

In contemporary off-season fruit production systems,
mulching is a crucial technique for maintaining soil
moisture, controlling soil temperature, inhibiting weed
growth, and enhancing soil fertility. While artificial
mulches like plastic films aid in lowering evaporation and
weed development, organic mulches like straw, dry leaves,
compost, and agricultural residues enhance soil microbial

activity and nutrient availability. In strawberry,
watermelon, papaya and vegetable-based fruit production
systems, plastic mulching is frequently employed to
encourage early crop establishment and enhance fruit
quality. Additionally, reflective mulches enhance light
dispersion throughout the canopy and lessen insect
infestation. Mulching increases fruit yield, root growth,
and water use efficiency under protected cultivation
settings, according to studies. Mulching also contributes
significantly to climate-smart agriculture by preventing
soil erosion and preserving beneficial soil microclimatic
conditions. In off-season fruit production systems,
mulching greatly increases productivity and sustainability
when combined with drip irrigation and fertigation systems.

Fertigation and hydroponics

In contemporary off-season fruit production methods,
fertigation and hydroponic technologies are becoming
more and more crucial. Fertigation is the process of
applying fertilisers using irrigation systems, particularly
drip irrigation, which enables accurate nutrient delivery
straight to the root zone. This method increases fruit yield
and quality, decreases fertiliser waste, and improves
nutrient uptake efficiency. Plants are grown in nutrient-
rich water solutions under carefully regulated
environmental conditions using hydroponics, a soilless
growth method. Effective water use, less soil-borne
illnesses, quicker plant growth and year-round output are
just a few benefits of hydroponic farming. Hydroponic
systems are being used more and more to grow crops
including strawberries, blueberries, raspberries, and exotic
fruits. Due to their high production and effective land
utilisation, vertical farming and hydroponic greenhouse
systems are becoming more and more popular in urban
horticulture. Hydroponic fruit production methods are
becoming more profitable and efficient because to
automated nutrient delivery systems, computerised
climate management and Al-assisted monitoring
technologies (Merma et al., 2024).

Precision Horticulture technologies

In combining robotics, drones, remote sensing,
artificial intelligence and sensor-based monitoring systems,
precision horticulture technologies are transforming off-
season fruit producing systems. Real-time monitoring of
environmental parameters like temperature, humidity, soil
moisture, nutrient levels and pest occurrence is made
possible by these technologies. The usage of drones with
thermal and multispectral sensors for crop health
evaluation, precision spraying, disease diagnosis, and
orchard monitoring is growing. Irrigation and nutrient
management are optimised using sensor-based systems
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based on crop needs. Growers can anticipate disease
outbreaks, nutrient deficits and flowering behaviour with
the use of artificial intelligence and machine learning
techniques. Other cutting-edge tools in contemporary
horticulture include robotic harvesting and autonomous
orchard management systems. These technologies
increase production, decrease the need for labour, and
improve operational accuracy. By reducing resource
waste and increasing environmental efficiency, precision
horticulture promotes sustainable fruit production
(Westwood et al., 1993).

Climate-Smart Fruit production

A crucial strategy for guaranteeing sustainable
horticulture production in the face of shifting climatic
conditions is climate-smart fruit production. Fruit crop
yield and quality are being greatly impacted globally by
rising global temperatures, erratic rainfall patterns, drought
stress and extreme weather events (FAO, 2017). Using
cutting-edge technologies and sustainable management
techniques, climate-smart horticulture aims to lower
greenhouse gas emissions, increase productivity and
strengthen climate resilience. By incorporating climate-
smart techniques into off-season fruit producing systems,
year-round fruit availability is maintained while
environmental effects are reduced (Winkler, 1974).

Climate Change effects on Fruit production

One of the biggest risks to horticulture production
systems worldwide is climate change. Fruit crops’
flowering, pollination, fruit setting, and fruit quality are all
directly impacted by changes in temperature, rainfall,
humidity, and sun radiation (Lobell and Gourdji, 2012). In
crops including mango, citrus, grapes and apples, high
temperature stress frequently results in flower drop, poor
fruit set, sunburn damage and decreased fruit quality.
Drought and erratic rainfall further limit plants’ access to
water and ability to absorb nutrients. Fruit plantations in
temperate and subtropical countries are increasingly
suffering from heat waves and frost damage. Wheeler
and von Braun (2013) state that if sustainable adaptation
strategies are not implemented, climate change is
predicted to drastically lower agricultural productivity in
many developing nations. The prevalence of pests and
diseases in fruit crops is also impacted by changing climate
conditions. Insect pests, viral illnesses, and fungal diseases
all benefit from warmer temperatures and higher humidity.
For sustainable fruit production, climate-resilient
horticulture systems are therefore becoming more and
more crucial.

Water management and Smart irrigation
One of the most important aspects of climate-smart

fruit cultivation is effective water management. Because
of decreasing groundwater levels and erratic rainfall
patterns, water shortage is becoming a serious problem.
Drip irrigation, micro-sprinklers, and sensor-based
irrigation systems are examples of contemporary irrigation
technologies that increase water use efficiency and
decrease waste (Fereres and Soriano, 2007). By delivering
water straight to the plant’s root zone, drip irrigation
reduces evaporation and runoff losses. Fruit crops
including pomegranates, citrus, mangoes, and grapes
benefit greatly from this technique. Real-time irrigation
scheduling based on crop water requirements is made
possible by smart irrigation technologies combined with
weather-based monitoring systems and soil moisture
sensors (Jones, 2004).

Water recycling and rainwater collection are two
more crucial climate-smart horticultural practices.
Rainwater that has been collected can be kept and used
for irrigation during dry spells. Mulching techniques also
enhance the soil’s ability to retain water and preserve
soil moisture. In addition to boosting fruit yield, effective
water management promotes long-term environmental
sustainability.

Temperature and Environmental control

A further important aspect of climate-smart off-
season fruit growing is temperature control. Many
horticultural crops are negatively impacted by high
temperature stress in terms of flowering, pollination, and
fruit development. Greenhouses, polyhouses, and shade-
net houses are examples of protected cultivation buildings
that help control environmental conditions and shield crops
from severe weather occurrences (Stanghellini, 2014).

To maintain ideal temperatures and humidity levels,
contemporary greenhouse systems are outfitted with
cooling pads, fogging systems, ventilation systems, thermal
screens, and automated climate control technologies.
These systems lessen environmental stress on plants while
increasing crop growth and output (Zhao et al., 2017). In
tropical and subtropical areas, shade-net constructions
are frequently employed to shield fruit crops from heat
stress and excessive sun radiation. For early crop
establishment and improved fruit quality, low tunnels and
plastic mulches also aid in controlling the temperature of
the soil and canopy. Under off-season growing techniques,
controlled climatic conditions encourage consistent
flowering, better fruit set, and improved fruit colouration.
For fruit production to be sustainable in the face of
changing climatic circumstances, climate-controlled
horticulture is becoming more and more crucial.
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Sustainable and Eco-Friendly practices

A few of the main goals of climate-smart fruit
producing systems is sustainability. Environmentally
friendly methods that preserve natural resources while
maintaining high production are the focus of modern
gardening. For sustainable fruit production, organic
farming, integrated nutrient management, integrated pest
management, and conservation agriculture are all strongly
encouraged (Pretty, 2008). Compost, biofertilizers, and
organic manures increase microbial activity and soil
fertility while lowering reliance on artificial fertilisers. By
using pheromone traps, resistant cultivars, biological
control agents, and cultural techniques, integrated pest
management (IPM) techniques reduce the need for
pesticides. These methods enhance food safety and lessen
pollution in the environment.

In climate-smart horticulture, agroforestry systems
and mixed cropping techniques are also becoming more
and more popular. These systems increase carbon
sequestration, decrease soil erosion, and boost biodiversity.
Sustainable fruit production is further aided by renewable
energy technology like solar-powered irrigation systems
and energy-efficient greenhouses. Through effective
resource usage and lower greenhouse gas emissions,
climate-smart horticulture also encourages the reduction
of carbon footprints. Long-term food security and
environmental preservation depend on the adoption of
sustainable agricultural methods.

Precision and Digital Horticulture

Climate-smart fruit production systems heavily rely
on recent developments in precision horticulture and
digital agriculture. Horticultural resource management and
production efficiency are being enhanced by technologies
like artificial intelligence (Al), remote sensing, drones,
the Internet of Things (1oT) and geographic information
systems (GIS) (Gebbers and Adamchuk, 2010). Crop
health, temperature, humidity, soil moisture and nutrient
levels are all continuously monitored by sensors placed

in orchards and greenhouses. These technologies assist
growers in making decisions in real time on climate
control, pest management, fertigation and irrigation.
Precision spraying, crop monitoring, and orchard mapping
are all using drone technology more and more.

Fruit crop disease outbreaks, flowering patterns, and
nutritional deficits can all be predicted using machine
learning and Al-based systems. Additionally, manpower
needs and operating expenses are decreased by digital
agricultural technologies. Under climate change, precision
horticulture promotes sustainable off-season fruit
production systems, increases productivity and reduces
environmental consequences (Van Henten et al., 2002).

Protected Fruit cultivation

One of the most cutting-edge methods for producing
fruit during the off-season is protected fruit gardening. It
entails using structures like greenhouses, polyhouses, and
shade-net houses to grow crops in regulated or partially
controlled environmental conditions. These systems
enhance productivity, fruit quality and year-round
availability while shielding crops from adverse weather
conditions (Wittwer et al., 1995).

Greenhouse cultivation

One of the most successful protected cultivation
techniques in contemporary horticulture is greenhouse
cultivation. A greenhouse is a framed building coated with
transparent materials, like glass or polyethylene, that
permits sunlight to enter while preserving regulated
environmental conditions (Jensen, 2002). For the best
possible plant growth, greenhouses assist in controlling
temperature, humidity, light intensity, and carbon dioxide
concentration. A growing number of fruit crops, including
blueberries, strawberries, grapevines, and exotic fruits,
are grown in greenhouse systems for off-season
production (Zhao et al., 2019). Flowering, fruit set, fruit
quality, and harvesting time are all enhanced by controlled
environmental conditions. Additionally, greenhouses shield

Table 1 : Major climate-smart technologies and their benefits in fruit production.

Technology

Major function

Benefits

Drip Irrigation

Efficient water delivery

Water conservation and improved yield

Greenhouse Cultivation

Environmental control

Protection from extreme climate

Mulching

Soil moisture conservation

Reduced evaporation and weed growth

Sensor-Based Irrigation

Real-time monitoring

Precision water management

Drones & Remote Sensing

Crop monitoring

Early disease and stress detection

Solar-Powered Irrigation

Renewable energy use

Reduced energy cost and sustainability

Al-Based Monitoring

Decision support system

Better crop management efficiency

Modified from climate-smart horticulture and precision agriculture studies (Fereres and Soriano, 2007; Jones, 2004; Gebbers and

Adamchuk, 2010).
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crops from heat stress, high winds, heavy rainfall and
cold (Singh et al., 2024).

Cooling pads, fogging systems, ventilation fans and
computerised climate control systems are just a few of
the technology found in contemporary greenhouses.
(Sthapit et al., 2012) These technologies lessen crop
stress from the environment and increase production
efficiency. Due to its effective use of nutrients and water,
hydroponic greenhouse systems are also growing in
popularity (Sethi and Sharma, 2008).

Polyhouse technology

Another popular protected culture method in fruit
production systems is polyhouse cultivation. Polyethylene
sheets covering polyhouses provide an ideal environment
for crop growth. Polyhouses offer greater crop protection
and environmental control than open-field farming (Singh
and Sirohi, 2006). Strawberries, papayas, cucumbers, and
other high-value horticultural crops are frequently grown
in polyhouse systems. Higher yield, better fruit quality,
and early flowering are all encouraged by these structures.
Additionally, crops are shielded by polyhouses from pest
damage, frost, hailstorms and extreme rainfall. To
enhance water and nutrient management, polyhouses
frequently use drip irrigation and fertigation systems. Due
to its lower operating costs, naturally ventilated
polyhouses are appropriate for tropical and subtropical
areas. For commercial off-season fruit production,
climate-controlled polyhouses with automated heating and
cooling systems work incredibly well (Zilberman et al.,
2012).

Shade-Net cultivation

A low-cost protected growing technique called shade-
net cultivation helps horticultural crops avoid heat stress
and excessive solar radiation. By lowering the temperature
and light intensity surrounding the crop canopy, shade
nets produce a beneficial microclimate (Castellano et al.,
2008). Fruit crops including dragon fruit, kiwis,
strawberries, and pomegranates are frequently raised in
nurseries, propagated, and cultivated in shade-net houses.
These structures increase water use efficiency, stop leaf
burning, and lessen moisture loss. Depending on the needs
of the crop, different coloured shade nets such as green,

Table 2 : Comparison of Major protected Cultivation Systems.
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black, red, and white are utilised. Insect infestation and
bodily harm from heavy rains and winds are also lessened
by shade-net systems. Shade-net buildings are a great
option for small and medium-sized horticultural producers
because of its inexpensive installation costs and ease of
maintenance (Sambo et al., 2019).

Fertigation and Hydroponic systems

Hydroponic systems and fertigation are crucial
elements of protected fruit production. Applying water-
soluble fertilisers via irrigation systems, particularly drip
irrigation, is known as fertigation. This technique greatly
increases fertiliser utilisation efficiency and enables
precision nutrient administration straight to the root zone
(Hagin and Lowengart, 1996). Plants are cultivated in
nutrient-rich liquids under carefully monitored conditions
in hydroponic cultivation, a soilless production method
(Incrocci et al., 2020). Effective water use, fewer soil-
borne illnesses, quicker plant growth and year-round fruit
production are just a few benefits of this technology.
Hydroponic systems are being used more and more to
grow crops like strawberries and exotic berries (Resh,
2013).

Challenges and solutions in off-season fruit
production

There are many benefits to off-season fruit cultivation,
including year-round fruit supply, increased market pricing,
increased farmer income and enhanced resource
utilisation. However, the effective implementation of off-
season cultivation methods is constrained by a number
of technical, financial, environmental and management-
related issues. Production efficiency and profitability are
frequently decreased by factors such high production
costs, the prevalence of pests and diseases, climate
fluctuation, workforce shortages and a lack of technical
expertise. In order to overcome these constraints and
guarantee long-term sustainability in off-season
horticulture, contemporary technical solutions and
sustainable management techniques are crucial.

Pest and Disease management

One of the biggest problems with off-season fruit
production systems is pest and disease infestation,

System Main Features Major Advantages Suitable Crops
Greenhouse Fully controlled environment High productivity and quality Strawberry, grape, blueberry
Polyhouse Polyethylene-covered structure Cost-effective protection Papaya, cucumber, strawberry

Shade-Net House Reduced solar radiation

Protection from heat stress

Dragon fruit, nursery plants

Hydroponic System Soilless cultivation

Efficient nutrient and water use

Strawberry, exotic fruits

Modified from greenhouse management and protected horticulture studies.
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especially in protected cultivation settings. Fungal,
bacterial, and viral infections frequently thrive in situations
with high humidity, dense canopy growth, and regulated
circumstances (Agrios, 2005). Fruit crops cultivated in
greenhouses and polyhouses are particularly vulnerable
to anthracnose, wilt, root rot, powdery mildew and downy
mildew. In off-season fruit production, insect pests such
aphids, whiteflies, thrips, mites, and fruit borers also result
in significant financial losses. Continuous cropping under
protected structures can occasionally lead to a decrease
in natural biological control mechanisms and an increase
in pest populations. Overuse of chemical pesticides can
result in food safety issues, environmental contamination
and pesticide resistance.

One of the best options for long-term pest
management in horticulture is integrated pest
management, or IPM. IPM reduces pest prevalence by
combining pheromone traps, cultural techniques, biological
control, resistant cultivars, and need-based pesticide use
(Dent, 2000). In greenhouse production systems, the
employment of biological control agents including Bacillus
subtilis, Trichoderma, and predatory insects is growing.
Growers are also able to detect infections early and
minimise crop losses thanks to modern sensor-based
monitoring and Al-assisted disease detection technology
(Van Lenteren et al., 2000).

High production cost

Adoption of off-season fruit production technology
is still hampered by high initial and operating expenses.
Greenhouses, polyhouses, hydroponic systems and
temperature control equipment are examples of protected
cultivation structures that demand a significant initial
investment (Jensen and Malter, 1995). Establishing these
systems might be financially challenging for small and
marginal farmers. The total cost of production is further
raised by operational expenses such as energy, irrigation,
fertilisers, labour, maintenance and pest control. Technical
know-how and routine maintenance are necessary for
advanced technologies including hydroponic nutrition
management systems, climate control units, and
automated irrigation systems (Kader, 2002). Farmers can
more successfully implement contemporary horticulture
technologies with the support of government subsidies,
financial assistance programs and low-interest agricultural
loans. Operating costs can be decreased by using solar-
powered irrigation systems, inexpensive polyhouses and
naturally ventilated buildings. Farmer cooperatives and
community-based agricultural methods may also reduce
infrastructure costs and provide access to contemporary
technologies.

Technologies for protected farming that are
affordable and appropriate for small-scale farmers are
constantly being developed by research organisations.
Using sustainable energy systems and locally sourced
materials can further lower production costs without
sacrificing profitability or productivity.

Labour and technical constraints

As off-season fruit production systems to be
successfully managed, skilled manpower and appropriate
technological knowledge are necessary. Pruning,
fertigation, climatic control, pollination, hydroponic
management, and disease monitoring are examples of
operations that call for skilled personnel and scientific
knowledge (Hartmann et al., 2011). Farmers, who lack
technical knowledge frequently manage their crops poorly
and produce less. Horticulture is experiencing a growing
number of labour shortages as a result of rural workers
migrating to non-agricultural industries and urbanisation.
Systems for protected cultivation are labour-intensive and
need constant upkeep and observation. Skilled labour is
especially needed for trimming, training, harvesting and
pollination control.

To increase farmers’ technical proficiency and
understanding of protected horticulture systems, training
programs, farmer awareness campaigns, and agricultural
extension services are crucial. Farmers are receiving more
and more assistance with crop management and decision-
making processes from digital agricultural tools, mobile
applications, and online advisory services. In contemporary
horticulture, automation and robotics are also showing
promise as solutions to the workforce problem. Al-based
monitoring systems, automated irrigation systems and
robotic harvesting systems all contribute to lower labour
costs while increasing accuracy and operational
effectiveness. Therefore, it is anticipated that the future
of off-season fruit production systems will be significantly
influenced by the use of smart technology.

Environmental and Sustainability issues

In off-season fruit production systems, environmental
sustainability is a major problem. Soil health, water quality,
and ecosystem stability may be adversely affected by
excessive use of fertilisers, pesticides, plastics, and energy
resources (Tilman et al., 2002). Environmental
contamination and disposal issues arise from plastic trash
produced by mulching films, drip irrigation systems, and
greenhouse covers. Overuse of chemical pesticides and
fertilisers can contaminate groundwater, degrade soil, and
lower beneficial microbial activity. Greenhouse gas
emissions and higher manufacturing costs are further
consequences of energy-intensive greenhouse systems.
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Table 3 : Major challenges and their possible solutions in off-season fruit production.

Challenges

Major Problems

Possible Solutions

Pest & Disease Incidence

High humidity and protected conditions

Integrated Pest Management (IPM)

High Production Cost

Expensive infrastructure and maintenance

Subsidies and low-cost technologies

Labour Shortage

Skilled labour requirement

Automation and robotics

Water Scarcity

Limited irrigation resources

Drip irrigation and rainwater harvesting

Environmental Pollution

Excessive chemical and plastic use

Organic farming and biodegradable materials

Climate Variability

Temperature and rainfall fluctuations

Climate-smart horticulture practices

Modified from studies on protected horticulture, climate-smart agriculture and sustainable fruit production systems.

Horticultural production systems are more susceptible to
drought, harsh temperatures and water scarcity as a result
of climate change.

Organic farming, integrated fertiliser management,
the use of renewable energy, rainwater collection and
biological pest control are examples of sustainable
horticulture techniques that are crucial for reducing
environmental effects. For ecologically friendly
horticultural systems, reusable greenhouse materials and
biodegradable mulches are being encouraged more and
more. Sensor-based irrigation, fertigation and Al-assisted
resource management are examples of precision
agriculture technologies that increase input usage
efficiency and lower environmental pollution. Sustainable
fruit production is further supported by energy-efficient
greenhouses and solar-powered irrigation systems. The
integration of contemporary technologies with ecologically
conscious management techniques is essential to the long-
term viability of off-season horticulture (Lal et al., 2004).

Future Scope of Off-season farming

Rapid developments in biotechnology, climate-smart
horticulture, protected cultivation and smart farming
technologies all point to a bright future for off-season
fruit production. The use of sophisticated fruit production
methods is being encouraged by factors such as growing
populations, urbanisation, shifting dietary choices, and
year-round market demand for fresh fruits (Gill et al.,
2009). Conventional agriculture is rapidly giving way to
sustainable, technologically advanced and precision-based
production methods in modern horticulture. Future
developments in off-season farming methods are
anticipated to enhance fruit quality, production, profitability,
and environmental sustainability.

Avrtificial Intelligence and Smart Farming

Smart farming technology and artificial intelligence
(Al) are becoming crucial parts of contemporary
horticultural systems. In order to improve production
efficiency and decision-making processes, Al-based
solutions assist in analysing crop growth, environmental

circumstances, nutrient status and disease symptoms
(Liakos et al., 2018). Growers can monitor crops in real
time and adjust management techniques based on plant
needs thanks to these technology. Soil moisture, humidity,
temperature, and nutrient availability are all continuously
monitored by Internet of Things (loT)-based sensors
placed in orchards and protected production buildings.
By automatically adjusting water and fertiliser application
based on crop need, smart irrigation and fertigation
systems increase resource efficiency and lower
production costs (Pandey and Mishra, 2021).

In fruit production systems, drone technology and
remote sensing are also being utilised more frequently
for crop monitoring, orchard mapping, disease detection,
and precision spraying. Under various environmental
conditions, machine learning algorithms aid in the
prediction of agricultural output, flowering behaviour and
disease outbreaks. In off-season horticulture systems,
these technologies greatly lower labour requirements and
increase sustainability. Automated greenhouse
management systems are being further supported by
recent advancements in digital agriculture. For improved
crop production, climate-control technology combined
with Al systems can automatically adjust temperature,
humidity, ventilation, and cooling. Thus, in the upcoming
decades, off-season fruit producing systems are
anticipated to undergo a transformation thanks to smart
farming technologies.

Climate-Resilient fruit production systems

One of the main issues influencing horticultural output
globally is climate change. Flowering, fruit setting,
production, and fruit quality are all adversely affected by
rising temperatures, erratic rainfall patterns, drought stress
and extreme weather events. Thus, climatic resilience
and sustainable resource management must be the main
priorities of future horticulture systems (Howden et al.,
2007). In order to reduce climatic hazards in fruit
production systems, protected cultivation structures
including greenhouses, polyhouses, and climate-controlled
systems are anticipated to grow quickly. These structures
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shield plants from bad weather while assisting in
maintaining ideal climatic conditions for crop growth. Crop
productivity and resource efficiency are increased by
automated cooling, ventilation, and humidity management
systems combined with advanced greenhouse technology
(Shamshiri et al., 2018).

In situations where water is scarce, water-efficient
technologies like drip irrigation, rainwater collection, and
sensor-based irrigation systems will become more crucial.
The sustainability of fruit production systems will be
further enhanced by climate-smart horticultural
techniques as mulching, conservation agriculture,
integrated nutrient management, and biological pest
control (Singh et al., 2019). In order to lower operating
costs and greenhouse gas emissions, renewable energy
solutions like solar-powered irrigation systems and energy-
efficient greenhouse structures are also becoming more
and more important. In order to provide food security
and environmental preservation, future off-season fruit
production systems are anticipated to integrate climate-
smart technologies with sustainable farming practices
(Jensen et al., 2002).

Biotechnology and Genetic improvement

Future off-season fruit producing methods are
anticipated to be heavily influenced by biotechnology and
genetic advancement. New possibilities for enhancing
fruit crop productivity, quality and stress tolerance are
being created by developments in molecular biology,
genomics, tissue culture, and gene editing technologies
(Tester and Langridge, 2010). Fruit crop varieties with
improved blooming behaviour, disease resistance, heat
tolerance, drought tolerance, and increased fruit quality
are being developed through the use of gene editing
technologies like CRISPR/Cas9. Researchers are using
molecular breeding methods to find the genes in
horticulture crops that control flowering, fruit growth and
climate adaption.

Fruit crops are increasingly using tissue culture and
micropropagation techniques to quickly multiply disease-
free planting material. Under protected agriculture
systems, these methods increase crop productivity, plant
health, and uniformity. Through genetic and physiological
changes, biotechnology also helps to improve fruit
postharvest quality and shelf life. In order to create robust
and sustainable fruit production technologies, future
research is anticipated to combine biotechnology with
climate-smart horticulture systems and precision farming.
Programs for genetic enhancement will consequently be
essential to maintaining consistent fruit output in the face
of shifting climate circumstances.

Automation and Sustainable Horticulture

In horticulture, automation is becoming a significant
remedy for labour shortages and growing production
costs. In order to increase operational efficiency, modern
fruit production systems are progressively utilising robotic
technology, automated irrigation systems and Al-assisted
monitoring tools (Duckett et al., 2018). For crops including
apples, strawberries, and grapes, robotic harvesting
systems with machine vision and artificial intelligence
capabilities are being developed. These technologies
minimise crop damage during harvesting operations,
increase harvesting precision, and lessen reliance on
labour. In commercial horticulture, automated
technologies for sorting, grading, pruning, and packaging
are also increasing the effectiveness of postharvest
management. With little assistance from humans,
autonomous greenhouse management systems assist in
controlling environmental factors including temperature,
humidity, and fertiliser delivery. According to Van Henten
et al. (2002), precision automation methods decrease
environmental contamination while increasing the
efficiency of water and fertiliser use.

It is anticipated that future horticultural systems will
prioritise eco-friendly production methods and
sustainability. For sustainable off-season fruit production,
biodegradable mulches, renewable energy systems,
recyclable greenhouse materials and low-carbon
agricultural techniques will become more crucial. Due to
the growing demand for urban food and the scarcity of
agricultural land, urban gardening, rooftop farming,
hydroponics, and vertical farming systems are also
anticipated to grow quickly (Tripathi et al., 2020).
Harvesting and crop management activities are becoming
more precise because to the integration of advanced
robotic systems with computer vision technologies (Zhao
et al., 2016). In order to ensure increased productivity
and long-term environmental sustainability, future off-
season fruit production systems are anticipated to become
more automated, sustainable, climate-resilient, and
technology-driven (Vashisth et al., 2020).

Conclusion

A significant and cutting-edge strategy for
guaranteeing year-round fruit availability, raising farmers’
incomes, and strengthening the sustainability of
contemporary horticultural systems is off-season fruit
production. Globally, fruit production methods have been
drastically altered by the quick development of protected
cultivation, climate-smart agriculture, precision
horticulture, biotechnology, and automation (FAO, 2021).
Growers are now able to successfully control blooming
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and fruiting behaviour under controlled environmental
conditions because to techniques like fertigation,
hydroponics, greenhouse cultivation, flowering regulation,
pruning management, and smart irrigation systems. In
order to reduce the negative consequences of climate
change, water scarcity, and environmental degradation
on fruit production systems, climate-smart technologies
and sustainable horticultural practices are essential. In
off-season farming, modern digital technologies like
robotics, drones, sensors, artificial intelligence, and the
Internet of Things (1oT) are enhancing crop monitoring
capabilities, resource management, and production
efficiency. In a similar vein, biotechnology and genetic
improvement initiatives are helping to create fruit crop
varieties that are high-yielding, stress-tolerant, and
adaptable to shifting climate conditions (Gruda and Tanny,
2014).

Despite these impressive developments, a number
of obstacles still prevent off-season fruit production
technologies from being widely adopted, especially by
small and marginal farmers. These obstacles include high
production costs, the prevalence of pests and diseases,
labour shortages, technical complexity, and environmental
concerns. Therefore, increasing accessibility and
successfully implementing these cutting-edge
technologies require appropriate training programs,
government backing, research advancements, and farmer
awareness campaigns (Mishra et al., 2022). By
incorporating smart technologies and environmentally
friendly management techniques, future off-season fruit
production systems are anticipated to become more
automated, precision-oriented, climate-resilient and
sustainable. Environmental sustainability in horticulture
will be further strengthened by the use of biodegradable
materials, renewable energy systems, effective water
management and integrated crop management
techniques. All things considered, off-season fruit
production has enormous potential to boost horticultural
profitability, promote sustainable agricultural development,
and enhance global food and nutritional security. The future
of contemporary fruit production methods and a steady
supply of fruit all year round will be greatly influenced by
ongoing scientific research and technical innovation
(Altieri et al., 1999).
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