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Abstract: Water is crucial for enduring horticultural productivity, but high water-use requirements
and declining water supplies with the changing climate challenge economic viability, environmental
sustainability, and social justice. While the scholarly literature pertaining to water management in
horticulture abounds, knowledge of practices and technologies that optimize water use is scarce. Here,
we review the scientific literature relating to water requirements for horticulture crops, impacts on
water resources, and opportunities for improving water- and transpiration-use efficiency. We find that
water requirements of horticultural crops vary widely, depending on crop type, development stage,
and agroecological region, but investigations hitherto have primarily been superficial. Expansion of
the horticulture sector has depleted and polluted water resources via overextraction and agrochemical
contamination, but the extent and significance of such issues are not well quantified. We contend that
innovative management practices and irrigation technologies can improve tactical water management
and mitigate environmental impacts. Nature-based solutions in horticulture—mulching, organic
amendments, hydrogels, and the like—alleviate irrigation needs, but information relating to their
effectiveness across production systems and agroecological regions is limited. Novel and recycled
water sources (e.g., treated wastewater, desalination) would seem promising avenues for reducing
dependence on natural water resources, but such sources have detrimental environmental and
human health trade-offs if not well managed. Irrigation practices including partial root-zone drying
and regulated deficit irrigation evoke remarkable improvements in water use efficiency, but require
significant experience for efficient implementation. More advanced applications, including IoT and AI
(e.g., sensors, big data, data analytics, digital twins), have demonstrable potential in supporting smart
irrigation (focused on scheduling) and precision irrigation (improving spatial distribution). While
adoption of technologies and practices that improve sustainability is increasing, their application
within the horticultural industry as a whole remains in its infancy. Further research, development,
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and extension is called for to enable successful adaptation to climate change, sustainably intensify
food security, and align with other Sustainable Development Goals.

Keywords: horticulture; water use efficiency; irrigation technologies; IoT; artificial intelligence; precision
agriculture

1. Introduction

Horticultural crops include fruits, vegetables, and ornamental, aromatic, and medici-
nal plants [1]. Horticultural crops are grown across most latitudes in the world, including
temperate, tropical, subtropical and Mediterranean regions [2]. Horticulture is an important
sector of agriculture, playing a vital role in the global economy due to high returns [3]
and employment (e.g., twice higher than the number of jobs generated with cereal produc-
tion [4]), extensive applications (e.g., medicine), and contribution to food security [5]. Over
the last decades, economic growth in horticulture has far exceeded that in most agricul-
tural commodities [6]. The increasing demand for horticultural products has been driven
by growing population and changes in consumers’ lifestyles, associated with increasing
consumption of fruit and vegetables, given their low levels of fat and high levels of several
nutritional compounds (e.g., vitamins, minerals, fibers, antioxidants), favored by the in-
creasing awareness of the relationship between diet and health [7]. The average daily per
capita intake of fruit and vegetables should be above 200 g and 250 g, respectively [1]. The
rise of horticulture products production was also favored by the spread of supermarkets
and the accelerated market demand for exotic food products [8].

Since 1960, accelerated global horticultural production has been associated with in-
creases in land areas devoted to these crops, intensive use of agrochemicals (e.g., fertilizers,
pesticides), new disease-resistant crops, and agrarian technologies [9,10]. From 2000 to 2021,
the global production of fruit and vegetables increased by 59% and 64%, respectively [11].
In 2021, from the 9.5 billion tons of global primary crop production, 12% comprised vegeta-
bles and oil crops, and 10% included fruit [12]. Bananas, watermelons, apples, oranges, and
grapes were the most produced fruits (representing 13.7%, 11.2%, 10.2%, 8.3%, and 8.1% of
global fruit production), whereas tomatoes, onions, cucumbers, cabbages, and eggplants
were the most produced vegetables (representing 16.4%, 9.3%, 8.1%, 6.2%, and 8.1% of
global vegetable production) [11]. In 2021, vegetables and fruits represented 19% and 17%
of the total value of primary crops production, respectively [12].

Horticultural crops are facing increasing challenges, driven by climate change (e.g.,
increasing frequency and intensity of droughts and floods), land and groundwater degrada-
tion (e.g., salinization, pollution), and the spread of new diseases, which have detrimental
impacts on plant development and crop productivity [13]. Water is a fundamental require-
ment for horticultural production, given its impact on critical crop growth stages such as
flowering, reproduction, fruit development and ripening, and bulb maturity [1,2]. Most
horticultural crops demand high levels of water compared to other crops such as cereals [7].
However, increasing water scarcity is a global concern [14]. Water deficit conditions are
present in all continents of the world [6] and affect countries and regions with extensive
horticulture areas such as China, southern Europe, southeastern Australia, and western
USA, with extensive horticulture areas [9]. In several regions, especially the arid and
semiarid ones, the water requirement of horticultural crops is far higher than that provided
by effective rainfall. Particularly in these areas, irrigation has been widely adopted to maxi-
mize crop yield and quality, secure harvest dates, and enable marketing plans [2]. Globally,
there has been an increase in the area equipped for irrigation, which represented ~7% of the
agricultural land area in 2021, corresponding to an increase of 22% since 2020 and more than
twice the area equipped for irrigation in the 1960s [12]. Although rain-fed systems tend
to be more vulnerable to climate changes than irrigated crops, irrigated horticulture faces
water shortage challenges in areas with expected reductions on water availability, given
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the projections of rainfall decreases and evapotranspiration increases, and reductions in
winter snow accumulation and lower snowmelt runoff in colder regions [2]. Furthermore,
horticulturalists will face increasing competition of water resources from other sectors, such
as domestic and industry [15]. In addition to changes in water availability and accessibility,
crop water requirements are expected to increase under global warming conditions [16].
Climate change is expected to impact all agricultural enterprises, but more noticeably the
high value horticultural production [15]. Currently, agriculture accounts for about 70% of
global freshwater withdrawals [17], and with the predicted 70% increase in food demand
by 2050, the global agricultural water consumption is estimated to rise by nearly 20% in
2050 [18]. This places even greater pressure on water resources.

Minimizing water use in horticulture while maintaining production (including both
yield and quality) has become a critical issue [9]. Traditional irrigation methods (e.g., flood
irrigation) are associated with unacceptable water losses [19]. Additionally, farmers usually
decide on irrigation based on their own experience, field observations of plant canopy [20],
water availability, and/or generalized regional evapotranspiration tables, leading to ex-
cessive irrigation to maximize yields and economic returns [21]. However, over recent
decades, various approaches have been developed to provide irrigation water savings and
improve water use efficiency. Strategies based on enhancing soil water retention, more
efficient irrigation technologies (e.g., drip irrigation, subsurface irrigation) and emerging
decision support systems utilizing, e.g., sensor technologies to improve and automate
data collection of soil water status and physiological stress have been useful in imple-
menting water conservation approaches and increasing the productivity per area [14].
Recent advancements in technology have led to the development of artificial intelligence
and data-driven and sensor-based irrigation, offering the opportunity to meet the current
challenges in horticulture [22]. Previous studies have provided a literature review on water
management strategies to enhance water savings in agriculture, but they tend to focus on
specific strategies (e.g., agronomic practices [23], drip irrigation [24], precision irrigation
technology [25], transformative technologies in digital agriculture [26], and IoT wireless
communication [27]) or in specific regions (e.g., drylands [28], arid and semiarid areas [29]).
A limited number of review manuscripts focused on horticulture has a subset of agriculture,
and tend to concentrate on specific water management strategies (e.g., nanotechnology-
based approaches [8] and adaptive microbial inoculants for alleviation of water stress [6])
rather than providing a broader overview of the topic.

This paper aims to provide a comprehensive overview of past and current develop-
ments and improvements in water management in horticultural crops. Based on a review,
this paper summarizes the scientific literature to (i) comprehensively elucidate the water
requirements for different horticultural crops and associated impacts on water resources, in
terms of both water availability and water quality; and (ii) identify available water manage-
ment techniques and tools, including irrigation technologies and decision support systems
based on sensors, use of unconventional water resources and nature-based solutions, and
discuss their potential in supporting the sustainable development of horticulture. This
study provides an up-to-date overview of the state of the art regarding different types
of water management strategies in all types of horticultural crops, including flowers and
ornamental crops not mentioned in previous review papers [30]. The paper is structured
into three main sections. Section 2 summarizes knowledge on horticulture crop water
requirements and discusses the impact of horticulture on water resources, including both
quantity and quality. Section 3 presents measures and strategies to improve water man-
agement in horticulture, focusing on the use of nature-based solutions, unconventional
water resources, emerging technologies (e.g., microirrigation, IoT, and artificial intelligence),
and other methods (i.e., drought tolerant cultivars and nanotechnology, and excess water
management). Section 4 presents concluding remarks and future recommendations.

Sustainable water management in horticulture involves using water efficiently to
minimize wastage [31]. Ensuring the efficient use of water is important to prevent water
scarcity, especially in arid and drought-prone regions, and to avoid overextraction and
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pollution of freshwater. This is essential for ensuring the long-term availability of water
resources, protecting ecosystems and supporting human wellbeing. Its importance spans
environmental, economic, and social dimensions both now and in the future. Farmers’
adoption of improved water management practices and technologies can help support
adaptation to climate change, contribute to food security, and support the achievement of
several Sustainable Development Goals (e.g., SDGs 1, 2, 13, 14).

2. Horticulture and Water Resources
2.1. Crop Water Requirements

Water is a basic resource for plant life, playing a crucial role in several biochemical
and physiological processes essential for plant growth and health. Water is involved in
triggering seed germination, facilitating the uptake of minerals and nutrients from the
soil, and subsequently transporting them throughout various plant organs [32,33]. Water
also assumes a vital role in sustaining turgor pressure, providing rigidity to plant cells,
maintaining their shape/vigor, and preventing wilting [32]. Adequate turgor pressure will
additionally contribute to opening stomata [34], enabling gases exchange needed for basic
physiological processes, such as plant transpiration, photosynthesis, and respiration [35],
as illustrated in Figure 1. These processes contribute to preventing plant overheating,
producing carbohydrates, and generating energy in the form of adenosine triphosphate
(ATP), respectively [13].
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Figure 1. Conceptual representation of water impact on stomata functioning and subsequent plant
physiological processes (transpiration, photosynthesis, and respiration).

In light of the critical role that water plays in the plant cycle, understanding and
addressing the specific water requirements of different crops become imperative for sus-
tainable horticulture. Each horticultural crop demands adequate availability of water over
its lifecycle to avoid development constraints and decreasing yields. Table 1 synthesizes
the optimal water requirements for different horticultural crops, which vary depending
on prevailing climate system, soil type, farm management practices, and crop cultivar [6].
Horticultural crops are cultivated in open-field and indoor areas (e.g., greenhouse, hydro-
ponics), with variable plant density and height (determined by, e.g., pruning practices).
These cultivation differences affect the aerodynamic properties of the area with implications
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on, e.g., evapotranspiration and, thus, water requirements [36]. Greenhouse horticulture
establishes a more favorable environment for plant growth than open-field farming, by
artificially controlling temperature and air humidity, thus extending the growing season
and enhancing yields [37]. In northern Europe, soil-less (i.e., on cultivation substrates)
horticulture in glasshouses has shown minimal soil evaporative losses [36].

Table 1. Optimal water requirements for horticultural crops (adapted from [38]).

Horticultural Crops Family Crop Name Optimal Water
Requirements (mm)

Vegetables Amaranthaceae Spinach (Spinacia oleracea L.) 800–1200
Beetroot (Beta vulgaris L.) 600–800

Amaryllidaceae Onion (Allium cepa L.) 350–600
Garlic (Allium sativum L.) 750–1600

Apiaceae Carrot (Daucus carota L.) 600–1200

Asteraceae Lettuce (Lactuca sativa L. var. capitata) 1100–1400

Brassicaceae Mustard (Brassica juncea (L.) Czern.)
Broccoli (Brassica oleracea L. var. botrytis) 600–1100
Cabbage (Brassica oleracea L. var. capitata) 500–1000

Cucurbitaceae Pumpkin (Cucurbita pepo L.) 600–1500

Fabaceae Bean (Phaseolus vulgaris L.) 500–2000

Solanaceae Pepper (Capsicum annuum L.) 600–1250
Eggplant (Solanum melongena L.) 1200–1600
Tomato (Lycopersicum esculentum Mill.) 600–1300

Fruits Anacardiaceae Mango (Mangifera indica L.) 600–1500

Cucurbitaceae Watermelon (Citrullus lanatus (Thunb.) Matsumura & Nakai) 500–700

Lauraceae Avocado (Persea americana Mill.) 500–2000

Rosaceae Apple (Malus domestica Borkh.) 700–2500
Pear (Pyrus communis L.) 600–900

Rutaceae Orange (Citrus sinensis (L.) Osbeck) 1200–2000

Aromatic and medicinal plants Apiaceae Parsley (Petroselinum crispum (Mill.) Nym. ex AW Hil) 900–1500

Lamiaceae Lemon balm (Melissa officinalis L.) 800–1000
Lamiaceae Sage (Salvia officinalis L.) 500–1000
Lamiaceae Rosemary (Rosmarinus officinalis L.) 600–1400
Lamiaceae Oregano (Origanum vulgare L.) 700–1300
Lamiaceae Spearmint (Mentha spicata L. var. crispa) 900–1200
Lamiaceae Basil (Ocimum basilicum L.) 1000–1600

Water stress, defined as the share of freshwater withdrawal in available freshwater
resources, after taking into account environmental water requirements [12], is one of the
most concerning issues for agricultural productivity [6], including horticulture. Water stress
interferes with plant physiology and the normal metabolic activities, such as closure of
stomata on aboveground organs to avoid water losses through transpiration [39]. However,
these adaptations can lead to reduced photosynthetic activity, due to stomatal closure,
membrane damage, disruptions in enzyme activity, particularly those involved in carbon
dioxide fixation and ATP synthesis, decreased cell division, and reduced growth [39,40].
Though some fruit seem to benefit from deficit irrigation (e.g., sugar content) [41], in the
majority of case water stress has negative impacts on plant morphology (e.g., elongated
stems, reduction in root length and surface area which affects the nutrient uptake and
transport to the shoots, smaller leaves, reduces fruit size), reduced crop yield [6], and poor
fruit quality (e.g., poor color in tomato, decrease in total soluble sugars in melons), which is
a relevant parameter in horticultural crops [5].Over the last decade, the increasing frequency
of drought due to climate change has affected various critical crop growth stages such
as flowering, reproduction, fruit development and ripening, and physiological maturity,
leading to a 10–87% yield reduction in horticultural crops [1]. A summary of the most
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affected growth stages from drought in different horticultural crops and the implication for
yield is provided in [1].

2.2. Impact of Horticulture on Water Resources

Irrigation is a common practice in horticulture, especially for high-value horticultural
products, such as vegetables and fruit [15]. Typically, it includes water from freshwater
resources and/or groundwater, depending on water availability and existent technology
and/or hydraulic infrastructures to exploit the actual water resources. The expansion of
horticultural activities and associated water requirements can exert substantial pressure on
water resources, including both quantity and quality. Increasing water demand for irrigation
has contributed to the depletion of water resources [14], and to conflicts in scarce water
regions [41]. Irrigated agriculture accounts for 85–90 % of global water consumption [42].
Specific water consumption for horticulture alone is difficult to point out due to varying
methods of measurement and regional practices, and the significant differences in crop
requirements (e.g., tomatoes, lettuce, and citrus fruits are particularly water-intensive,
whereas ornamental plants require less but frequent watering), but is estimated to represent
20–30% of the agricultural water use [43]. Surface water resources support 62% of global
irrigated land, while groundwater provides the remaining 38% [44]. Overextraction of
groundwater can lead to the depletion of aquifers, lowering water tables, and affecting water
availability for other uses [45]. Additionally, irrigation can reduce the flow of surface water
bodies (e.g., rivers), with impacts on downstream water availability for ecosystems and other
anthropogenic uses [46]. Although several studies have focused on the impact of agriculture
irrigation on water resources availability (including marine salty water intrusions in onshore
areas), less is known about the specific impact of horticulture. Nevertheless, in countries
with high horticulture production, such as China and India, water consumption is high and
may represent a relevant threat to the available water resources. In the Mediterranean region,
the intensive fruit and vegetable production requires significant irrigation and represents a
major threat to local water resources [47]. In this region, as well as other arid and semiarid
areas, water demand for horticulture is expected to increase due to climate change and
associated decreasing precipitation and increasing temperatures [42].

The intensification of horticulture has been often associated with the increasing use
of agrochemicals (e.g., fertilizers, pesticides, and herbicides), and the adoption of some
nonconservative soil management practices (e.g., intensive tillage), with repercussions on
both surface and ground water resources quality [10]. Surface runoff and leaching from
horticulture croplands can transport many pollutants derived from the agrochemicals
used. Previous studies have reported high loads of nutrients, such as phosphorus and
nitrogen [48], heavy metals (e.g., cadmium and zinc) caused by using phosphate fertilizers
and copper-based agrochemicals [10,49,50], and herbicide residues [51], posing a significant
risk of contamination for water resources [14,49]. In Argentina, for example, glyphosate
and aminomethylphosphonic acid (AMPA) in soluble and suspended-particulate-matter
fractions were detected in 67% and 83% of surface water samples collected over three years
nearby a 5000 ha horticulture cropland [52]. Furthermore, surface water quality impairments
can result from soil erosion driven by intensive soil management practices. This has been
a major concern, e.g., in new citrus plantations in Spain [47]. Due to cultivation on slopes,
vineyards and orchards are among the crops with highest soil erosion rates [53,54]. The
sediments transported in surface runoff can reach water bodies (e.g., rivers and lakes) and
increase turbidity, thus reducing the penetration of sunlight and causing detrimental impacts
on aquatic plant growth and affect the overall aquatic ecosystem [55]. Water turbidity may
also reduce fish resistance to disease and alter egg and larval development [56]. Sediments
may also transport several pollutants, such as phosphorous [57], heavy metals [58], organic
pollutants (e.g., persistent organic pollutants (POPs) such as polychlorinated biphenyls
(PCBs) and polycyclic aromatic hydrocarbons (PAHs)) [59], and pathogens like bacteria,
viruses, and parasites from manure applications [60]. The overuse of fertilizers coupled
with intensive irrigation practices and poor drainage in horticultural plantations can also
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lead to salinization, i.e., the accumulation of soluble salts in the soil to levels that negatively
impact water quality and agricultural productivity [47]. Salinization caused by horticultural
practices is a major problem in countries like Australia [61], Pakistan, and India [62].

Pollutants derived from intensive management practices can also penetrate through
the soil profile and reach the groundwater. Intensive horticulture has led to significant
groundwater contamination by nitrate and pesticide residues leaching [63,64]. In intensive
olive grove orchards in the south of Portugal, about 70% of the nitrogen applied via fertil-
ization is lost through leaching, resulting in a high risk for groundwater contamination [65].
In La Rioja, Spain, 30 compounds associated with pesticide residues (15 fungicides, 7 in-
secticides, and 3 herbicides) were identified in groundwater-driven contamination from
vineyards [66], a type of horticulture. Fungicides were detected at the highest concentra-
tions because they are applied more frequently. Twenty-six residues of pesticides were
also identified in the groundwater of a wine region in southeast of Spain [67]. In Almeria,
Spain, 80% of the water wells had to be abandoned due to pollution caused by leaching of
agrochemical substances used in agriculture [49]. Here, more than 30,000 ha of land are
occupied by greenhouses, the largest concentration of greenhouse in the world, visible even
from space [49]. Greenhouse horticulture faces the challenge of ensuring crop yields while
reducing the environmental impacts. This is crucial to support achieving European goals,
such as the zero-pollution ambition of the Green Deal and the Farm to Fork Strategy [68].

3. New Opportunities for Improving Water Management in Horticulture
3.1. Nature-Based Solutions to Improve Water Management

Nature-based solutions are increasingly explored in horticulture to reduce water-
irrigation requirements, within the context of climate change. These solutions often involve
the use of organic and inorganic mulches and also other agronomic techniques to enhance
soil properties and water retention and support plant growth. Mulching, as a layer of
material on the soil surface, is a technique used to conserve soil moisture by improving the
quantity of water accessible to plants and decreasing direct soil water evaporation [29]. It
has received increasing application in horticulture [69]. Organic mulches, such as straw,
bark, wood chips, and compost, have been demonstrated to improve soil physical proper-
ties (e.g., reducing soil bulk density and increasing porosity), favoring water infiltration and
increasing soil organic matter content, which further aids in water retention [70]. Organic
mulches contribute to regulating soil temperature, thus reducing evaporation [71]. The
use of mulch can reduce 20 to 50% of evapotranspiration from soil when compared with
unmulched soils [72–76]. Various organic mulches have been investigated in ornamen-
tals [77], fruits (e.g., strawberry, apple) [78], vegetables (e.g., pepper) [79], and aromatics
(e.g., turmeric, basil) [80,81]. Inorganic mulches, made from materials like plastic, land-
scape fabric, gravel, and rocks, do not require replacement as often as organic mulches [82].
Impervious plastic mulches have a short lifetime (up to two years) and can lead to soil
contamination [83]. In horticulture, plastic mulches are the most widely used, including in
fruits (e.g., strawberry) [84], vegetables (e.g., pepper) [85], herbs [86], and ornamentals [87],
but gravel mulches [88] and geotextiles [76] have been also applied. For example, in a
commercial adult mandarin orchard located in southeastern Spain, the black polypropylene
raffia geotextile mulch reduced the intensity of water stress by 18% [76]. Some studies have
revealed that inorganic mulches may be more effective in increasing soil water content than
organic mulches [89]. The choice of mulch material depends on several factors, including
availability, climate, durability, cost-effectiveness, and environmental impact [64,82]. Given
the wide number of variables affecting soil water retention (e.g., soil type, rainfall patterns,
evaporative demands), it is challenging to generalize about the efficiency of mulching in
reducing water requirements in horticulture [29].

Other crop management practices such as organic amendments, reduced tillage, and
cover crops have been used in horticulture, e.g., to improve water holding capacity [90–99].
In horticulture, the annual application rates of compost typically range from 20 to 40 t/ha
in vegetable crops [29], 10 to 30 t/ha in orchards and vineyards [93], and 10 to 20 t/ha
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in both ornamental [94] and aromatic [99] cultivations, depending on the type of com-
post, crop nutrient requirements, soil properties, and local practices [91]. Horticulture
plants, however, have been increasingly grown on soilless media, with compost being
used as a substitute of soil in greenhouse crops [96]. Soilless systems, i.e., cultivation on
substrates such as peat moss, perlite, vermiculite, and expanded clay pellets, provide a
supportive environment for plant roots and have higher water use efficiency than soil
cropping, given the better water retention properties of substrates compared to soil [68].
Soilless media are widely used in horticulture, particularly in controlled environments like
greenhouses, vertical farms, and hydroponic systems. In hydroponic systems, water recir-
culation provides enhanced water use efficiency [97]. Various types of horticultural crops
are successfully grown in soilless media, such as lettuce, tomatoes, blueberries, roses, and
orchids. Savvas and Gruda [98] provided a literature review on the application of soilless
technologies in greenhouse industry. Biochar, a carbon-rich solid byproduct with a porous
structure obtained from pyrolysis [99], is a soil amendment with high potential to increase
water storage by improving soil structure (e.g., reducing soil bulk density) [100,101]. It
can also mitigate the negative impacts of horticulture on water quality by immobilizing
nutrients and contaminants [100,101]. The impacts on soil properties are widely variable,
depending on the feedstock material, the pyrolysis production system, and the properties
of the soil where it is applied [102]. However, little is known about its impact on soil
microbiome, which mediates nutrient cycle [101]. Biochar has been applied in fruit (e.g.,
strawberry, citrus, apple) [103–105], vegetable (e.g., tomato and pepper) [106], herbs (sweet
basil, mint, and oregano) [107], and ornamental (e.g., calendula, marigold, petunia, and
geranium) [108] production.

Cover crops, planted between the growth cycles of main crops or during fallow periods,
can improve water infiltration and retention by enhancing soil structure and increasing
organic matter content [109], although they are mainly used for soil erosion mitigation, weed
control [2], and fixing atmospheric nitrogen, thus reducing fertilization requirements [110].
Cover crops have been used, e.g., in orchards and vineyards [111], ornamentals [112], and
herbs [113], but knowledge on their contribution to reducing water-irrigation requirements
is very limited. Intercropping has been shown to increase the water use efficiency of horti-
culture crops (e.g., moth bean between paired rows of pearl millet and green gram between
paired rows of pigeon pea) because of higher yields in intercropping systems [29]. Re-
duce tillage improves soil water retention by maintaining soil cover and promoting better
water infiltration [114]. It has been applied in different horticulture crops (e.g., tomato,
strawberry) [115,116], but studies do not specify water savings.

Hydrogels, hydrophilic polymer networks that absorb and retain large amounts of
water forming a gel-like substance, have been used to improve soil water retention in
horticulture [117]. Different types of hydrogels, made from, e.g., methylcellulose and hy-
droxypropyl methylcellulose blended with potassium sulphate, have been demonstrated to
improve water holding and water retention capacities on, e.g., sandy soils [118]. Chitosan-
based hydrogels with urea can retain soil water content by up to 154% and reduce nitrogen
leaching, enhancing plant growth by 70% [119]. Superabsorbent polymers, a type of hy-
drogels designed to absorb and retain extremely large amounts of water, can absorb up to
600 times their dry weight due to their three-dimensional structure, acting as water reser-
voirs that release stored water when the soil starts to dry [69]. Hydrogels have been applied,
e.g., in tomato [120], lettuce [121], rain-fed peach trees [122], and ornamentals [123].

The use of nature-based solutions has been identified as innovative solutions to im-
prove water resources management under climate change [124]. The abovementioned
agriculture best management practices lead to improved soil structure and water holding
capacity, relevant to decreasing irrigation water demand [109], but also providing im-
provements to soil health (e.g., fertility), reduced nutrient losses [14], and soil erosion [46],
relevant to mitigate the environmental impacts of horticulture on water resource quality.
However, generalizations on their effectiveness in reducing horticultural water irrigation
are difficult, given the several factors affecting water availability and crop requirements in
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different regions. Future studies should focus on the effectiveness of different nature-based
solutions in horticulture water savings to support water management.

3.2. Use of Unconventional Water Resources

The increasing demand for water in agriculture and other economic sectors and
increasing water scarcity, which already affects 45 countries worldwide [125], have triggered
a shift to the utilization of nonconventional water sources for irrigation [126]. The reuse of
treated wastewater and desalination are considered promising solutions to ensure global
food security in water-scarce regions [127].

Treated wastewater generally contains higher nutrient content when compared to
natural water resources, meaning that these nutrients can directly be assimilated by crops,
boost crop yield, and decrease the need for chemical fertilizers [126,128]. The quality of
treated wastewater is of paramount importance for agriculture irrigation [129]. This is
particularly challenging for horticulture due to tight requirements (e.g., E. coli contami-
nation), involving, e.g., water disinfection, which increases the treatment cost. There are
also increasing concerns regarding the presence of various emerging pollutants in treated
wastewater, and their intake through the food chain and impacts on public health [129,130].
Conventional wastewater treatments are not prepared to remove contaminants such as
heavy metals, polycyclic aromatic hydrocarbons (PAHs), pharmaceuticals, personal care
products, microplastics, pathogens, and antibiotic-resistant bacteria and genes, virus, or
organic micropollutants [131–134]. These contaminants are not considered in the European
Water Reuse Directive [135]. Nevertheless, studies to assess the long-term implication of
reusing treated wastewater on crops are highly recommended [125,136]. The use of treated
wastewater also poses environmental risks, such as salinity in the root zone, decreasing soil
porosity due to changes in soil cation exchange driven by sodium absorption [136], and
leaching of nutrients to aquifers [137]. These problems can be mitigated with appropriate
agronomic strategies, such as irrigation-leaching strategies and crop selection [138]. Water
reuse for agriculture irrigation is established in regions facing water scarcity, such as Israel
(75%), Egypt (70%), California (46%), and Florida (44%) [139–141]. Although we do not
know the exact numbers for the application of treated wastewater in horticulture, regions
like the Mediterranean basin [142], East Asia [143], and the Middle East [144] have been
reported in the literature.

For example, treated mixed industrial and domestic wastewater has been used to
grow lettuce and silver beet [128], and agro-industrial effluent subject to purification
was used for irrigation of broccoli and tomatoes [145] and lettuce and radish [146]. Cost-
related concerns, however, have raised interest in seeking more cost-effective treatment
technologies for the reuse applications of wastewater [128,147]. The reuse of water from
aquaculture systems in horticulture has also received increasing attention due to the high
content of nutrients [148]. Schoor et al. [149] provided a literature review on the use of
aquacultural water in horticultural irrigation systems.

Seawater desalination represents an abundant source of water to effectively overcome
water shortage constraints. Although it can provide a durable water supply, the energy-
intensive nature of the process poses a significant obstacle for the widespread adoption of
this technology in crop irrigation [150]. The cost of desalination is very high, ranging from
EUR 0.7 to EUR 3.5 to produce 1 m3 of water in large and small plants, respectively [151].
Additionally, the disposal of the concentrated waste brine, a byproduct of desalination,
poses environmental challenges that must be addressed [150]. Desalinated water has been
mainly used for irrigation of high-value crops, such as fruits, vegetables, and ornamen-
tal plants, and indoor horticulture (e.g., greenhouse, aquaponic, and hydroponic) [152].
Desalination for crop irrigation in horticulture has been used in countries like Spain (e.g.,
strawberries and lettuce), Israel (e.g., tomatoes, cucumbers, and peppers), Florida and
California, and is under consideration in Chile, China, and Australia [153]. Water quality
is a major concern for irrigation, since desalinated water is characterized by a chemical
composition distinct from natural water sources, due to the predominance of sodium and
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chloride ions, and very low concentration of other minerals, such as calcium, magnesium,
and sulphate, considering the nutritional requirements for horticultural crops [153]. There
is limited knowledge on how to supplement these nutrients effectively and economically in
horticultural systems [150]. There is also a lack of information on crop yields irrigated with
desalinated water. Furthermore, there is limited understanding of the long-term effects of
using desalinated water on soil health, particularly regarding soil structure, salinization,
microbial activity, and nutrient availability.

3.3. Emerging Technologies and Tools for Water Management
3.3.1. Irrigation Technologies and Methods

Irrigation is a technical measure used to replenish water necessary for crop growth [14].
It has been used for thousands of years to maximize the performance, efficiency, and prof-
itability of crops, and it is a science that is constantly developing [154]. The global irrigation
efficiency is low, with crops using less than 65% of the applied water [44]. Several authors
advocate for water use efficiency as a crucial aspect to decrease water demand [155,156],
which can be achieved using efficient irrigation methods [157]. Generally, drip irrigation has
a water application efficiency of 65–95%, whereas sprinkler and furrow irrigation methods
have efficiencies of 50–90% and 50–70%, respectively [25].

Traditionally, both flood and furrow irrigation have been used in vegetable, fruit, orna-
mental, and herb crops. Generally, flood irrigation is used in areas with abundant water
resources for the cultivation of, e.g., leafy greens (e.g., spinach and lettuce), citrus trees,
flower beds, and mint [158,159]. Furrow irrigation has been used in different horticulture
crops, including vegetable (e.g., tomatoes, cucumbers, and lettuce), fruit (e.g., melons, straw-
berries), ornamental (e.g., shrubs and hedges), and aromatics (e.g., mint, thyme) [158,159].
Both flood and furrow irrigation are easy to implement and require relatively low initial
investment, but they tend to overwater and are less efficient in water use compared to other
irrigation systems, thus contributing to the depletion of water resources. Overirrigation
using these systems is quite common and can result in nitrogen leaching and pollution of
water resources, low fertilizer use efficiency, and increased production costs [20].

Environmental, economic, and social drivers have been placing great pressure on hor-
ticultural systems to improve water use efficiency [160], which has led to the application of
a range of irrigation technologies and methods, such as drip irrigation systems, subsurface
irrigation systems, and controlled drainage [15]. Sprinkler irrigation systems have been
used in horticulture, e.g., in apples [161], blueberries [162], lettuce [163], and basil [164].
Sprinkler technology uses stationary sprinklers, moving sprinklers, or center-pivot systems
to spray water over the crops. However, part of the water is retained by the canopy and
can induce diseases due to the wetting of foliage, which creates a favorable environment
for the growth and spread of pathogens [165].

In small-acreage irrigation, methods such as microirrigation are commonly used [1].
The use of microirrigation systems, such as drip irrigation, is a key factor in achieving
higher yields and better-quality product in open-field [166] and greenhouse [167] vegetable
cultivation. Drip irrigation diverts water near the root zone through a network of pipes,
tubes, and emitters. It has been proposed as a potential alternative to traditional methods as
it can significantly increase yield and water use efficiency due to lower water loss through
seepage and evaporation [168,169]. For example, a literature review focused on crops
irrigated in China revealed that for the same amount of water applied, drip irrigation
increases crop yields by 29%, 8%, 5%, and 2% comparing to the yields from flooding,
furrow, microsprinkler, and two-sprinkler irrigation, respectively [14].

Numerous horticulture farmers use drip irrigation technologies [2]. Several forms
of automated microirrigation systems, including drip irrigation, have been used in water
management methods such as deficit irrigation [170]. Deficit irrigation methods are based
on the reaction of signaling molecules transported by xylem tissue, since water is first
sent by the roots and provides the signal to leaves to retard the standard development
and prevent water loss [1]. Based on this principle, water-management techniques such as
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partial root-zone drying (PRD) and regulated deficit irrigation (RDI) have been successfully
used to improve yield and quality in horticulture [171]. PRD involves alternately wetting
and drying different parts of the root zone, effectively exposing only half of the root system
to water stress at any given time [172]. In PRD, irrigation is applied to one side of the
plant’s root system while the other side is allowed to dry. After a certain period, typically
one to two weeks, irrigation is switched to the previously dry side. This alternation helps
to stimulate physiological responses in the plant that improve water use efficiency and can
lead to benefits such as improved drought-tolerance mechanisms and reduced transpiration
rates [1]. PDR has been successfully applied in various horticulture corps, leading to a
30–50% reduction in irrigation in, e.g., tomato [173], potato [174], and citrus [175]. RDI is a
method that intentionally reduces the amount of water applied to crops during specific
growth stages. By applying water deficits at noncritical growth stages, plants can be
conditioned to use water more efficiently, leading to considerable reductions in water
use with minimal impacts on yield and quality [176]. However, RDI requires detailed
understanding of crop-specific growth stages and water needs to identify the timing of
water deficits that would minimize the impact on crop growth [9], precise monitoring of soil
moisture content, and high management complexity for the precise timing and application
of water deficits [1]. RDI has led to water savings of up to 20–30% in horticultural crops such
as tomato [177], grapes [178], and bean [179]. Water savings in horticulture are particularly
relevant in arid and semiarid areas [29]. Nevertheless, both RDI and PDR are strategies
that could be further explored in some horticultural cropping regimes [2].

Research on subsurface irrigation for open-air horticulture crops has shown promising
results. In subsurface irrigation, water is delivered into the crop root zone, through a pipe
network system laid below the surface layer. This method reduces deep seepage and soil
evaporation and improves water use efficiency [14]. Oron [180] found that a subsurface drip
system can be used for years without failure, with increased yields compared to surface
microirrigation systems. Ayars [181] reported significant yield and water use efficiency
increases in various crops, including tomato, cotton, and cantaloupe, when using subsurface
drip irrigation. Brown [182] demonstrated the practical advantages of subsurface drip
irrigation for multiple cropping, with higher yields in cantaloupe and dry onion. Lamm [183]
highlighted the increased usage of subsurface drip irrigation in the USA, particularly for
cotton, tomato, and onion production.

Controlled drainage is a water management practice that involves the regulation of the
water table to enhance water availability during dry periods and prevent waterlogging dur-
ing wet periods, thereby optimizing growing conditions to improve crop performance [184].
It has been used to avoid waterlogging in horticulture crops like strawberries and tomatoes,
and to prevent both waterlogging and drought stress in orchards [185,186]. Controlled
drainage is mainly used in countries like the Netherlands and Denmark. Nevertheless, its
impact on water quality is not clear, with some studies reporting a reduction in nitrogen
and phosphorus loss [164], while others show an increase in total phosphorus concentra-
tion [187]. Therefore, while controlled drainage can be a valuable tool in water management,
its limitations and potential trade-offs should be carefully considered in horticultural crops.

Recent research in horticulture irrigation methods has focused on improving water and
nutrient management in greenhouse vegetable crops [188]. This includes the use of fertiga-
tion and advanced technologies such as hydroponics [189]. Water and nitrogen shortage
are some of the most limiting factors for crop production and they often occur together [20].
Fertigation, i.e., the application of fertilizers through irrigation systems, provides an efficient
method to optimize water and nutrient management in intensive horticultural systems, such
as strawberries, lettuce, roses, and mint [190,191]. Hydroponic is a soilless farming tech-
nique using mineral nutrient solutions in an aqueous solvent, with minimum evaporative
losses. It is gaining attention in horticulture for its potential to provide increased yields,
higher growth rates, efficient use of water and nutrients, higher plant density and allowing
for vertical farming, thus addressing food demand and environmental challenges [192].
Examples of hydroponic applications in horticultural crops include strawberries [193], cu-
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cumbers [194], and mint [195]. However, hydroponic also presents challenges, including
high initial investment, technical knowledge requirements, and reliance on consistent elec-
tricity and water supply [196]. Despite these limitations, the future of hydroponic farming
looks promising, with the potential to provide high-quality, locally grown products [197].

The challenge of adapting water management to a changing climate, including the
need to reduce water consumption and improve water quality, involves improving irri-
gation efficiency [198]. The best irrigation practice to implement, however, can vary with
crop morphology, land availability, and soil type [2]. In addition to water use efficiency, the
selection for the irrigation technology and method should consider the water accessibility
and availability and the associated costs for both technology and water abstraction [199].
Previous studies focusing on economic aspects of irrigation have shown that low-cost
and moderate- to high-efficiency irrigation infrastructures may best suit farmers targeting
area-based income [200].

3.3.2. The Potential of IoT and Artificial Intelligence in Supporting Water Management

The most recent technological advances in irrigation involve smart irrigation and pre-
cision irrigation, based on the adoption of a new generation of technology and information
tools, such as Internet of Things (IoT) and artificial intelligence (AI). Smart irrigation is
more focused on time aspects (scheduling), involving the automation and optimization of
irrigation processes using real-time data [201], whereas precision irrigation is more focused
on the spatial distribution of water supply, targeting the precise application of water based
on detailed analysis of field variability [202]. Furthermore, IoT sensors can be used to
detect leaks in irrigation systems [197], thus supporting improved water management. The
rapidly evolving fields of IoT and AI hold immense promise for addressing the crucial
challenge of water management in horticulture [203]. These tools can support precision
irrigation by using IoT sensors for real-time data collection (e.g., soil moisture content,
weather conditions, and plant water needs) and transmitting the collected data to data
centers [204]. IoT includes actuators (e.g., to operate valves and pumps) and connected
electronic devices (nodes) to support smart irrigation [201]. Apart from this hardware side,
IoT comprises cloud computing for system feedback, based, e.g., on the water budget ap-
proach for personalized and farm-directed alerts [205,206]. Remote control of the irrigation
system allows farmers to control irrigation and other water management systems from
anywhere (especially considering the 6G wireless systems), providing timely interventions
by farmers, flexibility, and efficiency [207].

Advancements in the field of horticulture include, e.g., the design of intelligent drip
irrigation network control systems, which can monitor soil humidity, air temperature,
and light and provide feedback through wireless sensor networks [208–218]. Several
studies have used soil moisture sensors for real-time optimization of irrigation systems
(scheduling) in both open-field and indoor horticulture [21,206]. Soil moisture monitoring
to support drip irrigation scheduling has been performed using sensors such as tensiometer
and a standard evaporating dish [209–211], time domain reflectometry [212], and neutron
probes [213]. Pardossi [215] used a new generation of dielectric sensors that can also mea-
sure electrical conductivity and nutrient microenvironment for controlled fertigation [197].
Kumar et al. [218] provided a literature review on the application of IoT technologies in
agriculture, including irrigation in some horticultural crops.

Automation based on the use of wireless sensor network technologies has provided
a relevant increase in water use efficiency of horticultural crops [21]. Tang et al. [27]
provided a literature review on the application of wireless communication technologies
(e.g., 5G, WiFi, and ZigBee) in agricultural irrigation management. Emerging decision
support systems utilizing sensor technologies to improve and automate data collection
of soil water status, screen for drought tolerance within specialty cropping systems, and
implement responsive, climate-smart, irrigation programs have been increasingly used
in horticulture [21,197]. Sensor technology has been used to optimize water savings and
crop yields in, e.g., tomato [216], lettuce, and cabbage [217]. Figure 2 provides a summary
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of variables and processes considered in data analytics used to support smart improved
irrigation in horticulture.
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Sensors, however, provide point-based data and might fail to capture field hetero-
geneity and associated spatial variation of, e.g., soil moisture and plant water stress [20].
Determining the optimum number of soil sensors for automation of irrigation in different
crops is complex, since it depends on many factors such as soil type and soil profiles [203].
To overcome point-based data problems, other methods have been also applied in horti-
culture. For example, crop water status monitoring can be performed using plant-canopy-
based methods, including both contact (e.g., pressure chamber for measuring stomatal
conductance and water potential, and leaf diffusion porometers) [218] and non-contact (e.g.,
infrared thermometers and remote sensing) [219] methods. Low-altitude remote sensing
techniques use different spectral bands from multispectral and hyperspectral sensors [20].
Hyperspectral cameras have been used to detect water stress in, e.g., tomato, citrus, and
tea crops ([220,221]). Khormizi et al. [222] monitored the water stress of a pistachio orchard
by using an unmanned aerial vehicle (UAV). They used images from a drone to quantify
evapotranspiration and assess drought stress in individual trees, based on the Normalized
Difference Vegetation Index (NDVI). Other vegetation indices, such as Green Normalized
Difference Vegetation (GNDVI) and Optimized Soil Adjusted Vegetation Index (OSAVI)),
have been used to assess water in horticultural crops, such as lettuce, tomatoes, and spinach,
under different climatic conditions [222–224]. However, the spectral behavior of crops used
to calculate the indices differs with crop type and climatic conditions [225,226]. Enhanced
monitoring of soil moisture content and more efficient irrigation scheduling strategies can
decrease irrigation water demand up to 30 % [36]. Brajović [227] introduced the concept of
smart irrigation software, which utilizes data fusion to optimize irrigation scheduling and
system design. Irrigation scheduling programs should be based on estimating crop water
requirements from measurements of soil moisture, deep drainage, and crop water stress,
with weather forecasts [2,210].
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Data from IoT sensors and remote sensing can be used in AI algorithms for data
analysis to determine the optimal irrigation schedule and amount, enhancing water use
efficiency [22]. Adjustments on irrigation can be refined through AI integration of data,
achieved by learning from past data and predicting future water needs, for more precise
and efficient water usage [197]. AI models can be used for predictive analytics to forecast
weather conditions (e.g., rainfall patterns) and crop water demand (based on analysis
of historical data and current conditions), simulating the effects of preventive and/or
corrective actions [228,229]. Predictive analytics can support farmers in assessing the impact
of climate change on irrigation [197]. Digital twins, virtual replicas of real-world entities,
rely on sophisticated data analytics such as prediction models and machine learning [230].
Advancements in smart and data-driven greenhouse horticulture have been achieved with
digital twins [231]. Ariesen-Verschuur et al. [231] presented a systematic review on the
application of digital twins in horticulture. Ahmed et al. [28] provided an overview of
the use of AI, deep learning, and predictive models in supporting water use efficiency in
water-scarce agricultural regions, including a few examples of application in greenhouses.

The use of digital applications and technology to monitor crops and the environmental
conditions provides relevant inputs to improve irrigation management, reduce water
losses, and improve water use efficiency [157,210]. A recent literature review on precision
irrigation water-saving technology suggested that enhancements in irrigation efficiency
alone can fulfil 50% of the anticipated rise in water demand, and that only by using
IoT and AI tools it would be possible to achieve the long-term viability of global food
production [25]. Previous studies have shown that the use of new technologies and tools
improved water savings of 19% in coffee [232], and 46% [25] and 59% [233] in tomato
comparing to traditional irrigation methods. Additionally, AI and IoT can also support
the improvement of other management practices (e.g., optimizing fertilization and pest
control) relevant to reducing the pollution of water resources [26]. AI and IoT have been
mainly used to support greenhouse management, including water and other resources, to
create ideal growing conditions, especially in greenhouses [22].

In the future, it will be vital to know how to harness and maximize the potential of new
technologies to irrigate horticultural crops efficiently and manage a scarce resource such as
water. Despite the relevant opportunities provided, the adoption rates of new technologies
and practices in agriculture has been slow [15]. Generally, only the more added-value crops,
such as the majority of those included in horticulture, have been using IoT and AI [203].
The use of IoT and AI in agriculture can be challenging, since the initial cost of IoT devices
and AI systems may represent barrier for small-scale farmers [21]. This can be particularly
relevant to horticulture since it is dominated by small- and medium-sized business [203].
Furthermore, data management can be also challenging, since collecting, storing, and
analyzing large amounts of data require robust infrastructure and expertise [204].

3.4. Other Methods
3.4.1. Drought-Tolerant Cultivars and Nanotechnology

To minimize the harmful effects of water stress, various approaches have been used
to boost horticultural production and quality. They include, for example, growing plants
with low water requirements by selecting crops, varieties, and rootstock [1]. Advances in
crop improvement to develop drought-tolerant cultivars in horticultural crops have been
achieved, involving, e.g., progress in molecular breeding and genome editing to induce
various physiological, morphological, and biochemical modifications [1]. These advances
involve, for example, genetic improvements by stimulating gene activity through nanotech-
nology (e.g., zinc oxide nanoparticles), adjusting levels of hormones to produce growth
regulators, enhancing water uptake, improve root hydraulic conductance, and preventing
oxidative damage [1,13]. Recent studies on physiological phenotyping have monitored wa-
ter relations in the soil–plant-atmosphere continuum of multiple horticultural crops under
dynamic environmental conditions [220]. Physiological phenotyping is a tool used to iden-
tify and select plant traits that enhance water-use efficiency and reduce water requirements
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in horticultural crops. This approach involves assessing various physiological parameters of
plants, such as their ability to maintain growth under water-limited conditions, their water
uptake and transport mechanisms, and their overall response to drought stress [234]. By
integrating these phenotypic traits into breeding programs, water-scarcity-resilient horticul-
tural crops can be developed. Breeding programs have used physiological phenotyping to
select for traits such as improved water use efficiency, leading to tomato, lettuce, and grape
varieties that require less water [235].

Nanotechnology offers innovative solutions for managing water stress in horticulture,
such as hydrogel nanocomposites, materials that significantly enhance soil water retention
and slowly release depending on plants need, silver nanoparticles to enhance plant growth
under oxidative stress associated with drought, and silicon nanoparticles to improve drought
tolerance by enhancing water uptake and reducing transpiration [236]. Manzoor et al. [8]
presented a literature review on nanotechnology-based approaches in horticulture, including
for water stress tolerance. Hayat et al. [13] presented a literature review on the use and
potential of nanoparticles for improving drought stress resistance of plants. As research
progresses, these technologies are likely to become increasingly integrated into sustainable
agricultural practices, helping to mitigate the effects of climate change and water scarcity
on horticulture.

Adaptive microbial inoculants are increasingly recognized as effective tools for miti-
gating water stress in horticultural crops. These inoculants consist of beneficial microor-
ganisms, such as bacteria, fungi, or a combination of both, that enhance plant resilience to
drought. Examples of microbial inoculants include (i) arbuscular mycorrhizal fungi, widely
used to enhance drought tolerance in tomatoes, peppers, and strawberries [237]; (ii) plant-
growth-promoting rhizobacteria for promoting root growth, enhancing nutrient uptake,
and inducing systemic tolerance to drought in crops like lettuce, carrots, and cucumbers [1];
and (iii) phosphate-solubilizing bacteria and rhizobium inoculation, used to improve water
use efficiency in crops such as chickpea [29]. Kour et al. [6] provided a literature review
on adaptive microbial inoculants for alleviation of water stress in horticultural crops. As
research advances, the development and application of tailored microbial consortia could
become a key strategy in sustainable horticulture, particularly in regions prone to drought.

Grafting has been also successfully used to mitigate water stress in horticultural
crops [238]. It involves joining the tissues of two plants so that they grow as one. This
well-established technique often involves the use of rootstocks resilient to drought, and
scions selected for specific fruit or vegetable production characteristics. Grafting has been
used, e.g., in Cucurbitaceae and Solanaceae families and grapevines [238,239]. The success
of grafting in mitigating water stress lies in its ability to improve water uptake, regulate
water loss, enhance root-to-shoot communication, and provide resilience against drought-
induced oxidative stress. This approach is increasingly important in the context of climate
change and water scarcity, making it a critical tool for sustainable horticulture [240].

3.4.2. Managing Excess Water Due to Flooding

Although water management has been largely focused on water scarcity stress, flood-
ing is also a substantial environmental challenge that significantly decreases crop yield and
has become a global issue [13], expected to be exacerbated by climate change [16]. More
than one-third of the world’s irrigated land is affected by flooding, whether commonly
or infrequently [13]. Several factors can contribute to this issue, including heavy rainfall,
unlevelled land, poor drainage, and overirrigation [13]. Excess water in the soil reduces
gas exchange and diffusion between plant roots and the atmosphere, leading to restricted
respiration, hypoxia, and anoxia in plants due to excessive water filling air spaces [13], and
can deter efficient root function, thus hindering nutrient uptake [2,5]. Overirrigation leads
to low fertilizer use efficiency, reduced productivity, and increased production costs, and
may also result in nitrogen leaching and consequent pollution of water bodies [20]. Such
environmental challenges require adaptive cultivation techniques to ensure that plants
meet their nutritional requirements [5]. The impacts of flooding on horticultural crops can
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be mitigated using drainage systems, including both surface (e.g., drains, such as ditches
or shallow trenches, to quickly convey water from the field) and subsurface (tiles or pipes
installed to remove excess water from the root zone, preventing prolonged waterlogging)
systems [241]. Other agronomic practices include planting crops on raised beds to elevate
the root zone above the saturated soil, reducing the risk of root hypoxia and improving
aeration [242]. In fields with gentle slopes, installing ridges can help channel excess water
away from the plant roots. This technique is particularly effective for crops such as straw-
berries, tomatoes, and peppers [242]. Selecting or breeding crop varieties that are more
tolerant to waterlogging or temporary flooding can help mitigate losses. Some rootstocks or
cultivars have better tolerance to low-oxygen conditions [243]. Nanotechnology has been
used to alleviate the harmful effects of flooding stress on plants by limiting root cell death,
reducing O2 deprivation stress, shifting from aerobic to anaerobic energy metabolism,
regulating protein synthesis, and detoxifying toxic products [244,245]. However, there is a
lack of studies that specifically investigate the role of nanoparticles against flooding stress
tolerance in horticultural plants [13].

4. Concluding Remarks and Prospects

Horticulture is a crucial sector for food security and the global economy. Horticultural
crops, including fruits, vegetables, aromatic herbs, and ornamental plants, have noticed an
increasing social demand over the last few decades. These types of crops require consider-
able amount of water, often necessitating irrigation, especially in arid and semiarid regions.
Increasing water scarcity due to climate change, population growth, and competing de-
mands from other sectors (e.g., industry, urbanization) is a critical challenge for horticulture.
Inefficient irrigation practices also represent a major challenge for water management in
horticulture. Traditional irrigation methods such as flood irrigation are often associated
with overirrigation, nutrient leaching, and soil degradation (e.g., salinization).

The expansion of horticulture has raised environmental concerns due to impacts
on water resources, such as overextraction of groundwater and pollution driven by the
intensive use of agrochemicals, but the extent and magnitude of the impacts are not known.
Further studies to assess the real impact of large-scale horticulture on both quantity and
quality of the water resources are needed. This will require monitoring programs to assess
the impacts on water resources availability, and chemical and biological status, at the basin
scale. Particular attention should be provided to emerging contaminants (e.g., herbicides
and microplastics).

To cope with water shortages and improve water use efficiency, a holistic approach
combining sustainable agriculture practices and technological innovation to improve water
management in horticulture is required. However, one of the primary challenges for
water management in horticulture is the lack of knowledge among farmers regarding the
water requirements of their crops. Farmers often rely on their perception of crop status
and the availability of water, rather than actual crop water needs. Several horticulture
crops have been well investigated regarding water needs in distinct growth stages (e.g.,
tomato and lettuce), but there is limited information about many crops, especially some
perennials, ornamentals, and aromatics. Additionally, studies on crop water demands are
developed in specific environments, and information for varying regions is still lacking
(e.g., the Mediterranean). A global database about crop water requirements in different
environments, easily accessible to farmers, would be useful.

The implementation of nature-based solutions based on best agricultural practices,
such as mulching, organic amendments, and cover crops, can enhance soil moisture by
improving the water holding capacity and reducing losses by evaporation, and, thus,
decrease water irrigation requirements. The use of hydrogels, for instance, can reduce
evaporation losses up to 50%. However, there is a lack of comprehensive knowledge on
the effectiveness of different measures in distinct horticulture crops and environments. For
example, the impact of several mulches and application rates are highly variable. Other
techniques to reduce irrigation requirements, such as nanotechnology-based approaches
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for water stress tolerance, are promising, but studies of large-scale application are still
lacking. The development of drought-resistant crop varieties can reduce the dependency
on water and maintain productivity in challenging conditions. Breeding and genetically
engineering crops that are more resistant to drought and can thrive in low-water conditions
is a critical research area.

The use of unconventional sources of water, comprising an important aspect of water
management in horticulture, have been increasingly explored. Water sources such as
treated wastewater and desalination provide sustainable alternative to freshwater resources,
especially in water-scarce regions. However, these sources are more expensive than natural
water resources, and inappropriate management can lead to the accumulation of salts,
causing soil degradation and decreases in crop yields. This is a major issue for horticulture,
especially in arid and semiarid regions. The quality of treated wastewater is another
major concern for horticulture, given the risk of food contamination and impact on public
health. The extent of soil degradation and food safety problems have not been sufficiently
investigated. Future research should focus on developing cost-effective technologies to
improve the water quality of alternative sources.

Improved irrigation techniques are of the utmost importance to enhance water use ef-
ficiency in horticulture. The adoption of more efficient technologies, such as drip irrigation,
can optimize water use by delivering water directly to the root zone in appropriate amounts.
Nevertheless, innovative technologies and tools are necessary to effectively optimize water
management. Automation and remote sensing are emerging research fields to improve
irrigation. The real-time integration of data from sensors (providing information about
the water status of crops) and weather forecasts enable farmers to optimize irrigation.
Precision irrigation and smart irrigation have high potential to improve water use efficiency
by tailoring irrigation schedules and spatial variability, respectively, to the specific needs of
crops. The use of IoT with 6G wireless systems has the potential to revolutionize horticul-
ture, given the high capacity of 6G to support large-scale operations with numerous IoT
devices. Other innovative tools, such as data analytics, predictive modeling, and digital
twins, provide remarkable improvements in decision support systems. The practical imple-
mentation of these technologies, however, has been limited. The high cost of the technology
and the complexity of implementation are barriers to the widespread adoption of these
water-efficient tools. Additionally, farmers are often resistant to change their established
practices. Efforts to develop more cost-effective and user-friendly technologies and tools
and to educate and engage farmers will be crucial in driving the widespread adoption of
water-efficient practices. Smart irrigation and the safeguarding of water resources are essen-
tial to adapt to climate change, ensure food security, and achieve some of the Sustainable
Development Goals.

Although this paper is focused on demand-driven water management by control-
ling and reducing the demand for water through more efficient use, conservation prac-
tices, and drought-tolerant crops to meet growing demands for horticulture crops, other
demand-driven strategies are also available (e.g., water pricing policies). Effective water
management in agriculture also involves supply-driven strategies and measures, such
as the development of infrastructure like dams, reservoirs, and irrigation canals to store
and deliver water to horticulture when it is needed. A holistic approach involving both
supply-driven and demand-driven strategies is required to cope with increasing water
scarcity, exacerbated by both growing societal demand and climate change, and to ensure
sustainable water management required for food security.
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