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Hydrogel as an Emerging Water Management Tool for Sustainable Vegetable Production: A Review


Abstract
Water scarcity and climate variability pose major challenges to sustainable vegetable production, which is terrifically dependent on continuous soil moisture and efficient water use. Hydrogels, or superabsorbent polymers (SAPs), have dawn as promising soil amendments due to their merit to absorb and retain huge quantities of water and release it step by step according to plant demand. This review synthesizes current knowledge on the concept, classification and functional properties of hydrogels, emphasizing their role in enhancing soil water-holding capacity, improving soil physical characteristics, reducing irrigation frequency and increasing water use efficiency. Research findings indicate that hydrogel application improves germination, vegetative growth, yield and quality attributes of various vegetable crops, particularly under water-deficit conditions. Hydrogels also mitigate drought stress by maintaining plant physiological processes and enhancing stress tolerance mechanisms. Additionally, their integration with nutrient management reduces nutrient leaching, enhances fertilizer efficiency and supports climate-smart and environmentally sustainable agricultural systems. While biodegradable and eco-friendly hydrogel alternatives address environmental concerns associated with synthetic polymers, continued research and development are required to optimize formulations for field-scale adoption. Overall, hydrogels present an effective water management tool for sustainable and climate-resilient vegetable production.
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1. Introduction
Vegetable crops play a crucial role in ensuring nutritional security, income generation and livelihood sustainability, especially in developing countries. However, vegetable production is highly sensitive to soil moisture availability due to shallow root systems and high water requirements during critical growth stages. Efficient water management is therefore essential to achieve optimum growth, yield and quality of vegetable crops (FAO, 2017; FAO, 2020). Water is one of the most limiting factors in vegetable cultivation, influencing germination, nutrient uptake, photosynthesis and overall crop productivity. Inadequate or irregular water supply can lead to reduced growth, yield losses, poor quality produce and increased susceptibility to abiotic stress. Efficient water management practices improve WUE, reduce irrigation frequency and lessen losses through evaporation, runoff and deep percolation (Hatfield and Dold, 2019). With increasing pressure on freshwater resources, sustainable water monograph has become a priority in vegetable-based production systems. Global climate change has intensified the frequency and severity of droughts, erratic rainfall patterns and rising temperatures, further aggravating water scarcity in agricultural systems. According to the Intergovernmental Panel on Climate Change (IPCC), climate variability is expected to significantly affect crop water availability and productivity, especially in water-intensive crops such as vegetables (IPCC, 2021). In arid and semi-arid regions, limited irrigation water availability poses a major challenge to sustainable vegetable production. Conventional irrigation practices alone are often insufficient to cope with these challenges, necessitating the adoption of innovative water-saving technologies. 
Hydrogels, also known as superabsorbent polymers (SAPs), have emerged as a good soil amendment for improving soil water retention and availability to plants (Wang et al., 2019). These polymers can absorb and retain large quantities of water and release it slowly according to plant requirements, thereby maintaining soil moisture for longer periods (Akhter et al., 2004; Demaitri et al., 2018). The incorporation of hydrogels into soil has been reported to reduce irrigation frequency, improve water use efficiency, enhance plant growth and mitigate drought stress in vegetable crops (Narjary et al., 2012; Islam et al., 2011). In the context of sustainable agriculture, hydrogels offer significant potential by conserving water, reducing nutrient leaching and supporting climate-resilient vegetable production systems. Their application aligns well with the principles of resource-use efficiency and environmental sustainability, establishing their potential as a practical solution to water scarcity issues in vegetable cultivation.
2. Concept and Classification of Hydrogels
2.1 Definition and Basic Properties of Hydrogels
Hydrogels are three-dimensional, cross-linked polymer networks that can absorb and retain substantial quantities of water or aqueous solutions without dissolving. Their high water-holding capacity results from the presence of hydrophilic functional groups, including hydroxyl (–OH), carboxyl (–COOH), amide (–CONH₂) and sulfonic (–SO₃H) groups within the polymer matrix (Ahmed, 2015). In agricultural applications, hydrogels are commonly referred to as superabsorbent polymers (SAPs) owing to their ability to absorb water several hundred times their own dry weight (Sun et al., 2021). The properties that make hydrogels suitable for agricultural use include high swelling capacity, efficient water retention, gradual water release, reusability, and stability under fluctuating soil moisture conditions. When incorporated into soil, hydrogels swell upon irrigation or rainfall and subsequently release stored water gradually during periods of moisture deficit, thereby improving soil moisture availability in the root zone (Akhter et al., 2004; Narjary et al., 2012). These characteristics make hydrogels particularly useful in vegetable production systems, where frequent irrigation is often required.
2.2 Natural vs Synthetic Hydrogels
Based on their origin, hydrogels can be broadly categorized into natural and synthetic types. Natural hydrogels are derived from biopolymers such as cellulose, starch, chitosan, alginate and gelatin. These materials are biodegradable, non-toxic and environmentally benign, which makes them well suited for sustainable agricultural applications (Sannino et al., 2009). However, natural hydrogels generally possess lower mechanical strength and reduced water-holding capacity compared with their synthetic counterparts. In contrast, synthetic hydrogels are produced from petroleum-based polymers, including polyacrylamide, polyacrylate and their copolymers. These hydrogels exhibit superior water absorption capacity, longer functional life in soil and greater resistance to microbial degradation (Bhardwaj et al., 2007). Due to their high efficiency, synthetic hydrogels are more commonly used in agricultural applications, including vegetable crop production. Nano-hydrogel represent a promising advancement due to their higher surface area, enhanced water retention capacity and improved interaction with soil particles and plant roots (Zhang et al., 2022). However, concerns regarding their long-term environmental impact and biodegradability have led to increased interest in developing safer alternatives.
2.3 Biodegradable and Eco-friendly Hydrogels
In recent years, biodegradable and eco-friendly hydrogels have gained significant attention as sustainable alternatives to conventional synthetic hydrogels. These hydrogels are engineered to undergo natural degradation in soil through microbial activity, breaking down into non-toxic by-products such as water, carbon dioxide and biomass (Oliveira et al., 2016). Biodegradable hydrogels are often produced by blending natural polymers with synthetic materials to achieve an optimal balance between water retention efficiency and environmental safety. Eco-friendly hydrogels not only improve soil water retention but also reduce nutrient leaching and enhance soil structure, contributing to sustainable vegetable production. Their use aligns with climate-smart agricultural practices by conserving water resources and minimizing environmental risks associated with non-degradable polymers (Montesano et al., 2015). Continued research on biodegradable hydrogel formulations is anticipated to play a key role in advancing sustainable water management practices in vegetable cropping systems.
3. Hydrogels in Soil Water Management
Efficient soil water management is a major challenge in vegetable production, particularly in light-textured soils and water-limited environments. Hydrogels, due to their superior water absorption and retention capacity, have gained prominence as effective soil amendments for enhancing soil moisture availability and minimizing irrigation water losses (AI-Kaisi and Lal, 2020; Tripthi et al., 2020) Hydrogels significantly enhance the water-holding capacity of soils by absorbing large quantities of water during irrigation or rainfall and releasing it slowly during periods of moisture deficit. When incorporated into the soil, hydrogels act as micro-reservoirs that store water and make it available to plant roots over extended periods (Akhter et al., 2004). Several studies have reported that hydrogel application increases field capacity and available water content, particularly in sandy and loamy soils, which are otherwise prone to rapid drainage and low moisture retention (Narjary et al., 2012; Bhardwaj et al., 2007). In vegetable cropping systems, improved soil water-holding capacity due to hydrogel application ensures continuous moisture supply during critical growth stages, thereby reducing water stress and improving crop performance (Montesano et al., 2015; Yadav et al., 2020) reported that the inclusion of biodegradable hydrogels to growing media significantly increased water retention and promoted better plant growth under limited irrigation conditions.
3.1 Effect on Soil Physical Properties (Porosity and Bulk Density)
The adding of hydrogels to soil also modifies key physical properties, including porosity, bulk density and soil aggregation. Hydrogels swell upon water absorption, creating additional pore spaces in the soil matrix, which improves soil aeration and root penetration (Sivapalan, 2001; Kaur and Kumar, 2021). This swelling behavior results in reduced soil compaction and lower bulk density, particularly in coarse-textured soils. Studies have shown that hydrogel application improves soil structure by enhancing macro- and micro-porosity, thereby facilitating better movement of water and air within the root zone (Abedi-Koupai et al., 2008). Improved soil porosity not only enhances water retention but also exalt healthy root development, which is pressing for nutrient luster and overall vegetable crop growth (Chen and Zhang, 2020 Wang and Li, 2020).
3.2 Influence on Irrigation Frequency and Water Saving
One of the most important benefits of hydrogel application is the reduction in irrigation frequency and overall water use. By retaining water in the root zone for longer durations, hydrogels reduce the require for regular watering, leading to significant water savings (Islam et al., 2011). This is particularly beneficial in vegetable crops, which typically require frequent irrigation due to shallow root systems. Field experiments have demonstrated that hydrogel-treated soils can reduce irrigation requirements by 20–50% without compromising crop growth and yield (Sivapalan, 2006; Narjary et al., 2012). The ability of hydrogels to minimize water deficit through deep percolation and evaporation makes them a valuable tool for sustainable water management, especially in arid and semi-arid regions (Ramesh et al., 2021). Overall, the use of hydrogels in soil water management contributes to improved soil moisture conservation, enhanced soil physical properties, reduced irrigation demand and efficient utilization of limited water resources, thereby supporting sustainable vegetable production systems (Das and Munda, 2019).
4. Role of Hydrogels in Enhancing Water Use Efficiency
The water use efficiency, demonstrated as the ratio of crop yield to the quantity of water used, is a critical indicator of sustainable vegetable production. Vegetable crops generally have high water requirements and shallow root systems, making them particularly vulnerable to inefficient water use and moisture stress. Improving WUE is therefore essential to ensure productivity under conditions of limited water availability (Hatfield and Dold, 2019b). Hydrogels have been widely shown to improve water use efficiency by enhancing soil moisture retention and providing a sustained water supply to plants (Saha and Rao, 2020). Studies have shown that hydrogel application leads to improved growth and yield of vegetable crops under reduced irrigation regimes, thereby increasing WUE (Sivapalan, 2006; Islam et al., 2011). By maintaining optimal soil moisture in the root zone, hydrogels reduce plant stress and allow crops to utilize available water more effectively.
4.1 Reduction of Water Loss through Evaporation and Leaching
One of the major causes of low WUE in vegetable production is water deficit through surface evaporation and deep percolation or leaching. Hydrogels reduce these losses by absorbing excess water during irrigation or rainfall and holding it within the soil profile. The stored water is then liberated lightly, minimizing rapid drainage beyond the root zone (Bhardwaj et al., 2007). Research has demonstrated that hydrogel-treated soils exhibit reduced evaporation rates due to improved soil structure and moisture distribution (Abedi-Koupai et al., 2008). Hydrogels act as localized water reservoirs in the rhizosphere, supplying moisture directly to plant roots during periods of soil moisture deficit. This hydrogel-mediated moisture availability helps maintain plant water status, improves root growth and supports physiological processes such as photosynthesis and transpiration (Islam et al., 2011). Several studies have reported enhanced root proliferation and improved root-soil contact in hydrogel-amended soils, leading to more efficient water uptake by plants (Sivapalan, 2001; Sivapalan and De Silva, 2017). In vegetable crops, improved root-zone moisture availability results in better crop establishment, sustained vegetative growth and improved yield stability under water-limited conditions (Montesano et al., 2015).
5. Effect of Hydrogels on Physiological, Phenological and morphological Characteristics of Vegetable Crops
Hydrogels have been extensively investigated for their beneficial influence on the growth and yield of vegetable crops, mainly due to their ability to improve soil moisture availability, reduce water stress and enhance nutrient uptake (Singh et al., 2018). The positive effects of hydrogels extend from early crop establishment through to final yield and quality. Seed germination and seedling establishment, which are crucial phases in vegetable production, are particularly sensitive to soil moisture availability. Application of hydrogels in the seed zone helps maintain uniform and adequate moisture, which enhances seed imbibition and promotes faster and more uniform germination. Several studies have reported improved germination percentage and seedling vigor in hydrogel-amended soils compared to untreated soils (Sivapalan, 2001; Akhter et al., 2004). Hydrogels also reduce soil crusting and improve soil structure, creating a favorable microenvironment for seedling emergence and early root development. In vegetable crops such as tomato, chilli and cucumber, hydrogel application has been shown to enhance seedling survival and reduce mortality under limited irrigation conditions (Islam et al., 2011; Montesano et al., 2015). Improved early establishment enables plants to develop stronger root systems, which is essential for better growth and stress tolerance later in the crop cycle. Vegetative growth parameters like plant height, number of leaves, leaf area index and biomass accumulation are strongly influenced by soil moisture availability. Hydrogels improve vegetative growth by ensuring continuous water supply to the root zone and reducing fluctuations in soil moisture content. Studies have demonstrated significant increases in plant height, leaf number and dry matter production in vegetable crops grown in hydrogel-treated soils (Abedi-Koupai et al., 2008; Narjary et al., 2012). Improved soil moisture conditions resulting from hydrogel application enhance physiological processes like photosynthesis, transpiration and nutrient uptake, leading to vigorous vegetative growth. In crops like tomato and okra, hydrogel incorporation resulted in improved chlorophyll content and better canopy development, especially under water-stressed conditions (Islam et al., 2011). These enhancements in vegetative growth ultimately translate into greater yield potential. By alleviating water stress during critical growth stages such as flowering and fruit development, hydrogels significantly improve the yield and quality attributes of vegetable crops. Research findings indicate that hydrogel application leads to increased fruit number, fruit size and total yield per unit area in several vegetable crops (Sivapalan, 2006; Montesano et al., 2015).
6. Mitigation of Drought Stress and Physiological Responses
Hydrogels mitigate drought stress in vegetable crops by acting as soil water reservoirs that absorb more water during irrigation or rainfall and release it gradually during dry periods, thereby maintaining soil moisture near field capacity and reducing drought intensity (Sivapalan, 2001; Narjary et al., 2017; Zhao et al., 2021). Various studies report improved plant survival, growth and yield under limited irrigation due to enhanced soil moisture availability (Islam et al., 2018; Montesano et al., 2015). Improved soil moisture status in hydrogel-amended soils supports key physiological processes such as photosynthesis, stomatal conductance and transpiration under drought conditions. Plants grown with hydrogels exhibit higher photosynthetic activity, better stomatal regulation, improved relative leaf water content and enhanced chlorophyll stability, indicating improved drought tolerance and physiological adaptation (Abedi-Koupai et al., 2008; Islam et al., 2011). Enhanced root development further enables efficient water uptake during prolonged dry periods (Sivapalan, 2006). Interaction of Hydrogels with Nutrient Management. Hydrogels improve nutrient use efficiency by retaining nutrient-rich soil solution within their polymer matrix and releasing it gradually to the root zone, thereby reducing nutrient losses through leaching, particularly nitrogen and potassium (Bhardwaj et al., 2007; Narjary et al., 2017). This effect is particularly beneficial in sandy and coarse-textured soils prone to rapid nutrient loss. When applied with fertilizers, hydrogels act as controlled-release carriers, improving fertilizer efficiency and enhancing nutrient uptake, vegetative growth and yield stability in vegetable crops under both optimal and water-stressed conditions (Sivapalan, 2006; Montesano et al., 2020). Their integration into water–nutrient management strategies support sustainable vegetable production by reducing fertilizer input, production costs and environmental pollution.
7. Environmental and Sustainability Aspects
Hydrogels contribute to sustainable and climate-smart vegetable production by improving WUE, minimizing irrigation demand and stabilizing yields under erratic climatic conditions (Montesano et al., 2020; IPCC, 2022). Improved nutrient retention also reduces fertilizer losses and associated greenhouse gas emissions, supporting climate mitigation goals (Narjary et al., 2012). Despite their benefits, hydrogel adoption is limited by high initial cost, limited farmer awareness, uncertainty regarding longevity and concerns over environmental safety of synthetic polymers (Bhardwaj et al., 2018; Narjary et al., 2012). Their effectiveness varies with soil type and crop characteristics, being most suitable for sandy soils and shallow-rooted vegetable crops (Abedi-Koupai et al., 2008). Environmental concerns related to the persistence and potential toxicity of synthetic hydrogels have increased interest in biodegradable alternatives, though these often face challenges related to durability and cost (Sannino et al., 2009; Oliveira et al., 2016).
8. Conclusion
Hydrogels have proven to be an effective approach for improving water management and supporting sustainable vegetable production. Their high-water absorption and retention capacity, coupled with controlled water release, improve soil moisture availability, particularly in sandy and coarse-textured soils (Singh et al., 2022). The application of hydrogels has been shown to enhance seed germination, seedling establishment, vegetative growth and yield of various vegetable crops, especially under water-limited conditions (Sivapalan, 2006; Montesano et al., 2020). Additionally, hydrogels improve nutrient retention, reduce leaching losses and facilitate integrated water–nutrient management, thereby contributing to improved resource use efficiency (Narjary et al., 2017; Abedi-Koupai et al., 2008). From a sustainability perspective, biodegradable and eco-friendly hydrogels offer an environmentally safe alternative to conventional synthetic polymers. Their use can reduce irrigation frequency, conserve water resources and stabilize crop yields under drought-prone and variable climatic conditions, aligning with climate-smart agriculture principles (Oliveira et al., 2019; Sannino et al., 2019). Economic analyses indicate that, despite the initial cost, hydrogels can increase net returns for farmers through improved water productivity and higher yields, particularly in smallholder and water-scarce systems (Bhardwaj et al., 2007; Sivapalan, 2006). However, limitations such as variable longevity, soil- and crop-specific responses and potential environmental concerns of synthetic polymers must be addressed through further research and the development of biodegradable or nano-hydrogel formulations. Future studies should focus on crop-specific optimization, field-scale evaluation and integration with precision irrigation and nutrient management systems to maximize their benefits in sustainable vegetable production (Ahmed, 2015; Montesano et al., 2015).
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