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Abstract: While Egypt’s canola production per unit area has recently grown, productivity remains low, necessitating increased productivity. Hydrogels are water-absorbent polymer compounds that can optimize irrigation schedules by increasing the soil’s ability to retain water. Accordingly, two field experiments were conducted to examine hydrogel application to sandy soil on canola growth, biochemical aspects, yield, yield traits, and nutritional quality of yielded seeds grown under water deficit stress conditions. The experiments were conducted by arranging a split-plot layout in a randomized complete block design (RCBD) with three times replications of each treatment. While water stress at 75% or 50% of crop evapotranspiration (ETc) lowered chlorophyll a, chlorophyll b, carotenoids, and total pigments content, indole-3-acetic acid, plant development, seed yield, and oil and total carbohydrates of seed yield, hydrogel treatment enhanced all of the traits mentioned above. Furthermore, hydrogel enhanced to gather compatible solutes (proline, amino acids, total soluble sugars), phenolics content in leaves, seed protein, and crop water productivity, which increased while the plants were under water stress. The results revealed that the full irrigation (100%ETc) along with hydrogel compared to water-stressed (50%ETc) led to enhanced seed yield (kg ha-1), Oil (%), and Total carbohydrates (%) of rapeseed by 57.1%, 11.1% and 15.7%, respectively. Likewise, under water-stressed plots with hydrogel exhibited enhancement by 10.0%, 3.2% and 5.1% in seed yield (kg ha-1), oil (%), and total carbohydrates (%) of rapeseed by 57.1%, 11.1% and 15.7%, respectively compared to control. As a result, the use of hydrogel polymer will be a viable and practical solution for increasing agricultural output under water deficit stress situations.
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1  Introduction

Brassica napus (L.), commonly known as rapeseed or canola, belongs to the Brassicaceae family, and is renowned as one of the world’s foremost vegetable oil crops [1–3]. Canola is among the top five major oil crops in the world, alongside soybean, sunflower, cotton seeds, and palm oil. After the soybean and oil palm, it is considered the third most crucial oil seed crop, producing 70.91 million metric tons in the 2018/19 season [4]. Canola seeds boast a rich oil content of 40%–48% and a protein content of 18%–25% [5], with saturated fatty acids accounting for roughly 7% and unsaturated fatty acids making up the remaining 95% [6]. Canola serves as a versatile component in intercrops and as a green manuring crop in organic agriculture [7,8].

In Egypt, there is a shortage in vegetable oil production due to a notable increase in annual vegetable oil consumption. As a result, it is crucial to extend canola production outside of the Nile Valley, including on sandy soil [9–12]. Introducing canola production in Egypt provides an opportunity to mitigate the country’s deficiency in edible oil output. Hence, one of Egypt’s main goals is to boost crop yield by cultivating it in previously untapped territories with sandy soil.

Sandy soil is susceptible to damage from a variety of environmental factors, including water scarcity and temperature swings between day and night [12]. Agricultural water consumption accounts for more than 85% of worldwide water use. Water deficits in plants can lead to various morpho-physiological problems, including decreased nutrient absorption and hindered active transport, as well as a reduction in photosynthesis and transpiration [13–20]. Even short-term water deficits during reproductive stages can impair seed yield production [21–27]. Poor water quality reduces agricultural crop production to variable degrees worldwide [28,29], particularly in tropical and sub-tropical counties [30]. Dry and semiarid areas worldwide experience water scarcity as a severe environmental challenge due to lower amounts of precipitation and erratic spatial and temporal distributions, limiting overall plant development [31,32]. The development of modern irrigation technologies that conserve water is considered crucial for maintaining optimum soil moisture levels, enhancing water use efficiency (WUE), and minimizing the losses of crop productivity and quality [33,34]. Contemporary micro-irrigation tools, like micro-sprinklers and drip irrigation systems accompanied by ideal irrigation scheduling and artificial mulching (plastic mulch), have significantly reduced water consumption and increased WUE in crop plants [35–37]. These improved tools, however, are typically utilized in crops requiring substantial investments, ongoing operating costs, and specialized knowledge from growers. Exploring marginal irrigation technology utilizing highly expandable polymer materials to ensure sufficient soil moisture for productivity enhancement is another approach to address the pressing water-related issues [38]. Hydrogel polymer technology, due to its numerous benefits including high water absorption and retention, has recently gained widespread use in agriculture as a soil conditioner. By preventing water loss through evaporation, percolation, and leaching in arid and semiarid conditions worldwide, hydrogel polymer technology improves the growth and productivity of crops. Additionally, it maintains adequate soil moisture levels during water scarcity situations [39–41].

Hydrophilic materials play a crucial role in mitigating the impact of water deficits on plant productivity by increasing their ability to absorb large amounts of water, thereby alleviating the negative effects of water deficit stress on crops [42]. Hydrogel, also known as raindrop in India, is an irrigation water-binding clustered organic cross-linked co-polymer. Its use as a soil conditioner has been proven to reduce soil water loss and boost fruit yield [39]. In its dry formula, hydrogel polymer appears as white crystalline granules, specifically designed for fruit plants and orchards [43]. Often referred to as “root watering crystals,” hydrogels expand upon contact with irrigation water, multiplying their volume and increasing soil water holding capacity of soil while reducing the need for frequent irrigation [44]. Studies have demonstrated that incorporating hydrogel alongside irrigation can boost seedling growth. In sandy soil, hydrogel treatment increases water retention capacity and plant water potential [45]. Moreover, the application of hydrogel caused increases in water holding capacity as well as water potential in sandy soil. As stated by [44], hydrogel treatment significantly reduces irrigation frequency, especially for coarse-textured fields. Hydrogels are also claimed to reduce nutrient leaching (NPK). As a fruit tree soil conditioner, hydrogel polymer effectively improves water deficit stress tolerance and promotes the growth of fruit trees under sandy soil or lightweight gravel substrate-containing soil.

In comparison to the control group, the application of stockosorb @ 100 g/tree considerably enhanced the growth and productivity of Citrus limon [46]. Similarly, studies have shown a substantial increase in soybean seed production (6%–25% and wheat grain yield (3%–15%) with hydrogel application compared to no-hydrogel (control) plots [47]. In addition, hydrogel soil application has been found to improve water usage efficiency and enhance the growth of maize compared to the control group [48].

Under Egyptian conditions, several reports have highlighted the effectiveness of hydrogel in decreasing irrigation water usage to 50% or 75% of the recommended irrigation water requirements in several crops. For example, studies involving rice and barley cultivated in sandy soil treated with hydrogel at 8 g/m2 demonstrated a reduction in irrigation water needs by 25% while maintaining high yield levels. Another study focusing on sugar beet [49] revealed that hydrogel application improved the nutrient use efficiency of N, P, and K while decreasing irrigation water requirements for obtaining a higher yield of sugar beet.

Therefore, the main purpose of this study is to examine the effects of hydrogel application to the sandy soil on the growth, various biochemical aspects, yield, yield traits, and nutritional quality of yielded seeds of canola plants under different irrigation water requirements.

2  Materials and Methods

2.1 Experimental Procedures

To find out the effects of hydrogel on growth, physio-chemical traits, yield, and quality of canola plants grown in sandy soil under water deficiency stress conditions, two studies were conducted at the Research and Production Station, National Research Centre, Nubaria, Egypt during two successive winter seasons 2019/20 and 2020/21. The site is located at 30°30′1.4′′N latitude, and 30°19′10.9′′E longitude, with an elevation of 21 m above sea level. The data of average temperature (minimum and maximum) and relative humidity during the 2019/20 and 2020/21 growing seasons at the experimental site were received at the weather station, National Research Centre, Nubaria region, which are shown in Fig. 1.
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Figure 1: The data of average minimum and maximum temperature, and relative humidity at the Experimental Station of the National Research Centre, Nubaria region in seasons 2019/20 and 2020/21

Soil samples from two depths (0–30 cm and 30–60 cm from the soil surface) before canola planting were taken with an “auger” for soil analysis. Physical (Texture) and chemical analyses of the soil at the experimental site are presented in Tables 1 and 2. Please clarify that these analyses were made before treatment imposition.
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Canola (Brassica napus L.) seeds variety “Serw 4” was provided by the oil crops Research Department, Agriculture Research Center, Giza, Egypt. Before sowing, the seeds were sterilized with 10% sodium hypochlorite solution for 15 min, then washed with distilled water and sun-dried. The dimensions of each experimental plot were 3.5 m by 3.0 m, with a gap of 60 cm between adjacent plots. Seeds were sown at a rate of 7.00 kg ha−1 on 29th November in the 2019 and 2020 growing seasons and harvested on 12 April 2020 and 13 April 2021, respectively. A combined driller was used for land preparation, as well as fertilizer application and seed sowing.

The experiments were conducted using a 3 × 2 split-plot layout according to a randomized complete block design (RCBD) having three repeats for each treatment. Irrigation treatments were allotted to the main plots, each main plot was separated into two sub-plots (split plots) wherein hydrogel at 40 kg ha−1 was placed at the first sub-plot and untreated control at the second sub-plot. The spacing between the main plots in the experimental layout was 1.5 m.

The main plots included three irrigation regimes, namely, (i) 100% of crop evapotranspiration (ETc) during the growing season i.e., sufficient moisture condition (I100), (ii) 75% of ETc during the growing season i.e., mild water deficit stress (I75), and (iii) 50% of ETc during the growing season i.e., water deficit stress (I50). The experiments consisted of six treatments of combined irrigation regimes and application of hydrogel viz., T1, 100% ETc without hydrogel; T2, 100% ETc + hydrogel; T3, 75% ETc without hydrogel; T4, 75% ETc + hydrogel; T5, 50% ETc without hydrogel; and T6, 50% ETc + hydrogel. Hydrogels are polymer materials having a three-dimensional (3D) network. These materials are formed synthetically from natural sources which are stable and hydrophilic in nature. However, the main properties of the used superabsorbent hydrogels are presented in Table 3.
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The land was fertilized with calcium super-phosphate (15.5% P2O5) @ 150 kg ha−1 as basal dose, ammonium nitrate (33.5% N) @ 180 kg ha−1 after emergence at five equal doses before the 1st, 2nd, 3rd, 4th, and 5th irrigation, and potassium sulfate (48.52% K2O) @ 120 kg ha−1 at two equal doses of before the 1st and 3rd irrigations. The crop was grown following the recommendation of the Agriculture and Land Reclamation Ministry, Egypt.

2.2 Irrigation Water Requirements

Irrigation was done by using a drip irrigation system as per the requirement of the crop. The three irrigation (I) regimes, viz., 100%, 75%, and 50% of crop evapotranspiration (ETc), were used based on the difference between ETc and rainfall. ETc under standard conditions was measured according to Allen et al. [50]:

ETc (mm/day) = ETo * Kc

where ETo is the reference crop evapotranspiration (mm/day), and Kc is the crop coefficient.

The penman-Monteith equation was used to measure the ETo following Allen et al. [50], and the amount of water at every irrigation level throughout the 2019/20 and 2020/21 seasons is shown in Table 4. The soil moisture content as a percentage was measured gravimetrically.
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ETo was calculated using data from a weather station placed in the facilities at the Research and Production Station of the National Research Centre, Nubaria, Egypt. These irrigation levels were applied after the uniform seedlings were established and continued up to the harvesting of the crop.

Irrigated treatments are applied on the same day. Furthermore, rainfall amounts were recorded throughout the experimental period. In each experimental plot, flow meters were installed to determine the volume of irrigation water applied. An irrigation channel was developed near the experimental area as a water source and measured the EC (0.41 dS m−1), SAR (2.8%), and pH (7.35) of irrigation water. The gravimetric method was to measure the soil moisture content on the preceding and succeeding days of each irrigation at each depth of 0–15, 15–30, 30–45, and 45–60 cm to determine water depletion from the root zone.

2.3 Measurements

Ten plants were collected for measurement of plant height and dry weight at 60 days after sowing (DAS) during the vegetative stage. Fresh leaf samples were used to determine photosynthetic apparatus (chlorophyll a, chlorophyll b, carotenoids, and total pigments), indole-3-acetic acid (IAA), total phenolics (TP), osmolytes (proline; Pro, amino acids; AA, total soluble sugar; TSS). At the harvest date, one square meter from the center of each plot treatment was taken to determine seed yield per plant (SYP), thousand kernel weight (TKW), and seed yield per hectare (SYH). Crop water productivity (kg mm−1 ha−1) was measured by dividing seed yield (kg ha−1) and the total amount of supplied water (mm−1 ha−1) [51]. Photosynthetic pigments (Chlorophyll a, chlorophyll b, carotenoids, and total pigments) were estimated [52]. Indole acetic acid was determined according to the method reported by Larsen et al. [53]. Total phenolic compounds were determined according to the method described by Zheng et al. [54]. Total soluble sugars were determined according to Dubois et al. [55]. Proline was extracted following the method described by Vartanian et al. [56] and assayed according to the procedure outlined by Bates et al. [57]. Free amino acids were measured by following the method described by Yemm et al. [58]. Oil content in seed was measured by using the Soxhlet apparatus and petroleum ether (40°C–60°C) [59]. The protein content was determined by the micro-Kjeldahl method [59]. Total carbohydrates were determined according to Dubois et al. [55].

2.4 Statistical Analysis

A test of normality distribution was done by using a method described by Shapiro et al. [60]. Collected data were tested for the validation of assumptions underlying the combined analysis of variance by a separate analysis of each season, and a combined analysis across the two seasons was then performed if the homogeneity of individual error variances examined by the Levene test [61] was insignificant. The collected data were subjected to a combined analysis of variance (ANOVA) for a split-plot layout with two factors in a randomized complete block design [62]. Statistically significant differences between means were compared at p ≤ 0.05 using Tukey’s honestly significant difference (HSD) test. The statistical analysis used GenStat 19th Edition (VSN International Ltd., Hemel Hempstead, UK). GenStat 19th Edition was used to perform principal component analysis (PCA). The treatments and variables were grouped using the first two PC scores, PC1 and PC2, which accounted for the most variability of the parameters examined.

3  Results

3.1 Changes in Photosynthetic Pigments Content of Canola Plants

The results revealed that in Table 5, the addition of hydrogel to soil improved the chlorophyll a, chlorophyll b, carotenoids, and total pigments not only in plants grown under 100% ETc but also under 75% and 50% ETc over control plants. Water stress (75% or 50% ETc) statistically (P ≤ 0.05) decreased photosynthetic pigments constituents of canola leaves (chlorophyll a, chlorophyll b, carotenoids, and total pigments) contrasted to unstressed plants which grow under 100% ETc (Table 5). The addition of hydrogel with 40 kg ha−1 increased different photosynthetic pigment constituents in comparison with those plants produced without hydrogel addition to soil. Moreover, the interaction between the treatment of irrigation regimes and hydrogel treatments on chlorophyll a, chlorophyll b, carotenoids, and total pigments content was significant. However, the maximum values of chlorophyll a, chlorophyll b, carotenoids, and total pigments were observed under 100% ETc and hydrogel treatment combination, followed by irrigation at 75% or 50% ETc.
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3.2 Changes in Indole Acetic Acid (IAA) and Total Phenolics (TP) Contents

Table 6 shows the effect of irrigation regimes and hydrogel soil addition on the canola plant’s endogenous IAA contents. Moderate and severe water stress (75% or 50% ETc) decreased endogenous IAA, increasing the phenolic contents of canola plants compared with control plants (100% ETc). Water stress at 75% and 50% ETc reduced IAA contents by 25.2% and 33.3% compared with those plants grown under 100% ETc, while increased phenolic contents by 40.5% and 83.9% at 75% and 50% ETc, respectively. On the other hand, hydrogel amended to soil treatment considerably augmented the IAA and phenolic contents in plants over the hydrogel untreated plants. The findings from Table 6 reveal that the highest concentration of indole-3-acetic acid (IAA) was observed when the irrigation regime was set at 100% of crop evapotranspiration (ETc) along with the addition of hydrogel to the soil. This was followed by lower concentrations of IAA with irrigation levels at 75% ETc and 50% ETc, which showed reductions of 23.19% and 37.26%, respectively. Concurrently, there was a decrease in phenolic contents across the different irrigation regimes and hydrogel applications.
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3.3 Changes in Compatible Solute Accumulation

Water stress conditions represented by 75% and 50% of ETc resulted in a significant (p ≤ 0.05) accumulation of compatible solutes including proline (Pro), amino acids (AA), total soluble sugar (TSS) compared with control plants grown under 100% ETc. Moreover, the addition of hydrogel to soil increased the osmolytes compared to plants grown without hydrogel at different levels of water stress. Regarding the interaction of hydrogel application and different water irrigation levels, Table 7 shows the promoting role of hydrogel on the mentioned parameters compared to plants grown without hydrogel across different water irrigation requirements.
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3.4 Changes in the Growth of Canola Plants

Compared to plants grown at 100% ETc, water deficit (75% and 50% ETc) resulted in significant declines in plant growth attributes expressed as plant height (cm) and dry weight (g) (p ≤ 0.05) (Table 8). Table 8 also illustrates the promotive consequence of hydrogel on the plant height and dry weight of canola plants under various irrigation water requirements (ETc). Meanwhile, the addition of hydrogel to sandy soil, both under well-watered and water deficit conditions (75% and 50% ETc) significantly increased the growth parameters over control. Concerning the interaction effect of hydrogel (with and without) on plant height and dry weight under different irrigation water requirements (100%, 75%, and 50% ETc), the highest values for plant height and dry weight were recorded when the hydrogel was applied with 100% ETc.
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3.5 Changes in Yield and the Attributes of Canola Plants

A reduction in water availability, transitioning from 100% to 75% or 50% of ETc led to a remarkable decrease (p ≤ 0.05) in yield contributing characteristics including thousand kernel weight (TKW) and seed yield per plant (SYP), as well as seed yield per hectare (SYH) (Table 9). However, water productivity (WP) showed an increase with decreasing irrigation levels down to 50% ETc. In contrast, the addition of hydrogel significantly enhanced yield, its contributing attributes, and characteristics of WP (Table 9) compared to plants grown without hydrogel addition. Moreover, significant interactions were observed between different irrigation levels (ETc) and hydrogel addition to soil concerning yield and its attributes. The application of hydrogel to soil not only significantly increased the yield attributes, yield, and WP in plants grown under full irrigation conditions (100% ETc) but also in plants subjected to water stress conditions (75% or 50% ETc) as compared with control plants without hydrogel.
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3.6 Changes in the Nutritional Value of Canola Plants

Moderate water stress (75% ETc) and severe water stress conditions (50% ETc) significantly decreased the oil and total carbohydrate contents of canola seeds paralleled to control plants (fully irrigated plants), as depicted in Table 10. Meanwhile, 75% or 50% ETc led to a significant increase in protein contents compared to 100% ETc. On the other hand, the application of hydrogel to the soil under all irrigation regimes significantly increased the oil, protein, and total carbohydrate contents in seeds relative to seeds under controlled plants (Table 10). Significant interaction effects between irrigation regimes and hydrogel treatment were observed for all studied traits, namely oil, protein, and total carbohydrates. Notably, the interaction effect of water stress and hydrogel significantly improved seed protein content (Table 10).
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3.7 Principal Component Analysis (PCA) of Canola Plants under Irrigation Regimes

The PCA biplot of the PC1 (1st principal component) and PC2 (2nd principal component) was conducted to classify the 18 variables of canola plants measured under a combination of six treatments of soil application with hydrogel under three different levels of irrigation water requirements. The treatments are labeled as follows: T1, 100% ETc without hydrogel; T2, 100% ETc + hydrogel; T3, 75% ETc without hydrogel; T4, 75% ETc + hydrogel; T5, 50% ETc without hydrogel; and T6, 50% ETc + hydrogel). The analysis revealed that PC2 effectively sorted the parameters (Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; TPP, total photosynthetic pigments; IAA, indole acetic acid; TP, total phenolics; Pro, proline; AA, amino acids; TSS, total soluble sugars; PH, plant height; SDW, shoot dry weight; SYP, seed yield per plant; TKW, thousand kernel weight; SYH, seed yield per hectare; WP, water productivity; Oil, oil; Prot, protein; TC, total carbohydrates) observed across different treatments (Fig. 2). The first two factors accounted for 97.28% of the initial variability of the data, while the number of “useful” dimensions was automatically detected as five. In the biplots presented in Fig. 2, treatments that cluster together exhibit comparable behavior across variables, whereas clustered variables have similar effects on the treatments. The angle between variable vectors indicates the degree of correlation between them, with an acute angle representing a positive association (r close to 1), a right angle indicating no association (r close to 0), and an obtuse angle signifying a negative association (r close to -1). Distinct behavior was observed for treatments T2 and T4 compared to the other treatments. Furthermore, the variables Pro, AA, TSS, Prot, WP, and TP were found to be primarily correlated, while the other 12 variables exhibited associations among themselves.
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Figure 2: PCA biplot for the PC1 vs. PC2 regarding the classification of 18 variables of canola plants measured under a combination of 6 treatments of soil application with hydrogel under 3 different levels of irrigation water requirements. T1, 100% ETc without hydrogel; T2, 100% ETc + hydrogel; T3, 75% ETc without hydrogel; T4, 75% ETc + hydrogel; T5, 50% ETc without hydrogel; and T6, 50% ETc + hydrogel. Chl a chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; TPP, total photosynthetic pigments; IAA, indole acetic acid; TP, total phenolics; Pro, proline; AA, amino acids; TSS, total soluble sugars; PH, plant height; SDW, shoot dry weight; SYP, seed yield per plant; TKW, thousand kernel weight; SYH, seed yield per hectare; WP, water productivity; Oil, oil; Prot, protein; TC, total carbohydrates

4  Discussion

Water stress poses a significant challenge in agriculture, leading to substantial impacts on crop yield by inhibiting plant growth and development [63–68]. The observed reduction in plant height and fresh weight due to water deficiency, as demonstrated in this study (Table 8), mirrors findings reported by [69–72], tthese adverse effects may be attributed to declines in cell enlargement and turgor pressure.

Furthermore, water deficiency can result in reduced water absorption, inadequate water potential, increased cell ion concentrations, and decreased leaf stomatal conductance [73]. It has been reported that water deficit stress exacerbates oxidative stress, disrupts nutritional balance, and causes hormonal abnormalities, ultimately leading to a decline in protein levels and enzyme activity [74–76].

Oilseed crops such as canola, benefit from increased soil moisture and optimized nutrient and photosynthate transport under low irrigation and rainfed conditions, facilitated by the application of hydrogel [77,78]. Hydrogel interacts with irrigation regimes to produce water-laden gel “chunks,” which aid in early plant establishment and promote superior plant growth. A comparable pattern for the release of water from hydrogel in pearl millet was also noted during water deprivation conditions [79]. Singh et al. [80] explained that the plant can more effectively utilize root zone hydration under irregular irrigation conditions due to increased soil moisture retaining capacity conferred by hydrogel treatment, along with its subsequent progressive release for extended periods. The hydrogel application, particularly in moisture-scarce conditions, encourages plant life [81], increases dry matter generation, and lengthens the stay-green quality [82]. This leads to improved growth and yield characteristics due to the increased nutrient availability and prolonged water uptake [77,83]. According to the current study, the application of hydrogels increased canola seed production by 10% compared to untreated plants (Table 9). Jat et al. [84] reported a similar increase in mustard seed yield by 8.7% under similar soil moisture conditions, although the specific causes differed owing to variations in soil types and weather conditions. In conditions of limited moisture, hydrogel treatment discharges roughly four times more soil moisture when the moisture tension rises from 10 to 100 kPa [85]. This demonstrates the capacity of hydrogel to efficiently retain and gradually release water, thus enhancing soil moisture availability for plant uptake. The addition of hydrogel has been found to enhance several key aspects of soybean growth, development, and yield by improving plant canopy structure, more fantastic chlorophyll content, and the number of branches [78].

During the siliqua forming and development stage, moisture deprivation drastically decreased the siliqua length, affecting the critical stages of plant growth. However, hydrogel application ensured the availability of substantial soil moisture and nutrients near the rhizosphere zone, aligning with the plant’s requirements and mitigating the decrease in siliqua length [86]. The hydrogel helps plants to draw water and nutrients from broader and deeper soil depths, which boosts the intake of nitrogen, phosphate, potassium, calcium, and magnesium leading to improved growth and yield characteristics [87]. The decline in seed production observed with increasing water deficit levels underscores the greater benefit of hydrogel use in moisture-stressed conditions (Table 9). A higher yield can be attained by improving the soil’s water-retention capacity and cluster structures by applying hydrogel, which promotes improved root development and plant growth control [88]. Similar findings of increased nutrient absorption and yield advantage have been documented in mustard [77], pearl millet [80], and sorghum [89].

The positive effect of adding hydrogel to soil aligns with previous research findings which have demonstrated a similar effect on the growth of olive [90] and apple mint plants [91]. Hydrogels possess a copolymeric nature that enables them to retain significant amounts of moisture and nutrients in the soil. This unique property allows hydrogels to provide moisture and nutrients to plants, even in conditions of water and nutritional deficits, thereby enhancing photosynthesis and promoting overall plant vigor. Hydrogels have an impressive capacity to absorb moisture, with the ability to expand up to 150 times their original volume and retain up to 980 mL of water [91]. In addition to their role in water retention, hydrogels also improve soil aeration, which leads to enhanced plant growth and production.

Compared to unstressed plants, considerable reductions in photosynthetic pigment components were observed to 50% or 75% water deficiencies (Table 5). These reductions may be attributed to the instability and degradation of pigment-protein complexes, a common consequence of drought-induced stress [92,93]. Furthermore, the decline in leaf photosynthetic pigments could be attributed to a defense mechanism against damage induced by reactive oxygen species (ROS), as suggested by Harbinger et al. [94]. In contrast, hydrogel soil amendments significantly augmented the photosynthetic pigments. This promotion of photosynthetic pigment by hydrogel under stressful circumstances has been demonstrated previously in various crops including sunflower [51], corn [95], and tomato [96]. Moreover, hydrogel promotes plant growth by gradually supplying water to the plant, thereby reducing water stress, and it is one of the most widely used agricultural treatments for this purpose [51]. The enhanced uptake of micro-and macro-nutrients, particularly nitrogen and potassium, also contributed to increased dry weight with hydrogel application, consistent with the results of M’barki et al. [90].

Water stress resulted in lower levels of IAA in canola leaves compared to control plants (Table 6). This reduction may be attributed to increased IAA degradation or enhanced IAA oxidase activity. Bano et al. [97] highlighted that plants respond to water stress by producing significant quantities of osmoprotectants. These osmoprotectants play a crucial role in safeguarding plants against stress by stabilizing the tertiary structure of various cellular components such as membranes, enzymes, and proteins. This stabilization helps maintain the functionality and integrity of these vital cellular elements even under conditions of water stress, thereby enhancing the plant’s resilience to adverse environmental conditions [98]. Phenols, which are antioxidants produced from various secondary metabolites in the shikimic acid cycle, play a role in cellular signaling activities under abiotic stress [99,100]. While water stress increased phenols content, hydrogel application further raised phenols contents (Table 6). In comparison to the control, tomato plants treated with super water absorbance hydrogel polymer exhibited elevated levels of total phenol concentration, an antioxidant marker, suggesting heightened antioxidative potential [96,101].

Water deficit increased the proline content of leaves compared to control plants (Table 7). This increase could be due to reduced proline oxidase and proline catabolic enzymes [102]. Furthermore, proline works as a stabilizer of membranes and specific macromolecules and a scavenger of free radicals. It is known as a carbon and nitrogen source via quick stress recovery [103]. The increase in proline levels in response to water shortage and hydrogel treatment is consistent with prior research findings [104]. Notably, there appears to be no direct link between osmotic potential and relative water content, indicating proline’s osmotic properties may not fully explain the water potential observed in hydrogel-treated plants [105]. Additionally, proline serves as a metal chelator, antioxidant, and osmoprotectant [106].

Soluble sugars increased in several species under water stress due to a water deficit. Water stress causes a considerable rise in sugar content [103], which may have a function in osmotic control, increasing the plant’s tolerance to water deficits [107]. The positive impact of hydrogel treatment on osmotic protector content may be linked to its role as a soil reservoir. This enhances crop water absorption capacity, and water use efficiency, prevents nutrient leaching, improves fertilizer use efficiency, and reduces nutrient loss from the root zone, particularly on sandy soils [90].

Water stress decreased yield components as well as the yield of the canola. At the same time, hydrogel application to soil increased yield components and yield of plants grown under water deficit stress and non-stress conditions (Table 9). Water stress adversely affects water status in plants, reduces cell water content, induces osmotic stress, and inhibits cell enlargement, cell division, and overall plant growth [92,108]. It is worth mentioning that the availability of water in plants at various growth stages negatively affects crop productivity and the chemical components of produced seeds. These decreases are mainly due to reduced growth parameters (Table 8) and photosynthetic pigments (Table 5). Hydrogel’s superiority in enhancing yield and yield characteristics may be related to its action as a soil reservoir, which maximizes plant water uptake efficiency while increasing soil water-holding, water use efficiency, nutrient leaching prevention, and fertilizer use efficiency. This reduces nutrient loss from the root zone in sandy soil [44]. The superiority effect of hydrogel on raising yield and yield attributes in several crops under Egyptian settings has been reported [109].

Furthermore, it is noteworthy that while water stress increased protein, it decreased seed yield and carbohydrate content (Tables 9 and 10). Reduced crop seed yields under water stress conditions can be attributed to lower photosynthetic pigment levels [92] and reduced activity of enzymes in the Calvin cycle [110]. Decreasing water availability during plant growth affects diverse enzyme activities, leading to changes in various metabolic activities and subsequent alterations in metabolite translocation to the grain [111]. Lipids (peroxidation of unsaturated fatty acids in membranes), proteins (denaturation), carbohydrates, and nucleic acids are primary components of cells vulnerable to damage under water stress conditions [112]. Reduced oil content during drought may be attributed to the oxidation of polyunsaturated fatty acids [113]. Total carbohydrate alterations are especially significant since they are linked to physiological functions like photosynthesis, translocation, and respiration. Water stress lowers the amounts of pigments in the leaves, which inhibits photosynthetic activity, resulting in less carbohydrate build-up in mature leaves and, in turn, a slower rate of glucose transport from source to seed (from leaves to developing seeds) [114]. The oxidative stability of polyunsaturated fatty acids in the oil and the expression of antioxidant activity depend on the total phenol content of oilseeds [111,115,116]. Moreover, the increase in photosynthetic pigment and total protein levels can be attributed to higher nutrition accumulation [117].

5  Conclusions

While water stress with 75% or 50% crop evapotranspiration, reduced photosynthetic pigments, indole acetic acid, plant growth, seed yield per plant, thousand kernel weight, seed yield per hectare, and nutritional values of yielded seed of oil, and total carbohydrates, application of hydrogel with 40 kg ha−1 in sandy soil improved all traits mentioned above. In addition, hydrogel also promoted compatible solute accumulation in leaves (proline, amino acids, total soluble sugar), total phenolics, seed protein, and water productivity, which were mainly increased under water stress. Thus, the use of hydrogels significantly reduced water requirements in plants. With hydrogel, the limited available irrigation water could be used effectively to reduce moisture stress in the canola crop when irrigation was insufficient. However, before promoting hydrogel, it is essential to thoroughly investigate the water retention and transmission properties under various soil types and textures. Researchers still have difficulties to overcome, including determining the gel’s compatibility with different conditioners and lowering the gel’s price.
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Table 1: Physical (Textual) analysis of the experimental soil before cultivation

Season Constant Coarse Fine Silt (%) Clay (%) Texture class
depth (cm) sand (%) sand (%)

2019/20 00-30 40.7 44.6 10.7 4.0 Sandy
30-60 38.2 43.0 13.8 5.0 Sandy

2020/21 00-30 38.7 42.6 13.7 5.0 Sandy

30-60 36.5 38.1 17.8 7.6 Sandy
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Table 3: Some characteristics of the used hydrogel

Parameters

Characteristics

Chemical constitution

Appearance

Particle size

pH

Stability at 50°C

The least deionized water absorption rate
UV light sensitivity

Temperature for maximum absorption
Required time for 60% swelling
Stability period in soil

Toxicity in soil

Cellulose-based grafted cross-linked anionic polyacrylate
Amorphous, granulous
20-100 mesh (micro-granules)
7-1.5

Stable

350 gg !

None

50°C

2 h (approx.)

<2 years

None
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Table 8: Effect of hydrogel on plant height and shoot dry weight of canola at 60 DAS under 100%, 75%, and
50% of ETc during two growing seasons 2019/20 and 2020/21 (combined analysis of two seasons)

Treatment Hydrogel (HG) Plant height Shoot dry weight
(cm) (g plant™)

Irrigation (I)

Li00 136.57 14.87°

I75 130.2° 12.64°

Iso 123.9° 10.41°

Hydrogel

~HG 127.4° 12.04°

+HG 133.0° 13.25°

Irrigation (I)

Li00 ~HG 133.4° 14.16°
+HG 139.7° 15.58°

I-5 ~HG 128.1° 12.049
+HG 132.3° 13.25¢

Lso ~HG 120.8° 09.92f
+HG 127.14 10.91°

Note: "Data followed by the same letter in a column are not significantly different according to the HSD test at p <0.05. 1,99, 100% ETc; 15, 75% ETc;
I59, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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Table 6: Effect of hydrogel on the IAA, and total phenolics (TP) content of canola at 60 DAS under 100%,
75%., and 50% of ETc during the 2020/21 growing season

Treatment Hydrogel (HG) Indole acetic acid Total phenolics
(ug g FW) (mg g ' FW)
Irrigation (1)
Lioo 71.27 26.2°
I7s 56.9° 42.7°
Is 51.3° 51.0°
Hydrogel
~-HG 57.5° 37.6°
+HG 62.1° 42.4°
Irrigation (1)
Lioo ~-HG 69.2° 23.8¢
+HG 73.3% 28.6°
175 -HG 54.24 40.1¢
+HG 59.5° 45.3°
Iso ~-HG 49.1° 48.9°
+HG 53.4° 53.1°

Note: "Data followed by the same letter in a column are not significantly different according to the HSD test at p < 0.05. 119, 100% ETc; 175, 75% ETc;
159, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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Table 4: Irrigation water was applied in m® ha™' using three irrigation regimes of 100%, 75%, and 50% of
crop evapotranspiration (ETc) for the two growing 2019/20 and 2020/21 seasons

2019/20 season 2020/21 season

Irrig no. Day I 175 Is Irrig no. Day Iigo 175 Is

1 0 30.0 30.0 30.0 1 0 30.0 30.0 30.0
2 5 20.0 20.0 20.0 2 6 20.0 20.0 20.0
3 11 16.0 12.0 8.0 3 11 18.1 13.6 9.1
4 16 63.8 47.8 31.9 4 14 49.4 37.1 24.7
5 19 41.4 31.1 20.7 5 17 52.2 39.2 26.1
6 23 40.1 30.1 20.1 6 21 73.5 55.1 36.7
7 26 55.6 41.7 27.8 7 24 55.7 41.8 27.9
8 30 67.5 50.6 33.7 8 28 69.0 51.8 345
9 33 46.9 35.2 23.5 9 31 58.3 43.7 29.1
10 37 58.3 43.7 29.1 10 35 70.9 53.1 35.4
11 41 117.6 88.2 58.8 11 38 36.7 27.5 18.4
12 44 106.0 79.5 53.0 12 42 143.1 107.3 71.5
13 47 97.1 72.8 48.6 13 45 98.3 73.8 49.2
14 51 131.6 98.7 65.8 14 49 143.7 107.8 71.9
15 54 102.7 77.0 51.3 15 52 88.5 66.4 44.2
16 58 88.9 66.7 44 .4 16 56 99.0 74.2 49.5
17 61 64.8 48.6 32.4 17 59 91.9 68.9 46.0
18 65 105.5 79.1 52.7 18 63 78.3 58.8 39.2
19 68 116.0 87.0 58.0 19 66 96.4 72.3 48.2
20 72 138.6 104.0 69.3 20 70 153.7 115.3 76.8
21 75 97.9 73.5 49.0 21 73 94.9 71.2 47.5
22 79 140.1 105.1 70.1 22 77 129.6 97.2 64.8
23 82 75.3 56.5 37.7 23 80 111.5 83.6 55.7
24 86 140.1 105.1 70.1 24 84 119.0 89.3 59.5
25 89 108.5 81.4 54.2 25 87 99.4 74.6 49.7
26 93 152.2 114.1 76.1 26 91 162.7 122.0 81.4
27 96 104.0 78.0 52.0 27 94 88.9 66.7 44 .4
28 100 185.3 139.0 92.7 28 98 171.8 128.8 85.9
29 103 189.8 142.4 94.9 29 101 146.1 109.6 73.1
30 107 195.9 146.9 97.9 30 105 241.1 180.8 120.5
31 110 147.7 110.7 73.8 31 108 134.1 100.6 67.0
32 114 233.5 175.2 116.8 32 112 212.4 159.3 106.2
33 117 98.1 73.6 49.1 33 115 191.2 143.4 95.6
34 121 127.1 95.3 63.5 34 119 152.8 114.6 76.4
35 124 114.4 85.8 57.2 35 122 92.0 69.0 46.0
36 128 117.5 88.1 58.7 36 126 144.0 108.0 72.0
37 131 77.5 58.1 38.7 37 129 101.9 76.5 51.0
38 135 143.3 107.5 71.7 38 133 160.6 120.5 80.3
- - - - - 39 135 58.0 43.5 29.0

Total 3956.5 2979.9  2003.2  Total 4138.8  3116.6  2094.4






OEBPS/Images/table-9.png
Table 9: Effect of hydrogel on the SYP, TKW, SYH, and WP of canola at 60 DAS under 100%, 75%, and
50% of ETc during two growing seasons 2019/20 and 2020/21 (combined analysis of two seasons)

Treatment Hydrogel (HG) Seed yield Thousand kernel  Seed yield ~ Water productivity

plant ' (g) weight (g) ha™' (kg) (kg mm ' ha')
Irrigation
@
Tioo 18.5972 4.65 22122 5.47°
I7s 15.80° 3.99° 1881° 6.17°
Lso 13.02° 3.78° 1549° 7.56°
Hydrogel
~-HG 15.05° 4.03° 1791° 6.09°
+HG 16.56° 4.25° 1970° 6.70°
Irrigation
@
Tioo ~-HG 17.71° 4.53? 2107° 521°
+HG 19.48% 477 2318? 5.73°
I7s ~-HG 15.05¢ 3.89¢ 17914 5.884
+HG 16.56° 4.09° 1970° 6.46°
Lso ~-HG 12.40" 3.68° 1475° 7.20"
+HG 13.64° 3.87¢ 1623° 7.92¢

Note: "Data followed by the same letter in a column are not significantly different according to the HSD test at p < 0.05. 19, 100% ETc; 175, 75% ETc;
159, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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Table 7: Effect of hydrogel (HG) on the proline, amino acids, and total soluble sugar content of canola at
60 DAS under 100%, 75%, and 50% of ETc during the 2020/21 growing season

Treatment Hydrogel (HG)  Proline (Pro)  Amino acids (AA)  Total soluble sugar (TSS)

(g g ' DW) (mg g ' DW)
Irrigation (I)
Li00 45.77° 237°¢ 26.5°
I75 63.3° 269° 41.5°
Iso 68.4° 2912 52.3°
Hydrogel
~HG 54.2° 257° 35.6°
+HG 64.0° 2742 44.7°
Irrigation (I)
Li00 ~HG 41.8¢ 224¢ 2221
+HG 49.6° 2494 30.8°
I75 ~HG 58.39 268° 36.2¢
+HG 68.2° 270° 46.9°°
Lso ~HG 62.6° 281° 48.3°
+HG 74.2° 302° 56.3°

Note: "Data followed by the same letter in a column are not significantly different according to the HSD test at p <0.05. 1,99, 100% ETc; 15, 75% ETc;
I59, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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Table 2: Chemical analysis of the experimental soil

Season CD (cm) pH EC (dS/m) Sat (%) Anions (meq/liter) Cations (megs/liter)  CaCOs3 % OM (%)
COs> HCO;~ CI' S04 Ca** Mg®" Na* K
2019/20 00-30 7.84 1.17 32 - 0.5 84 1.1 1.8 09 7.1 02 1 0.4
30-60 7.89 1.79 27 - 0.6 8 14 21 15 62 026 0.07
2020/21 00-30 7.95 1.59 23 - 0.32 12.7 198 4 1.8 9 02 19 0.38
30-60 7.85 1.81 25 - 0.45 154 215 56 2 102 02 1.3 0.32

Note: CD: Constant depth; EC: Electrical conductivity; Sat: Saturation; OM: Organic mater.
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Table 10: Effect of hydrogel on the seed nutritional value (Oil, protemn, and total carbohydrates concentration)
of canola at 60 DAS under 100%, 75%, and 50% of ETc during the 2020/21 growing season

Treatment Hydrogel (HG) Oil Protein Total carbohydrates
(%) (%) (%)

Irrigation (1)

Tioo 455t 20.5° 10.84°

L5 43.2° 22.4° 10.08°

Lso 41.2° 24.82 09.29¢

Hydrogel

~-HG 42.8° 22.0° 09.81°

+HG 43.7° 23.1° 10.32?

Irrigation (1)

Lioo ~HG 45.0° 19.9¢ 10.48°
+HG 45.9° 21.0¢ 11.20°

I7s ~HG 42.8° 21.8° 09.91¢
+HG 435 23.0° 10.25°

Lso ~HG 40.5¢ 2420 09.06°
+HG 41.8° 25.3? 09.52¢

Note: "Data followed by the same letter in a column are not significantly different according to the HSD test at p < 0.05. 119, 100% ETc; 175, 75% ETc;
Is0, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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Table 5: Effect of hydrogel on chlorophyll a, chlorophyll b, carotenoids, and photosynthetic pigments content
of canola at 60 DAS under 100%, 75%, and 50% of ETc during 2020/21 growing season

Treatment  Hydrogel (HG) Chlorophyll a Chlorophyll b Carotenoids Photosynthetic pigments

(mg g ' FW)
Irrigation (1)
Tioo 2.7 0.85° 0.73? 4.29°
I7s 231° 0.72° 0.65° 3.67°
Lso 1.41° 0.55¢ 0.43¢ 2.39¢
Hydrogel
~-HG 2.02° 0.64° 0.56° 3.22°
+HG 227° 0.96° 0.64° 3.68°
Irrigation (1)
Lioo ~HG 2.53° 0.75° 0.69° 3.97°
+HG 2.89° 0.95° 0.77* 4.61°
I7s “HG 2.25¢ 0.69° 0.63° 3.57°
+HG 2.36° 0.75° 0.66° 3.77¢
Lso ~-HG 1.27° 0.48° 0.37¢ 2.12f
+HG 1.554 0.61¢ 0.49¢ 2.65°

Note: "Data followed by the same letter in a column are not significantly different according to Tukey’s honestly significant difference (HSD) test at p
<0.05. T1p0, 100% ETc; I7s5, 75% ETc; Isg, 50% ETc; —HG, without hydrogel; +HG, with hydrogel. Each data is the mean of 3 replicates.
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