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Abstract 
 

A field experiment was conducted during the rabi seasons of 2024–25 and 2025–26 at the Research Farm, 

Jigyasa University, Dehradun, Uttarakhand, India, to evaluate the influence of hydrogel application and 

nutrient management on nutrient uptake, grain protein content and post-harvest soil fertility in rainfed maize. 

The experiment was laid out in a factorial randomised block design with three replications. The treatments 

comprised four hydrogel levels: no hydrogel, 5 kg ha⁻¹, 7.5 kg ha⁻¹ and 10 kg ha⁻¹, combined with four 

fertility levels: 100% recommended dose of fertiliser, 100% recommended dose of fertiliser + farmyard 

manure at 5 t ha⁻¹, 75% recommended dose of fertiliser + farmyard manure at 10 t ha⁻¹ and 50% 

recommended dose of fertiliser + farmyard manure at 15 t ha⁻¹. Hydrogel application significantly improved 

nitrogen, phosphorus and potassium concentrations and uptake in grain and stover. The highest hydrogel 

level, 10 kg ha⁻¹, recorded the greatest pooled nitrogen uptake in grain and stover, with corresponding values 
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of 76.91 and 128.35 kg ha⁻¹, respectively. It also recorded higher phosphorus and potassium uptake and 

improved grain protein content compared with the control. Among fertility treatments, 100% recommended 

dose of fertiliser generally produced the highest nutrient concentration and uptake, followed closely by 100% 

recommended dose of fertiliser combined with farmyard manure at 5 t ha⁻¹. Post-harvest soil fertility also 

improved under hydrogel application, with the 10 kg ha⁻¹ level recording pooled available nitrogen, 

phosphorus, potassium and soil organic carbon values of 221.54 kg ha⁻¹, 34.04 kg ha⁻¹, 249.92 kg ha⁻¹ and 

0.597%, respectively. The results indicate that hydrogel application with balanced nutrient management can 

improve nutrient availability, crop nutrient uptake and soil fertility status in rainfed rabi maize. 

 

 
Keywords:  Hydrogel; integrated nutrient management; rabi maize (Zea mays L.); rainfed agriculture; nutrient 

uptake; soil fertility dynamics; grain protein; farmyard manure; recommended dose of fertiliser; 

soil organic carbon. 

 

1. Introduction  
 

Maize (Zea mays L.) is one of the most important cereal crops globally because of its high yield potential, wider 

adaptability and diversified utilisation in food, feed and industrial sectors. In India, maize is predominantly 

cultivated under rainfed conditions, where productivity is often constrained by erratic rainfall, low soil organic 

carbon and poor nutrient use efficiency. Recent studies have highlighted that moisture stress and declining soil 

fertility are major factors limiting sustainable maize production under subtropical agro-ecosystems (Mozafari et 

al., 2020). Efficient management of soil moisture and nutrients has therefore become essential for maintaining 

crop productivity and soil health under rainfed agriculture. 

 

Under moisture-limited conditions, nutrient availability and nutrient transport in soil are severely restricted, 

resulting in poor nutrient uptake and reduced grain quality. Water stress during critical crop growth stages 

adversely affects root proliferation, photosynthesis and assimilate translocation in maize (Fahad et al., 2017). 

Moreover, continuous and imbalanced use of chemical fertilisers alone often leads to nutrient losses, soil 

degradation and reduced microbial activity, thereby affecting long-term soil fertility (Mahmood et al., 2017). 

Integrated nutrient management, involving the combined application of organic and inorganic nutrient sources, 

has been recognised as an effective strategy for improving nutrient synchronisation, nutrient use efficiency and 

residual soil fertility in maize-based systems. 

 

Farmyard manure (FYM) plays a significant role in improving soil physical properties, microbial activity and 

nutrient buffering capacity. Long-term integrated nutrient management practices have been reported to enhance 

soil organic carbon, nutrient availability and crop productivity compared with sole inorganic fertilisation 

(Agegnehu et al., 2016). Similarly, the integrated application of FYM and recommended fertiliser doses 

significantly improved nutrient uptake and grain quality of maize under rainfed conditions (Hashim et al., 2015). 

Recent findings also suggest that integrated nutrient management contributes to sustainable nutrient cycling and 

improves post-harvest soil fertility in cereal-based cropping systems (Rajeshkumar et al., 2025). 

 

Hydrogels or superabsorbent polymers (SAPs) have recently emerged as promising soil amendments for 

improving water retention and nutrient conservation under drought-prone environments. Superabsorbent 

polymers can absorb large quantities of water and gradually release it within the root zone during moisture stress 

conditions. Narjary et al. (2012) reported that hydrogel application improved water availability and crop 

performance in coarse-textured soils. Similarly, Guazzelli et al. (2022) emphasised that agricultural hydrogels 

function as water and nutrient reservoirs, thereby improving nutrient retention and fertiliser use efficiency. 

Recent reviews further indicate that hydrogels improve rhizospheric moisture availability, reduce nutrient 

leaching losses and enhance nutrient uptake under water-deficit conditions (Campanile et al., 2024). 

 

Nutrient uptake and grain protein content in maize are strongly influenced by soil moisture availability and 

nutrient management practices. Nitrogen is directly associated with protein synthesis and grain quality 

development, while phosphorus and potassium regulate energy transfer and assimilate translocation. Improved 

nutrient availability under integrated nutrient management and hydrogel-mediated moisture conservation may 

therefore enhance nutrient uptake efficiency and post-harvest soil fertility. However, information on the 

combined influence of hydrogel and integrated nutrient management on nutrient uptake, grain quality and soil 



 
 

 

 
Gautam et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 266-281, 2026; Article no.IJPSS.160434 

 

 

 
268 

 

fertility dynamics in rainfed rabi maize under subtropical conditions remains limited (Singh, 2020; Campanile et 

al., 2024). 

 

Therefore, the present investigation was undertaken to evaluate the effects of hydrogel and integrated nutrient 

management on nutrient uptake, grain quality and soil fertility dynamics in rainfed rabi maize under Doon 

Valley conditions. 

 

2. Materials and Methods  
 

The field experiment was conducted during two rabi seasons, namely 2024–25 and 2025–26, at the Research 

Farm of Jigyasa University, Dehradun, Uttarakhand, India (3036 N and 7783 E), at an altitude of 640 m above 

mean sea level. The soil of the experimental field belonged to the sandy loam textural class and had a neutral pH 

reaction; it was non-saline (pH 7.10 to 7.12, EC of 1.2 mS m), and 0.53–0.60% organic carbon, 230.20–233.21 

kg ha⁻¹ available N, 37.12–39.31 kg ha⁻¹ available P and 250.31–254.12 kg ha⁻¹ available K were recorded in 

the soil of the experimental field. The site has a humid subtropical climate in the Doon Valley region. 

 

The experiment was designed as a factorial randomised block design with 16 treatment combinations and three 

replications. Four levels of hydrogel, namely no hydrogel (H0), hydrogel @ 5 kg ha⁻¹ (H1), hydrogel @ 7.5 kg 

ha⁻¹ (H2) and hydrogel @ 10 kg ha⁻¹ (H3), were tested in combination with four fertility levels, namely 100% 

RDF (120:60:40 kg N:P₂O₅:K₂O ha⁻¹) (F1), 100% RDF + FYM @ 5 t ha⁻¹ (F2), 75% RDF + FYM @ 10 t ha⁻¹ 

(F3) and 50% RDF + FYM @ 15 t ha⁻¹ (F4). Maize hybrid ‘Kaveri KMH-8333’ was hand-sown during the first 

week of November in both years at a seed rate of 20 kg ha⁻¹, with row-to-row spacing of 60 cm and plant-to-

plant spacing of 20 cm. The required quantity of hydrogel for each treatment was mixed with fine soil and 

broadcast in the furrow just before sowing at 4–5 cm below the seed row. N, P and K were applied through urea, 

diammonium phosphate (DAP) and muriate of potash (MOP), respectively. The full doses of phosphorus and 

potassium and one-third dose of nitrogen, as per the treatment, were applied at sowing as a basal dose. The 

remaining nitrogen was top-dressed in two equal instalments in the form of urea at the knee-height and 

tasselling stages. Well-decomposed farmyard manure (FYM) mainly contains about 0.5% nitrogen (N), 0.2–

0.3% phosphorus (P₂O₅) and 0.5% potassium (K₂O) and was applied just before sowing as per the treatment. 

The crop was grown purely under rainfed conditions. All recommended agronomic and plant protection 

practices were followed during crop growth. 

 

The observations on nutrient content, nutrient uptake, grain quality and post-harvest soil fertility were recorded 

as per standard analytical methods. Grain and stover samples at harvest were dried in an oven at 65 ± 5 °C to a 

constant weight and ground in the laboratory for chemical analysis. Nitrogen content was estimated by Nessler's 

reagent colourimetric method (Lindner, 1944), P content by the vanadomolybdate phosphoric yellow colour 

method and K content by the flame photometer method. Nutrient uptake by grain and stover was calculated by 

multiplying nutrient concentration by yield, as follows: 

 

Nutrient uptake (kg ha
−1

) =
Nutrient content (%) × Yield (kg ha

−1
)

100
 

 

Protein content in grain was estimated by multiplying nitrogen concentration by a conversion factor of 6.25, 

following the micro-Kjeldahl digestion method. 

 

Protein content (%) = Nitrogen content (%) × 6.25 

 

Post-harvest soil samples were collected from each treatment plot and analysed for pH, EC, organic carbon and 

available nitrogen, phosphorus and potassium using standard procedures. Soil pH and EC were determined 

using a 1:2.5 soil-water suspension, organic carbon by the rapid titration method, available N by the alkaline 

potassium permanganate method, available P by Olsen's method and available K by the flame photometer 

method. 

 

The obtained data were subjected to analysis of variance (ANOVA) for a factorial randomised block design for 

the two years individually and then combined according to Panse and Sukhatme (1985). Treatment effects were 

assessed using the F-test at the 5% level of significance, and mean treatment effects were tested using CD where 

treatments were found to be significant. 
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3. Results  
 

3.1 Effect of Hydrogel and Fertiliser Levels on Nutrient Concentration in Grain and Stover 
 

3.1.1 Nitrogen Concentration 
 

Data presented in Table 1 revealed that nitrogen concentration in grain and stover was significantly influenced 

by hydrogel and fertiliser levels during both years and in the pooled analysis. Nitrogen concentration increased 

progressively with increasing hydrogel levels. Among hydrogel treatments, H₃ (hydrogel @ 10 kg ha⁻¹) recorded 

the highest pooled nitrogen concentration in grain (1.790%) and stover (0.856%), whereas the lowest values of 

1.465 and 0.721%, respectively, were observed under H₀ (control). Among fertility levels, F₁ (100% RDF) 

recorded significantly higher nitrogen concentration in grain (1.655%) and stover (0.796%), which remained 

statistically at par with F₂ (100% RDF + FYM @ 5 t ha⁻¹). The interaction effect between hydrogel and 

fertilisation levels remained non-significant; however, H₃ × F₁ recorded numerically higher nitrogen 

concentration in both grain and stover. 
 

3.1.2 Phosphorus Concentration 
 

Phosphorus concentration in grain and stover was significantly affected by hydrogel and fertility levels during 

both years and in the pooled analysis (Table 2). Treatment H₃ recorded the maximum pooled phosphorus 

concentration in grain (0.380%) and stover (0.178%), whereas the minimum values of 0.315 and 0.165%, 

respectively, were recorded under H₀. Fertility levels also significantly influenced phosphorus concentration, 

with F₁ recording the highest pooled phosphorus concentration in grain (0.355%) and stover (0.173%), followed 

by F₂. The interaction effect remained non-significant during both years and in the pooled analysis. 
 

3.1.3 Potassium Concentration 
 

Potassium concentration in grain and stover increased significantly with increasing hydrogel levels (Table 3). 

The highest pooled potassium concentration in grain (0.464%) and stover (1.342%) was recorded under H₃, 

whereas H₀ recorded the lowest values of 0.451 and 1.283%, respectively. Among fertility treatments, F₁ 

recorded significantly higher potassium concentration in grain (0.459%) and stover (1.319%), remaining 

statistically comparable with F₂. Interaction effects were non-significant for potassium concentration in both 

grain and stover during individual years and in the pooled analysis. 
 

3.2 Effect of Hydrogel and Fertility Levels on Nutrient Uptake by Grain and Stover 
 

3.2.1 Nitrogen Uptake 
 

Nitrogen uptake by grain and stover was significantly influenced by hydrogel and fertility levels during both 

years and in the pooled analysis. Nitrogen uptake increased progressively with increasing hydrogel levels. 

Treatment H₃ recorded the highest pooled nitrogen uptake by grain (76.91 kg ha⁻¹) and stover (128.35 kg ha⁻¹), 

whereas the lowest values of 51.59 and 84.12 kg ha⁻¹, respectively, were recorded under H₀. Among fertility 

levels, F₁ recorded significantly higher nitrogen uptake by grain (67.30 kg ha⁻¹) and stover (112.03 kg ha⁻¹), 

followed by F₂. The interaction effect was significant for pooled grain nitrogen uptake; H₃ × F₁ recorded the 

highest uptake (80.09 kg ha⁻¹), whereas H₀ × F₄ recorded the lowest value (Table 4 and Fig. 1). 
  

3.2.2 Phosphorus Uptake 
 

Phosphorus uptake by grain and stover increased significantly with increasing hydrogel levels during both years 

and in the pooled analysis (Table 5 and Fig. 1). Treatment H₃ recorded the highest pooled phosphorus uptake by 

grain (16.64 kg ha⁻¹), whereas the lowest uptake was observed under H₀ (11.09 kg ha⁻¹). Fertility levels 

significantly affected phosphorus uptake, with F₁ recording maximum uptake and remaining statistically at par 

with F₂. Similar trends were observed for phosphorus uptake by stover. 
   

3.2.3 Potassium Uptake 
 

Potassium uptake by grain and stover was significantly influenced by hydrogel and fertility levels during both 

years and in the pooled analysis (Table 6 and Fig. 1). Higher hydrogel levels significantly enhanced potassium 

uptake, with H₃ recording the maximum uptake values, whereas H₀ recorded the minimum values. Among 
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fertility treatments, F₁ and F₂ recorded significantly higher potassium uptake compared with lower fertility 

levels. Enhanced nutrient uptake under hydrogel application may be attributed to improved soil moisture 

retention and greater nutrient availability under rainfed conditions. 

 

 
 

Fig. 1. Effect of hydrogel and fertility levels on nutrient content (%) in seed and stover of Rabi maize 

 

3.3 Effect of Hydrogel and Fertility Levels on Grain Protein Content 
 

Protein content in grain was significantly influenced by hydrogel and fertility levels during both years and in the 

pooled analysis (Fig. 2). Treatment H₃ recorded the highest protein content, whereas the minimum value was 

observed under H₀. Among fertility levels, F₁ recorded significantly higher protein content, followed by F₂. 

Although the interaction effect remained non-significant, H₃ × F₁ recorded numerically superior protein content 

over other treatment combinations. The increase in protein content under higher hydrogel levels may be 

attributed to enhanced nitrogen uptake and improved assimilate translocation towards grain development. 

 

 
 

Fig. 2. Effect of hydrogel and fertilizer levels on protein content (%) of Rabi maize 
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Table 1. Effect of hydrogel and fertility levels on nitrogen content (%) in seed and stover of rabi maize 

 

Fertility/ 

Hydrogel   

Nitrogen Content 

Grain 
 

Stover 

H₀ H₁ H₂ H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 1.518 ± 

0.015ⁱʲ 

1.603 ± 

0.021ᶠᵍ 

1.707 ± 

0.007ᵇᶜ 

1.790 ± 

0.011ᵃ 

1.655 ± 

0.022ᵃ 

0.737 ± 

0.007ⁱʲ 

0.776 ± 

0.007ᶠ 

0.817 ± 

0.007ᶜᵈ 

0.856 ± 

0.011ᵃ 

0.796 ± 

0.010ᵃ 

F₂ 1.477 ± 

0.023ʲᵏ 

1.578 ± 

0.025ᵍʰ 

1.685 ± 

0.009ᶜᵈ 

1.772 ± 

0.016ᵃ 

1.628 ± 

0.025ᵇ 

0.726 ± 

0.007ʲᵏ 

0.766 ± 

0.007ᶠᵍ 

0.810 ± 

0.007ᵈ 

0.849 ± 

0.006ᵃᵇ 

0.788 ± 

0.010ᵇ 

F₃ 1.458 ± 

0.010ᵏ 

1.548 ± 

0.014ʰⁱ 

1.653 ± 

0.014ᵈᵉ 

1.750 ± 

0.012ᵃᵇ 

1.603 ± 

0.024ᶜ 

0.716 ± 

0.008ᵏˡ 

0.756 ± 

0.007ᵍʰ 

0.797 ± 

0.007ᵉ 

0.838 ± 

0.006ᵇ 

0.777 ± 

0.010ᶜ 

F₄ 1.407 ± 

0.018ˡ 

1.543 ± 

0.013ʰⁱ 

1.625 ± 

0.031ᵉᶠ 

1.720 ± 

0.017ᵇᶜ 

1.574 ± 

0.026ᵈ 

0.706 ± 

0.008ˡ 

0.746 ± 

0.007ʰⁱ 

0.790 ± 

0.007ᵉ 

0.826 ± 

0.006ᶜ 

0.767 ± 

0.010ᵈ 

Mean 1.465 ± 

0.012ᵈ 

1.568 ± 

0.010ᶜ 

1.668 ± 

0.011ᵇ 

1.758 ± 

0.009ᵃ 

 
0.721 ± 

0.004ᵈ 

0.761 ± 

0.004ᶜ 

0.803 ± 

0.004ᵇ 

0.842 ± 

0.004ᵃ 

 

 Hydrogel Fertility H × F   Hydrogel Fertility H × F   

SEm 0.008 0.008 0.016   0.002 0.002 0.004   

SEd 0.011 0.011 0.022   0.003 0.003 0.006   

CD (LSD) 

5% 

0.022 0.022 0.044   0.006 0.006 0.011   

 

Table 2. Effect of hydrogel and fertility levels on phosphorus content (%) in seed and stover of Rabi maize 

 

Phosphorus Content  
Seed Stover 

Fertility H₀ H₁ H₂ H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 0.324 ± 

0.003ⁱ 

0.342 ± 

0.004ᶠ 

0.364 ± 

0.003ᵈ 

0.390 ± 

0.002ᵃ 

0.355 ± 

0.005ᵃ 

0.167 ± 

0.001ᵏ 

0.171 ± 

0.002ᵍʰⁱ 

0.175 ± 

0.001ᶜᵈᵉ 

0.180 ± 

0.001ᵃ 

0.173 ± 

0.001ᵃ 

F₂ 0.317 ± 

0.002ʲ 

0.335 ± 

0.003ᵍ 

0.360 ± 

0.003ᵈ 

0.384 ± 

0.001ᵇ 

0.349 ± 

0.005ᵇ 

0.167 ± 

0.001ᵏ 

0.170 ± 

0.002ʰⁱʲ 

0.174 ± 

0.001ᵈᵉᶠ 

0.178 ± 

0.001ᵃᵇ 

0.172 ± 

0.001ᵃ 

F₃ 0.313 ± 

0.002ʲ 

0.331 ± 

0.003ᵍʰ 

0.352 ± 

0.003ᵉ 

0.376 ± 

0.001ᶜ 

0.343 ± 

0.005ᶜ 

0.164 ± 

0.001ˡ 

0.169 ± 

0.001ⁱʲᵏ 

0.173 ± 

0.002ᵉᶠᵍ 

0.177 ± 

0.001ᵇᶜ 

0.171 ± 

0.001ᵇ 

F₄ 0.306 ± 

0.002ᵏ 

0.328 ± 

0.003ʰⁱ 

0.346 ± 

0.004ᵉᶠ 

0.371 ± 

0.002ᶜ 

0.338 ± 

0.005ᵈ 

0.162 ± 

0.001ˡ 

0.168 ± 

0.002ʲᵏ 

0.172 ± 

0.002ᶠᵍʰ 

0.176 ± 

0.001ᵇᶜᵈ 

0.169 ± 

0.001ᵇ 

Mean 0.315 ± 0.334 ± 0.356 ± 0.380 ± 
 

0.165 ± 0.169 ± 0.174 ± 0.178 ± 
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Phosphorus Content  
Seed Stover 

Fertility H₀ H₁ H₂ H₃ Mean H₀ H₁ H₂ H₃ Mean 

0.002ᵈ 0.002ᶜ 0.002ᵇ 0.002ᵃ 0.001ᵈ 0.001ᶜ 0.001ᵇ 0.001ᵃ 

 Hydrogel Fertility H × F        

SEm 0.001 0.001 0.002   
  

Hydrogel = 

0.001 

Fertility = 

0.001 

H × F = 

0.001 

SEd 0.001 0.001 0.003   
  

Hydrogel = 

0.001 

Fertility = 

0.001 

H × F = 

0.001 

CD (LSD) 

5% 

0.003 0.003 0.006   
  

Hydrogel = 

0.001 

Fertility = 

0.001 

H × F = 

0.003 

 

Table 3. Effect of hydrogel and fertility levels on potassium content (%) in seed and stover of rabi maize 

  
Potassium Content  

Seed Stover 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 0.453 ± 

0.004ᵍ 

0.457 ± 

0.004ᵉ 

0.461 ± 

0.004ᶜ 

0.466 ± 

0.004ᵃ 

0.459 ± 

0.002ᵃ 

1.291 ± 

0.006ʲᵏˡ 

1.307 ± 

0.006ᵍʰⁱ 

1.328 ± 

0.006ᶜᵈᵉ 

1.351 ± 

0.006ᵃ 

1.319 ± 

0.006ᵃ 

F₂ 0.452 ± 

0.004ᵍ 

0.456 ± 

0.004ᵉ 

0.459 ± 

0.004ᵈ 

0.465 ± 

0.004ᵃ 

0.458 ± 

0.002ᵇ 

1.286 ± 

0.006ᵏˡᵐ 

1.302 ± 

0.012ʰⁱʲ 

1.323 ± 

0.006ᵈᵉᶠ 

1.345 ± 

0.006ᵃᵇ 

1.314 ± 

0.006ᵃᵇ 

F₃ 0.451 ± 

0.004ʰ 

0.455 ± 

0.004ᶠ 

0.459 ± 

0.004ᵈ 

0.463 ± 

0.004ᵇ 

0.457 ± 

0.002ᶜ 

1.281 ± 

0.009ˡᵐ 

1.297 ± 

0.006ⁱʲᵏ 

1.318 ± 

0.009ᵉᶠᵍ 

1.340 ± 

0.006ᵃᵇᶜ 

1.309 ± 

0.006ᵇᶜ 

F₄ 0.449 ± 

0.004ⁱ 

0.454 ± 

0.004ᶠ 

0.458 ± 

0.004ᵈ 

0.463 ± 

0.004ᵇ 

0.456 ± 

0.002ᵈ 

1.276 ± 

0.007ᵐ 

1.292 ± 

0.006ʲᵏˡ 

1.312 ± 

0.006ᶠᵍʰ 

1.333 ± 

0.006ᵇᶜᵈ 

1.303 ± 

0.005ᶜ 

Mean 0.451 ± 

0.002ᵈ 

0.455 ± 

0.002ᶜ 

0.459 ± 

0.002ᵇ 

0.464 ± 

0.002ᵃ 

 
1.283 ± 

0.004ᵈ 

1.299 ± 

0.004ᶜ 

1.320 ± 

0.004ᵇ 

1.342 ± 

0.003ᵃ 

 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 0.000 0.000 0.001   0.002 0.002 0.004   

SEd 0.000 0.000 0.001   0.003 0.003 0.006   

CD (LSD) 

5% 

0.001 0.001 0.001   0.006 0.006 0.012   
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Table 4. Effect of hydrogel and fertility levels on organic carbon content and available nitrogen content in soil after harvest of rabi maize 

  
Organic Carbon and Nitrogen Content After Harvest  

Organic Carbon Content Nitrogen Content (Kg h-1) 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 0.533 ±  

0.006ʰⁱʲ 

0.555 ± 

0.006ᵈᵉᶠᵍ 

0.573 ± 

0.011ᵇᶜᵈ 

0.615 ±  

0.011ᵃ 

0.569 ±  

0.008ᵃ 

170.45 ±  

3.04ʲᵏ 

188.30 ± 

4.13ᶠᵍʰ 

204.92 ± 

6.94ᵈᵉ 

232.07 ± 

2.80ᵃ 

198.93 ± 

5.18ᵃ 

F₂ 0.524 ±  

0.006ⁱʲ 

0.551 ± 

0.007ᵉᶠᵍʰ 

0.569 ± 

0.015ᵇᶜᵈᵉ 

0.610 ±  

0.012ᵃ 

0.563 ±  

0.008ᵃ 

168.09 ±  

3.51ᵏˡ 

183.20 ± 

5.86ᵍʰⁱ 

199.94 ± 

5.48ᵈᵉᶠ 

225.89 ± 

3.53ᵃᵇ 

194.28 ± 

4.98ᵃᵇ 

F₃ 0.512 ±  

0.006ʲᵏ 

0.544 ± 

0.006ᶠᵍʰⁱ 

0.563 ± 

0.006ᶜᵈᵉᶠ 

0.585 ±  

0.011ᵇ 

0.551 ±  

0.007ᵇ 

156.56 ±  

2.52ˡᵐ 

182.39 ± 

5.94ʰⁱʲ 

199.08 ± 

7.32ᵈᵉᶠ 

217.48 ± 

2.30ᵇᶜ 

188.87 ± 

5.22ᵇᶜ 

F₄ 0.499 ±  

0.006ᵏ 

0.540 ±  

0.007ᵍʰⁱ 

0.557 ± 

0.007ᶜᵈᵉᶠᵍ 

0.578 ±  

0.010ᵇᶜ 

0.543 ±  

0.007ᵇ 

153.08 ±  

5.39ᵐ 

175.15 ± 

2.27ⁱʲᵏ 

195.52 ± 

3.00ᵉᶠᵍ 

210.74 ± 

6.22ᶜᵈ 

183.62 ± 

4.99ᶜ 

Mean 0.517 ±  

0.004ᵈ 

0.547 ±  

0.003ᶜ 

0.566 ±  

0.005ᵇ 

0.597 ±  

0.006ᵃ 

 162.04 ±  

2.34ᵈ 

182.26 ±  

2.44ᶜ 

199.86 ±  

2.85ᵇ 

221.54 ± 

2.52ᵃ 

 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 0.004 0.004 0.008   2.18 2.18 4.37   

SEd 0.005 0.005 0.011   3.09 3.09 6.18   

CD (LSD) 

5% 

0.011 0.011 0.021 C.V. 3.313 6.18 6.18 12.35 C.V. 5.59 

 

Table 5. Effect of hydrogel and fertility levels on available potassium and phosphorus content in soil after harvest of Rabi maize 

  
Organic Carbon and Nitrogen Content After Harvest  

Available Potassium Content Available Phosphorus Content 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 201.69 ±  

2.16ⁱʲ 

219.96 ±  

7.03ᶠᵍ 

235.63 ± 

2.30ᶜᵈ 

259.94 ±  

3.92ᵃ 

229.31 ±  

4.89ᵃ 

24.25 ±  

0.72ʰⁱ 

28.49 ±  

0.44ᵉᶠ 

32.01 ±  

0.96ᵇᶜᵈ 

35.88 ±  

0.94ᵃ 

30.16 ±  

0.97ᵃ 

F₂ 199.33 ±  

3.22ʲ 

216.25 ±  

3.53ᶠᵍ 

230.81 ± 

5.31ᵈᵉ 

252.76 ±  

4.43ᵃ 

224.79 ±  

4.54ᵇ 

22.02 ±  

0.59ⁱʲ 

27.34 ±  

0.74ᶠᵍ 

30.59 ±  

0.97ᶜᵈᵉ 

33.78 ±  

0.97ᵃᵇ 

28.43 ±  

0.99ᵇ 

F₃ 188.96 ±  

3.17ᵏ 

214.08 ±  

5.29ᵍʰ 

223.19 ±  

3.60ᵉᶠ 

244.62 ±  

5.76ᵇ 

217.71 ±  

4.68ᶜ 

20.94 ±  

0.95ʲᵏ 

26.07 ±  

0.61ᵍʰ 

30.39 ±  

0.75ᵈᵉ 

33.74 ±  

1.31ᵃᵇ 

27.78 ± 

1.09ᵇᶜ 

F₄ 183.44 ±  

1.81ᵏ 

208.02 ±  

1.02ʰⁱ 

220.39 ±  

2.72ᶠᵍ 

242.35 ±  

1.36ᵇᶜ 

213.55 ±  

4.52ᵈ 

19.33 ±  

1.42ᵏ 

25.67 ±  

0.85ᵍʰ 

29.70 ±  

0.74ᵈᵉᶠ 

32.76 ±  

0.56ᵇᶜ 

26.86 ±  

1.14ᶜ 

Mean 193.35 ±  214.58 ±  227.51 ±  249.92 ±   21.64 ±  26.89 ±  30.67 ±  34.04 ±   
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Organic Carbon and Nitrogen Content After Harvest  

Available Potassium Content Available Phosphorus Content 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

1.99ᵈ 2.40ᶜ 2.12ᵇ 2.43ᵃ 0.59ᵈ 0.39ᶜ 0.44ᵇ 0.52ᵃ 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 1.41 1.41 2.83   0.42 0.42 0.84   

SEd 2.00 2.00 4.00   0.59 0.59 1.18   

CD (LSD) 

5% 

4.00 4.00 8.00 C.V. 3.13 1.18 1.18 2.37 C.V. 7.24 

 

Table 6. Effect of hydrogel and fertility levels on nitrogen uptake (kg ha⁻¹) by seed and stover of Rabi maize 

  
Nutrient Uptake (Nitrogen)  

Seed Stover 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 55.728 ±  

1.123ᵐ 

62.575 ±  

1.204ⁱ 

70.815 ± 

1.358ᵉ 

80.092 ±  

1.290ᵃ 

67.303 ±  

1.987ᵃ 

89.130 ±  

2.296ᵏ 

105.318 ± 

1.827ᵍ 

118.963 ± 

1.740ᵈ 

134.707 ± 

1.700ᵃ 

112.030 ± 

3.618ᵃ 

F₂ 52.753 ±  

1.131ⁿ 

60.350 ±  

1.362ʲ 

69.020 ± 

1.209ᶠ 

78.140 ±  

1.345ᵇ 

65.066 ±  

2.065ᵇ 

85.775 ±  

2.004ˡ 

100.492 ± 

1.857ʰ 

115.850 ± 

1.541ᵉ 

130.277 ± 

1.770ᵇ 

108.098 ± 

3.571ᵇ 

F₃ 50.343 ±  

1.121ᵒ 

58.242 ± 

1.267ᵏ 

66.832 ± 

1.187ᵍ 

75.995 ±  

1.254ᶜ 

62.853 ±  

2.073ᶜ 

82.642 ±  

2.094ᵐ 

96.097 ± 

1.606ⁱ 

111.392 ± 

2.092ᶠ 

126.850 ± 

1.764ᶜ 

104.245 ± 

3.562ᶜ 

F₄ 47.517 ±  

0.984ᵖ 

57.222 ±  

1.114ˡ 

64.832 ± 

1.359ʰ 

73.403 ±  

1.335ᵈ 

60.743 ±  

2.068ᵈ 

78.912 ±  

1.820ⁿ 

92.738 ± 

1.551ʲ 

107.740 ± 

2.704ᵍ 

121.558 ± 

2.255ᵈ 

100.237 ± 

3.477ᵈ 

Mean 51.585 ±  

0.811ᵈ 

59.597 ±  

0.720ᶜ 

67.875 ± 

0.760ᵇ 

76.908 ±  

0.800ᵃ 

 84.115 ±  

1.243ᵈ 

98.661 ± 

1.269ᶜ 

113.486 ± 

1.312ᵇ 

128.348 ± 

1.333ᵃ 

 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 0.155 0.155 0.310   0.474 0.474 0.947   

SEd 0.220 0.220 0.439   0.670 0.670 1.340   

CD (LSD) 

5% 

0.439 0.439 0.878 C.V. 1.188 1.340 1.340 2.680 C.V. 2.186 
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Table 7. Effect of hydrogel and fertility levels on phosphorus uptake (kg ha⁻¹) by seed and stover of Rabi maize 

  
Phosphorus Uptake  

Seed Stover 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 11.873 ±  

0.286ˡ 

13.345 ±  

0.326ⁱ 

15.100 ± 

0.344ᵉ 

17.447 ±  

0.325ᵃ 

14.441 ±  

0.458ᵃ 

9.800 ±  

0.245ʲᵏ 

11.245 ± 

0.204ᵍ 

12.212 ± 

0.205ᵈᵉ 

13.537 ± 

0.219ᵃ 

11.698 ± 

0.302ᵃ 

F₂ 11.340 ±  

0.251ᵐ 

12.810 ±  

0.288ʲ 

14.737 ± 

0.323ᶠ 

16.943 ±  

0.271ᵇ 

13.958 ±  

0.458ᵇ 

9.672 ±  

0.219ᵏ 

10.802 ± 

0.204ʰ 

11.967 ± 

0.209ᵉ 

13.118 ± 

0.211ᵇ 

11.390 ± 

0.286ᵇ 

F₃ 10.802 ±  

0.241ⁿ 

12.450 ± 

0.327ᵏ 

14.222 ± 

0.300ᵍ 

16.342 ±  

0.262ᶜ 

13.454 ±  

0.450ᶜ 

9.280 ±  

0.262ˡ 

10.492 ± 

0.190ⁱ 

11.668 ± 

0.236ᶠ 

12.818 ± 

0.213ᶜ 

11.065 ± 

0.295ᶜ 

F₄ 10.343 ±  

0.221ᵒ 

12.145 ± 

0.287ᵏˡ 

13.833 ± 

0.306ʰ 

15.835 ±  

0.309ᵈ 

13.039 ±  

0.444ᵈ 

9.097 ±  

0.209ˡ 

10.065 ± 

0.197ʲ 

11.407 ± 

0.295ᶠᵍ 

12.450 ± 

0.229ᵈ 

10.755 ± 

0.288ᵈ 

Mean 11.090 ±  

0.167ᵈ 

12.688 ±  

0.171ᶜ 

14.473 ± 

0.180ᵇ 

16.642 ±  

0.186ᵃ 

 9.462 ±  

0.125ᵈ 

10.651 ± 

0.129ᶜ 

11.813 ± 

0.128ᵇ 

12.981 ± 

0.131ᵃ 

 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 0.054 0.054 0.109   0.052 0.052 0.104   

SEd 0.077 0.077 0.154   0.073 0.073 0.147   

CD (LSD) 

5% 

0.154 0.154 0.308   0.147 0.147 0.294   

 

Table 8. Effect of hydrogel and fertility levels on potassium uptake (kg ha⁻¹) by seed and stover of Rabi maize 

  
Potassium Uptake  

Seed Stover 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

F₁ 16.608 ±  

0.392ᵏ 

17.825 ± 

0.418ʰ 

19.137 ± 

0.427ᵉ 

20.847 ±  

0.434ᵃ 

18.604 ±  

0.382ᵃ 

75.650 ±  

1.709ⁱʲ 

85.818 ± 

1.323ᵍ 

92.537 ± 

1.362ᶜᵈ 

101.637 ± 

1.410ᵃ 

88.910 ± 

2.093ᵃ 

F₂ 16.160 ±  

0.386ˡ 

17.428 ±  

0.401ⁱ 

18.793 ± 

0.417ᶠ 

20.542 ±  

0.435ᵇ 

18.231 ±  

0.390ᵇ 

74.673 ±  

1.623ʲᵏ 

82.782 ± 

1.526ʰ 

90.853 ± 

1.420ᵈᵉ 

98.967 ± 

1.393ᵇ 

86.819 ± 

2.012ᵇ 

F₃ 15.575 ±  

0.387ᵐ 

17.118 ±  

0.418ʲ 

18.557 ± 

0.406ᶠ 

20.120 ±  

0.421ᶜ 

17.843 ±  

0.400ᶜ 

72.705 ±  

2.173ᵏˡ 

80.555 ± 

1.294ʰ 

88.773 ± 

1.614ᵉᶠ 

97.095 ± 

1.385ᵇ 

84.782 ± 

2.048ᶜ 

F₄ 15.170 ±  

0.380ⁿ 

16.843 ± 

0.394ᵏ 

18.302 ± 

0.403ᵍ 

19.757 ±  

0.417ᵈ 

17.518 ±  

0.401ᵈ 

71.560 ±  

1.570ˡ 

77.608 ± 

1.282ⁱ 

87.023 ± 

1.822ᶠᵍ 

94.168 ± 

1.615ᶜ 

82.590 ± 

1.952ᵈ 

Mean 15.878 ±  17.304 ±  18.697 ± 20.316 ±   73.647 ±  81.691 ± 89.797 ± 97.967 ±  
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Potassium Uptake  

Seed Stover 

Fertility H₀ H₁ H2 H₃ Mean H₀ H₁ H₂ H₃ Mean 

0.213ᵈ 0.205ᶜ 0.203ᵇ 0.217ᵃ 0.897ᵈ 0.892ᶜ 0.849ᵇ 0.884ᵃ 

 Hydrogel Fertility Hx F   Hydrogel Fertility Hx F   

SEm 0.044 0.044 0.088   0.409 0.409 0.818   

SEd 0.062 0.062 0.125   0.579 0.579 1.158   

CD (LSD) 

5% 

0.125 0.125 0.250   1.158 1.158 2.315   
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3.4 Effect of Hydrogel and Fertiliser Levels on Post-harvest Soil Properties 
 

Substantial variation in post-harvest soil nutrient status was observed due to hydrogel application and fertility 

management practices during both years and in the pooled analysis (Tables 4–8). Increasing hydrogel levels 

consistently improved residual available nitrogen, phosphorus and potassium in soil, with H₃ (hydrogel @ 10 kg 

ha⁻¹) registering the maximum pooled values of 221.54, 34.04 and 249.92 kg ha⁻¹, respectively. In contrast, the 

lowest residual nutrient availability was recorded under H₀. The enhanced nutrient retention under hydrogel-

amended treatments may be associated with greater water-holding capacity and reduced nutrient movement 

beyond the root zone, thereby minimising nutrient depletion under rainfed conditions. An improved soil 

moisture environment under higher hydrogel levels likely facilitated sustained nutrient mineralisation and 

nutrient conservation within the soil system throughout the crop growth period. 

 

Differences in fertility levels also exerted a pronounced effect on residual soil fertility following harvest. 

Application of F₁ (100% RDF) maintained the highest pooled available nitrogen (198.93 kg ha⁻¹), phosphorus 

(30.16 kg ha⁻¹) and potassium (229.31 kg ha⁻¹), remaining statistically comparable with F₂ in most observations 

(Table 5). Conversely, depletion in available nutrient status was more evident under reduced fertility levels. The 

maintenance of higher residual nutrient availability under F₁ and F₂ may be attributed to balanced nutrient 

replenishment, improved nutrient turnover and greater biomass contribution to soil. Integration of FYM with 

inorganic fertilisers likely improved nutrient buffering capacity and reduced nutrient exhaustion, thereby 

sustaining post-harvest soil fertility. 

 

Marked improvement in soil organic carbon (SOC) was also evident under hydrogel and fertility treatments 

(Table 4). The pooled SOC content increased from 0.517% under H₀ to 0.597% under H₃, indicating a 

considerable enhancement in soil carbon status under higher hydrogel application. Among fertility levels, F₁ and 

F₂ recorded significantly greater SOC accumulation compared with F₃ and F₄. Improved SOC under hydrogel-

treated plots may be linked with increased root biomass, greater residue deposition and reduced organic matter 

decomposition losses under favourable soil moisture conditions. Moreover, incorporation of FYM in integrated 

nutrient management treatments may have contributed additional carbon inputs and promoted stabilisation of 

organic matter through improved aggregation and microbial activity. 

 

Interaction effects between hydrogel and fertility levels remained non-significant for available nitrogen, 

potassium and SOC; however, available phosphorus after harvest responded significantly to combined treatment 

effects. The treatment combination H₃ × F₁ recorded the highest pooled available phosphorus (35.88 kg ha⁻¹), 

whereas H₀ × F₄ registered the minimum value (19.33 kg ha⁻¹). Numerically higher residual nitrogen, potassium 

and SOC were also associated with H₃ × F₁, indicating the complementary influence of hydrogel-mediated 

moisture conservation and balanced nutrient supply on soil nutrient retention. These findings suggest that 

combined application of hydrogel and adequate fertility management not only improved crop nutrient 

acquisition but also contributed towards sustaining soil fertility and nutrient reserves under rainfed maize 

cultivation. 

   

4. Discussion 
 

NPK Content of Seed and Stover: The higher nitrogen content in seed and stover under increased hydrogel 

levels may be attributed to improved soil moisture retention, which enhanced nutrient solubility, root growth 

and nitrogen absorption by the crop. Sustained moisture availability under hydrogel application possibly 

reduced nitrogen losses through leaching and improved nitrogen use efficiency, resulting in greater 

accumulation of nitrogen in plant tissues. Similar findings were reported by Nascimento et al. (2019) in maize, 

where hydrogel application maintained grain protein content under moisture stress conditions. Yang et al. 

(2019), while working on wheat under superabsorbent polymer application, also observed improved nitrogen 

use efficiency and nutrient assimilation under limited moisture conditions. Furthermore, integrated nutrient 

management practices involving FYM and inorganic fertilisers may have enhanced microbial activity and 

nutrient mineralisation, thereby increasing nitrogen concentration in seed and stover. Similar observations were 

reported by Choudhary et al. (2022) in wheat and Wang et al. (2025) in sorghum, where combined application 

of RDF and organic manures significantly enhanced nutrient content and uptake. The increased phosphorus 

content in seed and stover under hydrogel treatments might be associated with enhanced soil moisture 

conditions, which improved phosphorus diffusion and its availability in the rhizosphere. Hydrogels possess the 

capacity to retain nutrients and release them gradually, thereby minimising fixation losses and ensuring 
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continuous phosphorus supply to plants. Improved root proliferation under favourable moisture conditions may 

also have enhanced phosphorus acquisition and translocation within the plant system. Similar findings were 

reported by Saha et al. (2020), where superabsorbent hydrogel improved nutrient retention and gradual release 

of NPK fertilisers. Qin et al. (2025), working on soybean, also observed increased phosphorus concentration in 

seeds due to improved soil moisture conservation and nutrient availability under hydrogel application. Likewise, 

Wang et al. (2025), in maize, reported enhanced phosphorus concentration under balanced fertilisation 

combined with soil amendments, while Yang et al. (2019), in finger millet, observed improved nutrient uptake 

and crop performance with superabsorbent polymer application. 

 

The higher potassium content in seed and stover with hydrogel application could be due to improved soil water 

availability, which enhanced potassium mobility and nutrient transport towards plant roots. Since potassium 

movement in soil mainly occurs through diffusion, sustained moisture conditions maintained by hydrogel may 

have facilitated continuous potassium uptake and translocation to reproductive and vegetative plant parts. 

Similar results were reported by Shivakumar et al. (2019) in maize, who recorded significantly higher potassium 

uptake under hydrogel-treated conditions. Integrated nutrient management practices might have further 

improved potassium concentration through balanced nutrient supply and improved soil physical properties. 

 

NPK Uptake by Seed and Stover: The higher uptake of nitrogen, phosphorus and potassium by seed and 

stover under hydrogel application may be attributed to enhanced biomass production and improved nutrient 

availability under favourable soil moisture conditions. Hydrogels help maintain continuous moisture supply in 

the root zone, which improves nutrient dissolution, root growth and nutrient absorption efficiency while 

reducing nutrient losses from the soil. Increased nutrient mobility and sustained root activity under hydrogel-

treated conditions possibly resulted in greater nutrient accumulation in crop tissues. Similar findings were 

reported by Islam et al. (2011) in tomato, who observed higher nitrogen uptake under hydrogel application due 

to improved soil moisture availability. Marques et al. (2024), while working on sugarcane under hydrogel-

amended soils, further reported reduced nutrient leaching losses and improved nutrient retention. Karada et al. 

(2023), in custard apple, also observed enhanced phosphorus uptake owing to better nutrient mobility and root 

activity under polymer application, whereas Shivakumar et al. (2019), in maize, reported significantly higher 

potassium uptake due to improved soil moisture conditions and enhanced nutrient transport under hydrogel 

application. 

 

5. Conclusion 
 

The study showed that hydrogel application and nutrient management significantly influenced nutrient uptake, 

grain protein content and post-harvest soil fertility in rainfed rabi maize. Increasing hydrogel levels improved 

nitrogen, phosphorus and potassium concentration and uptake in both grain and stover, with the highest values 

generally recorded under hydrogel application at 10 kg ha⁻¹. This response may be associated with improved 

soil moisture retention and better nutrient availability in the root zone under rainfed conditions. Among fertility 

treatments, 100% recommended dose of fertiliser produced the highest nutrient uptake and soil nutrient status, 

while 100% recommended dose of fertiliser combined with farmyard manure at 5 t ha⁻¹ showed comparable 

performance for several parameters. Post-harvest soil available nitrogen, phosphorus, potassium and organic 

carbon were also improved under higher hydrogel application. The interaction between hydrogel and fertility 

levels was significant for selected parameters, particularly available phosphorus and grain nitrogen uptake, 

indicating a complementary effect of moisture conservation and nutrient supply. Based on the results, hydrogel 

application at 10 kg ha⁻¹ with balanced fertiliser management may be considered a useful approach for 

improving nutrient use and maintaining soil fertility in rainfed rabi maize under the studied agro-climatic 

conditions. 

 

6. Future Prospects  
 

Future research should explore the long-term impacts of repeated hydrogel application on soil physical and 

biological properties across diverse agro-ecological zones. Investigations into economic feasibility, 

environmental safety and optimal integration with other conservation technologies are warranted. Additionally, 

studies assessing the interactive effects of hydrogel with advanced nutrient formulations and exploring its 

potential in other rainfed cropping systems could broaden the applicability of these findings. Addressing 

potential limitations, such as hydrogel persistence and cost-effectiveness at scale, will further inform sustainable 

intensification efforts in maize-based systems. 
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7. Limitations 

 
The findings are based on a two-season field experiment conducted at a single location under the agro-climatic 

conditions of Dehradun, Uttarakhand. Therefore, the results may not fully represent the response of rabi maize 

to hydrogel and nutrient management under other soil types, rainfall patterns or agro-ecological regions. The 

study focused mainly on nutrient concentration, nutrient uptake, grain protein content and post-harvest soil 

fertility, while detailed observations on soil biological activity, root growth, water-use efficiency and economic 

returns were not included. Long-term effects of repeated hydrogel application on soil physical properties, 

polymer persistence and environmental safety were also not assessed. In addition, grain quality evaluation was 

limited to protein content. Further multi-location and long-term studies are required to confirm the stability, 

economic feasibility and environmental suitability of hydrogel-based nutrient management practices in rainfed 

maize systems. 
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