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 Water scarcity threatens rice production in arid regions. This study evaluated 

three irrigation intervals (continuous submergence, 3-day, 6-day) and four 

nutrient treatments (control, recommended NPK, farmyard manure [FYM] 

only, NPK+FYM) on rice yield, water productivity, and soil health in Dera 

Ghazi Khan, Punjab, Pakistan. NPK+FYM (integrated nutrient management, 

INM) showed remarkable resilience under deficit irrigation, with only 10% 

yield reduction under 6-day interval (4.4 t ha⁻¹) compared to submergence (4.9 

t ha⁻¹), whereas other treatments declined 13-25%. The highest benefit-cost 

ratio (2.73) occurred under severe deficit with INM. The 3-day interval with 

INM saved 33% water while achieving 96% of maximum yield (BCR=2.52). 

Under 6-day interval, INM attained the highest irrigation water productivity 

(0.70 kg m⁻³), 79% above submerged INM. FYM-amended plots increased soil 

organic matter (120-200%) and reduced pH (8.19→7.68). Irrigation × nutrient 

interaction was non-significant for yield (p=0.998). We conclude that 50% NPK 

+ 50% FYM with 3-day interval optimizes yield stability, water productivity, 

and soil health in arid rice systems. 
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INTRODUCTION  

Water Scarcity is a serious threat to the agricultural sustainability and global food 

security (Biswas et al., 2025). Climate change is intensifying the shortage of water for 

crops because of variations in precipitation patterns, rising temperature, and increased 

droughts (Liu et al., 2023). Meanwhile, urbanization and the rapid population growth 

have increased the competition for the finite freshwater resources putting high 

pressure on the agriculture (Biswas et al., 2025). Moreover, the depleting groundwater 

resources and the declining surface water resources are already putting the stress on 

farming system in many arid and semi-arid regions (Qureshi, 2020). The limited water 

availability is affecting agricultural systems. Rice (Oryza sativa L.), a globally known 

staple food, providing a substantial source of caloric intake for these communities 

(Muthayya et al., 2014). However, a significant number of freshwater withdrawals 

worldwide are caused by conventional rice farming, which usually require continuous 

submergence or frequent irrigation (Tuong and Bouman, 2003). The flooded rice does 

not only contribute to the water loss through high consumption but through seepage, 

percolation, and evaporation (Lampayan et al., 2015). With the ongoing water shortage 

crisis, the concerns are being raised on the sustainability of rice cultivation system, 

which necessitates the need for innovative strategies to reduce water in farms while 

maintaining the yield and water productivity (Li and Barker, 2004). Pakistan's status 

has changed from a water-rich nation to a water-stressed one over the past few 

decades. Pakistan is home to 2.8 percent of global population but owns only 0.5% of 

the worlds renewable water resources. In terms of water availability, quality, and 

management, Pakistan is currently ranked as one of the 36 most water-stressed nations 

globally (FAO, 2021). 

In Pakistan, agriculture consumes over 85% of freshwater resources, making it highly 

vulnerable to limited water availability, which in turn impacts national food security 

and farmers' economies (Qureshi, 2020). Punjab province, which contributes 

approximately 77% of Pakistan's irrigated area (FAO, 2021) and operates over 1 million 

of the country's 1.355 million private tube-wells (FAO, 2021; Qureshi, 2020), is being 

severely affected by water shortages resulting from groundwater depletion and 

limited surface water supplies. Eastern river inflows to Punjab declined from 19.2 

billion cubic meters (BCM) in 1961-1970 to just 6.0 BCM in 2011-2018, while 

unregulated groundwater extraction has lowered water tables, making groundwater 

inaccessible in 5% of Punjab's irrigated areas, a figure projected to reach 15% if current 

trends continue (FAO, 2021).  In districts like Dera Ghazi Khan, located in the arid 

southern region of Punjab, farmers experience significant and persistent water 

scarcity, which critically restricts crop choices and productivity. Over 99% of soils in 

Dera Ghazi Khan have very low organic matter (<0.86%), and a substantial majority 

(81.5%) also lack accessible phosphorus, increasing the water problem (Bilal et al., 

2023). According to Ingrao et al. (2023), agriculture faces a dual crisis of worsening 
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water scarcity and declining soil health, which must be addressed together through 

sustainable farming practices. Due to these limitations, local rice farmers are forced to 

implement water-saving techniques, but they frequently do not have access to verified, 

locally tailored agronomic guidelines that combine irrigation control with tactics to 

deal with serious nutrient shortages. 

Under water-stressed conditions, particularly in saline-alkali soils, nutrient 

management becomes essential as water shortage impairs nutrient uptake and 

utilization, limiting crop performance even when nutrients are adequate, leading to 

stunted growth and yield reduction (Zhang et al., 2026). According to Sharma et al. 

(2019), the combination of mineral fertilizers with organic amendments such as 

farmyard manure improves soil health, increases nutrient use efficiency, and enhances 

crop resistance to environmental stresses in rice-wheat systems. Organic inputs 

improve soil physical properties, including water retention and infiltration, which can 

be especially beneficial during deficit irrigation regimes (Lal, 2020). Several studies 

have revealed the synergistic benefits of mixing NPK fertilizers and FYM in cereal 

cropping systems (Bhattacharyya et al., 2015). In comparison to mineral fertilizers 

alone, research conducted in South Asia has shown that INM methods can boost 

microbial activity, increase soil organic carbon, and provide a better, balanced, and 

prolonged release of nutrients (Abid et al., 2020). Various agronomic and physiological 

strategies, including the application of osmoprotectants, plant growth regulators, 

silicon, potassium, and soil amendments such as hydrogel, can improve soil structure, 

maintain physiological processes like photosynthesis and osmotic adjustment, and 

help reduce the negative effects of drought on crop yield (Seleiman et al., 2021). A 

comprehensive study is required to explore the impacts of integrating INM practices 

in rice fields in localized contexts. While recent modelling studies have optimized the 

combined application of deficit irrigation and mineral fertilizer in the rice-wheat 

system of Pakistani Punjab (Gaydon et al., 2023), the integration of organic nutrient 

sources (INM) with deficit irrigation remains unexplored in this region. Elahi et al. 

(2024) conducted an economic analysis of rice cultivation in Dera Ismail Khan, 

Pakistan, evaluating the profitability of five rice varieties. In their study the KSK-133 

variety was found to be the most profitable achieving highest benefit-cost ratio (2.93). 

Their study found that the KSK-133 variety was the most profitable, with a benefit-

cost ratio of 2.93, and identified increasing returns to scale (1.94) in rice production in 

the region. Furthermore, most guidelines for rice cultivation in Pakistan still assumes 

the availability of adequate water and do not particularly address the significant 

organic matter and phosphate deficiencies recorded for places like Dera Ghazi Khan 

(Bilal et al., 2023). This study aims to generate evidence-based recommendations for 

resilient, profitable, and sustainable rice production in the face of concurrent water 

and soil fertility challenges by systematically evaluating different irrigation intervals 

and nutrient sources, including the integrated use of NPK and FYM. 
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This research was designed with following objectives: 

1. To assess the effects of different irrigation intervals such as continuous 

submergence, 3-day intervals and 6-day intervals on rice yield, growth, and 

physiological processes in district Dera Ghazi Khan.  

2. To check the effects of integrated nutrient management practices such as FYM 

and NPK on rice productivity and soil properties considering the water scarce 

conditions.  

3. To analyze the effect of irrigation and nutrition management options on yield, 

water efficiency, and economic feasibility of Oryza sativa L. 

4. Identify optimal irrigation timing and nutrient management for sustainable rice 

yield, water savings, soil health, and farm profitability in water stressed environment.   

MATERIALS and METHODS 

Experimental Site Description 

The experiment was conducted within the premises Ghazi University, Dera Ghazi 

Khan, Punjab, Pakistan, located at an elevation of 128 meters (29.96° N, 70.48° E). The 

locality has an arid climate with average annual rainfall of approximately 250 mm. 

During the experimental period (2022), mean maximum and minimum temperatures 

were 46°C and 24°C, respectively. 

Soil texture was found to be silt clay loam in pre-experiment soil analysis, with 70%, 

15%, 15% silt, clay and sand respectively. The bulk density of soil was 1.25 g cm⁻³. The 

soil was strongly alkaline (pH 8.18), had very low soil organic carbon (0.4%).  

Treatments and Experimental Design 

The split plot design was employed. In this field experiment, the treatments were 

replicated three times. Net plot size was kept 5 m × 4 m (20 m2). The two treatment 

factors were employed as follows 

Factor A: Irrigation Regimes (I) 

I1 (Submerged): Continuous standing water depth of 5±2 cm maintained from 

transplanting until 10 days before harvest. 

I2: Irrigation applied at 3 days interval to bring soil to field capacity, confirmed 

visually and validated by gravimetric soil moisture checks. 

I3: Irrigation applied at 6 days interval to bring soil to field capacity. 
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Factor B: Nutrient Management (N)  

N1 (Control): No fertilizer or organic amendment. 

N2 (Recommended NPK): Chemical fertilizers applied as recommended per 

local recommendations including 80 kg P, 65 Kg K and 140 Kg N per hectare 

respectively. The Urea, muriate of potash, and diammonium phosphate 

fertilizers were used to supply the NPK. 

N3 (FYM only): Well decomposed farmyard manure (FYM) incorporated at 22-

ton ha-1 (dry weight basis) two weeks prior to transplanting.  

N4 (NPK + FYM): Integrated application of 50% of recommended NPK (40 kg 

P, 32.5 kg K and 70 kg N) + 10-ton FYM per hectare.   

Nitrogen (as urea) was applied in three splits: 50% as a basal dose, and 25% each at the 

tillering and panicle initiation stages, respectively. Full doses of farmyard manure 

(FYM), phosphorus (P), and potassium (K) were applied as basal doses during final 

land preparation. 

Figure 1: representing the layout, about how the irrigation regimes were applied in 

field conditions with different amendments  

Crop Husbandry 

Twenty-five days old seedlings of water sensitive fine rice (Oryza sativa L.) Super 

Basmati variety were transplanted in the 1st week of July at locally recommended 

spacing (20 cm x 20 cm). All the plots received uniform cultural practices for weed pest 

and disease control as per local recommendations. The crop reached physiological 

maturity and was harvested in the first week of November. 
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Data Recording and Compilation 

Soil Parameters 

Pre sowing and post-harvest soil samples were collected at 0-30 cm depth from each 

plot. Hydrometer method was employed to determine soil texture (Gee and Bauder, 

1986) and that for bulk density, core method was used. The soil to water suspension at 

the ratio 1:2.5 was prepared and soil EC and pH were measured. Alkaline 

permanganate method was used to measure the available nitrogen in the soil (Subbiah 

and Asija, 1956), and 0.5 M NaHCO3 was used to extract available phosphorus and 

then it was determined spectrophotometrically using ascorbic acid (Olsen et al., 1954). 

The N ammonium acetate was used to extract available potassium which was 

determined by flame photometer (Jackson, 1958). Soil moisture content was 

determined weekly from three depth including 0-15cm, 15-30cm and 30-45cm using 

the gravimetric technique. For approximately 24 hours, the samples were dried using 

convection oven at 105°C temperature (Gardner, 1986). Irrigation was scheduled based 

on soil water tension measured indirectly using gypsum blocks installed at multiple 

depths (Bouyoucos and Mick, 1948). 

Crop Growth and Physiology 

Growth: Plant height, leaf area and tiller count m-2 were recorded 30, 60, and 80 days 

after transplantation (DAT). Leaf area was estimated using a non-destructive, 

calibrated length-width methods specific to the variety. 

Physiology: A portable SPAD 502 meter was used to assess the relative chlorophyll 

content on the uppermost fully expanded leaf. To estimate the relative water content, 

a standard formula was used as given by (Barrs and Weatherley, 1962) 

Relative Water Content = [(Fresh mass – Dry mass) / (turgid mass – dry mass)] x 100 

Yield, Water Use and Economics 

At harvest, yield components including grains per panicle, 1000 grain weight, and 

panicles per square meter were determined. Filled grain percentage was assessed by 

floatation separation. Grain and straw yield were recorded from a 5 m2 harvest area 

and adjusted to 14% moisture. Harvest Index (HI) was also calculated. Irrigation water 

was measured by using calibrated flow meter channel inlet. Irrigation Water 

Productivity (IWP) was calculated using the formula 

IWP = Grain Yield (kg ha-1) / Irrigation water applied (m3 ha-1) 

A detailed budget analysis was performed using local market prices to calculate the 

Benefit-Cost Ratio (BCR) for each treatment.  
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Redundancy Analysis (RDA) 

Redundancy analysis was carried out using vegan package in R. The RDA is a 

constrained ordination method that models the relationship between response 

variable (24 rice parameters) and explanatory variable (irrigation regimes and nutrient 

management). Data were scaled to unit variance before analysis. Significance of the 

RDA model was tested using permutation tests (999 permutations). 

Statistical Evaluation of Data 

Data were analysed statistically as a two-factor RCBD using RStudio, by subjecting it 

to analysis of Variance (ANOVA). Fisher’s least significant difference was then used 

to separate the treatment means at the 5% probability level (p ≤ 0.0.5). Data from each 

season were analysed separately to confirm the homogeneity of the error variances. 

The relationships linking key physiological traits, water use, and final yield were 

examined through correlation analysis. 

RESULTS and DISCUSSION 

Soil Attributes 

Pre-sowing soil analysis showed uniform initial conditions (pH 8.18, EC 4.25 dS m⁻¹, 

OM 0.40%, available K 119 kg ha⁻¹, P, 7.2 kg ha⁻¹, and N 54 kg ha⁻¹). Post-harvest soil 

properties were significantly affected by treatments (Table 1). Soil pH decreased under 

organic amendments, reaching as low as 7.68 under I₃N₃. INM (N₄) reduced pH to 7.85, 

7.77, and 7.71 under I₁, I₂, and I₃, respectively. 

Soil EC ranged from 4.02 dS m⁻¹ (I₁N₃) to 4.85 dS m⁻¹ (I₃N₂). Organic amendments 

reduced EC compared to inorganic-alone treatments. Soil organic matter increased 

significantly under organic amendments, reaching 1.20% under I₁N₃ (200% increase) 

and 0.88% under I₁N₄ (120% increase). Available N, P, and K were highest under INM 

(N₄) across all irrigation regimes, with I₂N₄ achieving 83, 14.5, and 153 kg ha⁻¹, 

respectively. ANOVA shown highly significant main effects (p < 0.001) for irrigation 

and nutrient treatments across all measured soil properties. 
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Table 1. Post-harvest soil properties as influenced by irrigation and nutrient 

management. Values are means (n = 3) 

Treatment pH EC (dS 

m⁻¹) 

OM 

(%) 

Avail. N 

(kg ha⁻¹) 

Avail. P 

(kg ha⁻¹) 

Avail. K 

(kg ha⁻¹) 

I₁N₁ 8.19 4.14 0.40 48 7.0 116 

I₁N₂ 8.12 4.30 0.49 81 13.5 151 

I₁N₃ 7.75 4.02 1.20 76 11.5 140 

I₁N₄ 7.85 4.05 0.88 86 14.8 156 

I₂N₁ 8.20 4.53 0.36 45 6.8 120 

I₂N₂ 8.07 4.64 0.49 79 12.6 144 

I₂N₃ 7.71 4.13 1.03 68 10.8 135 

I₂N₄ 7.77 4.15 0.82 83 14.5 153 

I₃N₁ 8.19 4.75 0.32 41 6.5 110 

I₃N₂ 8.01 4.85 0.44 74 11.4 141 

I₃N₃ 7.68 4.24 0.86 63 10.2 129 

I₃N₄ 7.71 4.31 0.69 78 14.1 145 

LSD (0.05) 0.04 0.04 0.03 3.1 0.3 3.3 

ANOVA F-values (main effects): 

Parameter Irrigation (df=2) Nutrient (df=3) I × N (df=6) 

pH 26.2*** 685.1*** 4.39** 

EC 567.5*** 531.5*** 36.7*** 

OM 74.6*** 747.3*** 12.0*** 

Available N 40.7*** 450.4*** 1.64 ns 

Available P 111.6*** 2652.5*** 9.42*** 

Available K 48.7*** 390.9*** 3.36* 

*** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05; ns = not significant. 

Growth Parameters 

Irrigation and nutrient management significantly influenced all growth parameters. 

Plant height ranged from 53 cm (I₃N₁) to 84 cm (I₁N₄), with I₁N₄ producing the tallest 

plants (84 cm), followed by I₂N₄ (81 cm) and I₁N₂ (77 cm). Tiller density ranged from 

233 to 348 m-², with I₁N₄ achieving 348 tillers m-² (35% higher than I₁N₁). Under severe 

deficit irrigation (I₃), INM (I₃N₄) produced 317 tillers m-², which was 36% higher than 

I₃N₁ (233 tillers m⁻²). 

Leaf area index (LAI) values ranged from 2.8 (I₃N₁) to 4.5 (I₁N₄). SPAD chlorophyll 

content ranged from 23.0 (I₃N₁) to 42.2 (I₁N₄), with I₁N₄ showing the highest value, 

followed by I₂N₄ (41.0) and I₃N₄ (39.5). Relative water content (RWC) ranged from 59% 

(I₃N₁) to 83% (I₁N₄). Under I₃, INM (I₃N₄) maintained 77% RWC, demonstrating that 

integrated nutrient management partially mitigated water stress. 



 Ullah et al., / J. Agric. Food, Environ. Anim. Sci. 7(2): 1-26, 2026  

 
 

9 
 

According to ANOVA, irrigation and nutrient application each produced highly 

significant main effects on all growth parameters (p < 0.001). The combined effect of 

irrigation and nutrients was statistically non-significant for most of parameters, with 

SPAD value being the only exception (p = 0.055) 

 

Figure 2. The effect of treatments (irrigation and nutrient management) on SPAD 

chlorophyll content of rice crop 

Mean data with standard error shown graphically. Significant differences among the treatments are 

represented by lowercase letters according to the LSD test. I₁ = flooded (12,600 m³ ha-¹), I₂ = 3-day interval 

(8,500 m³ ha-¹), I₃ = 6-day interval (6,300 m³ ha-¹). N₁ = control, N₂ = NPK, N₃ = FYM, N₄ = INM. 

Yield Attributes & Grain Yield 

Yield attributes followed consistent trends across treatments. Panicle density ranged 

from 156 (I₃N₁) to 244 panicles m-² (I₁N₄), representing a 56% increase under optimal 

management. Grains per panicle ranged from 71 (I₃N₁) to 130 (I₁N₄). Thousand-grain 

weight ranged from 19.8 g (I₃N₁) to 27.0 g (I₁N₄). Filled grains percentage ranged from 

61% (I₃N₁) to 92% (I₁N₄). The nutrient main effect was highly significant (p < 0.001) for 

all yield attributes, while the irrigation × nutrient interaction was non-significant. 

Grain yield ranged from 1.6 t ha⁻¹ (I₃N₁) to 4.9 t ha⁻¹ (I₁N₄). Under moderate deficit 

irrigation (I₂), INM (I₂N₄) produced 4.7 t ha-¹, which was 9% higher than I₂N₂ (4.3 t ha-

¹) and 18% higher than I₂N₃ (4.0 t ha-¹). Under severe deficit irrigation (I₃), INM (I₃N₄) 

produced 4.4 t ha-¹, which was 16% higher than I₃N₂ (3.8 t ha-¹) and 23% higher than 

I₃N₃ (3.6 t ha-¹). ANOVA revealed highly significant main effects of nutrient (F = 101.7, 

p < 0.001) and significant effect of irrigation (F = 7.5, p = 0.003), while the interaction 

was non-significant (F = 0.08, p = 0.998). 
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Figure 3. The graphical illustration represents the synergetic effect of irrigation and 

nutrient on Grain Yield of rice crop.  

Mean data with standard error shown graphically. Significant differences among the treatments are 

represented by lowercase letters according to the LSD test. Treatment codes as in Figure 2. 

Irrigation Water Productivity and Economic Returns 

Irrigation water applied was 12,600, 8,500, and 6,300 m³ ha⁻¹ for I₁, I₂, and I₃, 

respectively, representing water savings of 33% and 50% under deficit irrigation. 

Irrigation water productivity (IWP) ranged from 0.17 kg m⁻³ (I₁N₁) to 0.70 kg m⁻³ (I₃N₄). 

The highest IWP was observed under I₃N₄ (0.70 kg m⁻³), followed by I₃N₂ (0.60 kg m⁻³) 

and I₂N₄ (0.55 kg m⁻³). Although I₃N₄ produced lower absolute grain yield (4.4 t ha⁻¹) 

than I₁N₄ (4.9 t ha⁻¹), its IWP was 79% higher due to reduced water application. 

According to ANOVA, both irrigation (F = 56.6, p < 0.001) and nutrient regimes (F = 

74.5, p < 0.001) exhibited highly significant main effects. Furthermore, the interaction 

between these two factors was also significant (F = 2.72, p = 0.037). 

Benefit-cost ratio (BCR) ranged from 1.14 (I₁N₁) to 2.73 (I₃N₄) (Figure. 2). The highest 

BCR was observed under I₃N₄ (2.73), followed by I₂N₄ (2.52) and I₃N₃ (2.44). Under 

moderate deficit irrigation (I₂), INM (I₂N₄) achieved a BCR of 2.52, which was 20% 

higher than I₂N₂ (2.10) and 8% higher than I₂N₃ (2.33). 
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Figure 4. The graphical illustration represents the synergetic effect of irrigation and 

nutrient on Irrigation  

Water Productivity of rice crop. Mean data with standard error shown graphically. Significant 

differences among the treatments are represented by lowercase letters according to the LSD test. 

Treatment codes as in Figure. 2. 

 

 

 

 

 

 

 

 

 

Figure 5. The graphical illustration represents the synergetic effect of irrigation and 

nutrient on benefit-cost (BCR) ratio of rice crop.  

Mean data with standard error shown graphically. Significant differences among the treatments are 

represented by lowercase letters according to the LSD test. Treatment codes as in Figure. 2. 

Nutrient Ratios  

The ratios of nitrogen to phosphorus (N:P), phosphorus to potassium (P:K), and 

nitrogen to potassium (N:K) in grain were significantly influenced by irrigation and 

nutrient management (Table 1). The N:P ratio ranged from 5.53 (I₃N₄) to 6.86 (I₁N₁), 

with INM treatments (N₄) consistently showing lower N:P ratios across all irrigation 
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regimes (5.53–5.81) compared to control treatments (6.31–6.86). This indicates more 

balanced N and P uptake under integrated nutrient management. 

The P:K ratio ranged from 0.057 (I₂N₁) to 0.097 (I₃N₄). INM treatments (N₄) achieved 

the highest P:K ratios (0.095–0.097) across all irrigation regimes, representing a 40–70% 

increase over control treatments (0.057–0.059). This suggests that integrated nutrient 

management enhanced phosphorus uptake relative to potassium. 

The N:K ratio ranged from 0.372 (I₃N₁) to 0.551 (I₁N₄). INM treatments (N₄) produced 

the highest N:K ratios (0.537–0.551), followed by inorganic-alone treatments (N₂: 

0.525–0.548). Control treatments (N₁) showed the lowest N:K ratios (0.372–0.414). The 

narrowest N:K ratios were observed under severe deficit irrigation (I₃) with control 

treatments, while INM maintained higher N:K ratios even under water stress. 

Table 2. Nutrient ratios (N:P, P:K, N:K) in rice grain as influenced by irrigation and 

nutrient management 

Treatment N:P P:K N:K 

I₁N₁ 6.86 0.060 0.414 

I₁N₂ 6.00 0.089 0.536 

I₁N₃ 6.61 0.082 0.543 

I₁N₄ 5.81 0.095 0.551 

I₂N₁ 6.62 0.057 0.375 

I₂N₂ 6.27 0.088 0.548 

I₂N₃ 6.30 0.080 0.504 

I₂N₄ 5.72 0.095 0.543 

I₃N₁ 6.31 0.059 0.372 

I₃N₂ 6.49 0.081 0.525 

I₃N₃ 6.18 0.079 0.488 

I₃N₄ 5.53 0.097 0.537 

Correlation Analysis Among Variables 

The relationships between the measured parameters were found to be significant 

according to Pearson's correlation analysis (Figure 6). Grain yield showed strong 

positive correlations with SPAD, BCR, tillers and panicles with r = 0.99, 0.95, 0.93 and 

091 respectively and p < 0.001 with each of the parameters. BCR was strongly 

correlated with grain yield (r = 0.95), SPAD (r = 0.95), and tillers (r = 0.90). IWP revealed 

moderate positive correlations with BCR (r = 0.62, p < 0.05) but was not significantly 

correlated with RWC (r = -0.01, p > 0.05), indicating that plant water status alone does 

not determine water productivity.  
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Figure 6. Pairwise Pearson correlation coefficients (r values) among yield and 

agronomic traits.  

Significance is represented by: *** indicates p < 0.001, ** indicates p < 0.01, * indicates p < 0.05; ns = not 

significant. Grain yield showed highly significant positive correlations with SPAD value (0.99), BCR 

(0.97), tillers per plant (0.93), panicles per plant (0.91), and 1000-grain weight (0.79).  

Redundancy Analysis (RDA) 

RDA explained 67.9% of total variation (RDA1: 59.9%, RDA2: 8.0%; F = 34.9, p = 0.001) 

(Figure. 7). The first axis separated irrigation regimes, with flooded treatments (I₁) on 

the positive side and severe deficit (I₃) on the negative side. The second axis separated 

nutrient treatments, with INM (N₄) distinctly positioned from control (N₁). Yield-

related parameters (grain yield, panicles, 1000-grain weight) and physiological 

parameters (SPAD, RWC, LAI) clustered with I₁N₄ and I₂N₄ (species scores: grain yield 

= 1.05, tillers = 1.12). IWP was associated with I₃ treatments (species score = -0.91). 

Nutrient management contributed more (F = 57.1, p = 0.001) to the explained variation 

than irrigation (F = 12.7, p = 0.001). 
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Figure 7. RDA biplot showing relationships between rice parameters and treatments. 

First two axes explained 67.9% of total variation. Model significance: F = 34.9, p = 0.001. 

Optimal Treatment Identification 

I₂N₄ (3-day irrigation interval + 50% NPK + 50% FYM) achieved the optimal balance 

among yield, water productivity, and economic return (Table 3). This treatment 

produced 4.7 t ha⁻¹ (96% of maximum yield), achieved IWP of 0.55 kg m⁻³ (41% higher 

than I₁N₄), BCR of 2.52 (20% higher than I₁N₄), and saved 33% irrigation water 

compared to submerged conditions. 

Table 3. The INM (N₄) performance across three irrigation regimes 

Irrigation Water 

(m³ ha⁻¹) 

Grain Yield 

(t ha⁻¹) 

IWP  

(kg m⁻³) 

BCR Water 

Saved 

Recommendation 

I₁ (flooded) 12,600 4.9 0.39 2.10 0% Maximum yield 

I₂ (3-day) 8,500 4.7 0.55 2.52 33% Optimal balance 

I₃ (6-day) 6,300 4.4 0.70 2.73 50% Maximum water saving 

DISCUSSION 

Soil Health Recovery: Initial Responses Signal Long-Term Potential 

Post-harvest soil improvements under INM reduced pH (from 8.19 to 7.68), lower EC 

(4.02-4.05 vs. 4.14 dS m⁻¹), and increased SOM (120-200% rise). All of this indicate that 

even a single season of integrated management begins to ameliorate saline-alkali 
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conditions. The pH reduction likely results from organic acid release during FYM 

decomposition, while lower EC suggests improved salt leaching via enhanced soil 

aggregation and hydraulic conductivity (Zhang et al., 2026). These findings align with 

Lal (2020), who reported that increased soil organic matter enhances soil aggregation, 

hydraulic conductivity, and overall soil health. 

These SOM increases (from 0.40% to 0.88-1.20%) should be interpreted as initial 

responses. Sheoran et al. (2024) demonstrated in 51-year experiment strong 

polynomial correlations (R² = 0.89-0.99) between soil organic carbon (SOC) and 

essential soil attributes such as available Nitrogen, Phosphorus, Sulphur, and enzyme 

activities. With continued INM practice, SOM would likely increase further, with 

corresponding gains in water retention, nutrient cycling, and carbon sequestration 

(Lal, 2020). The absence of significant irrigation × nutrient interactions for most soil 

parameters suggests these soil health benefits are robust across water regimes. 

Integrated Nutrient Management Improves Growth, Physiology, and Drought 

Tolerance 

The finding that INM (50% NPK + 50% FYM) consistently improved rice growth across 

irrigation regimes aligns with the synergistic effects of organic and inorganic sources. 

The FYM component enhances soil physiochemical properties and moisture retention 

capacity, while inorganic fertilizers provide readily available nutrients to support 

vegetative growth (Selim, 2020). This synergy explains the 58% increase in plant height 

under flooded INM compared to severe deficit with organic alone. Our results are in 

line with Zulfiqar et al. (2023), who revealed that integrated nutrient management 

(50% FYM + 50% NPK) significantly increased plant height, 1000-grain weight and 

biological yield as compared to sole organic and inorganic fertilizers. 

The notable tiller increase under INM (36% higher under deficit irrigation vs. inorganic 

alone) can be attributed to improved nitrogen nutrition, which promotes tiller 

production. Unlike inorganic-only treatments where N availability peaks immediately 

after application and then drops, INM provides a more sustained supply during the 

tillering phase. Additionally, INM enhanced photosynthetic capacity (Chaudhary et 

al., 2021; Zulfiqar et al., 2023), contributing to greater assimilate availability for 

tillering. Our results extend Rana et al. (2023), who showed that INM increases root 

length density by 16% at maximum tillering, enabling greater water extraction from 

deeper soil layers. With better root access to soil moisture, INM maintained relative 

water content (RWC) under deficit irrigation with an 18% advantage over inorganic 

controls that stems from both enhanced soil water retention (due to increased organic 

matter) and improved root uptake capacity working together. 

The strong SPAD-yield correlation (r = 0.99) exceeds typical literature values (r = 0.60-

0.80). The reason is likely that our experimental conditions captured an unusually 
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wide range of nitrogen availability, from severe deficiency in the control to near-

optimal supply under INM. When the fertility gradient is this wide, chlorophyll 

metrics become exceptionally powerful predictors of final yield. 

Mechanistically, the improved drought tolerance under INM reflects enhanced 

osmotic adjustment and antioxidant protection. Seleiman et al. (2021) documented that 

organic amendments upregulate abscisic acid signalling and osmoprotectant 

accumulation (proline, glycine betaine, trehalose), which maintain cellular hydration 

and scavenge reactive oxygen species. Additionally, Libovoha et al. (2018) showed that 

each 1% increase in soil organic matter raises plant available water capacity by 1.5-

1.7% in the 0-8% SOM range. The 120-200% SOM increase we observed under organic 

and INM treatments would thereby lead to an estimated 0.7-1.4% increase in available 

water capacity to an extent, but enough to buffer against short-term deficits. 

Yield Components and Grain Yield: Additive Benefits Across Water Regimes 

The 56% increase in panicle density and marked improvements in grains per panicle, 

test weight, and filled grain percentage under INM reflect integrated benefits at the 

soil-plant interface. The high filled grain percentage under INM (92% vs. 61% under 

inorganic alone) is particularly significant, as reproductive development is highly 

sensitive to drought, particularly in cereal crops (Seleiman et al., 2021; Tuong and 

Bouman, 2003). What made the difference under INM was the combination of 

available nutrients during panicle initiation and sufficient soil moisture during grain 

filling, two resources that inorganic alone could not simultaneously provide under 

deficit irrigation. 

The grain yield response (1.6 to 4.9 t ha⁻¹) is aligned with meta-analytic findings of 

Sharma et al. (2019), who stated that INM increased rice yield by 1.2% over inorganic 

alone and 28.1% over organic alone across 338 paired datasets. Our larger relative 

benefit (INM outyielded inorganic alone by 16-18% under deficit irrigation) likely 

reflects the more severe initial soil degradation (initial SOM 0.40%) at our site. When 

soils are this degraded, the compounding benefits of organic matter addition become 

much more pronounced under water-limited conditions. The Kharlukhi et al. (2024) 

found a significant yield increase (from 4,379.17 ± 919.25 to 6,875.00 ± 234.19 with INM) 

in Himalayan jhum lands. Our 206% increase over the control may be due to extreme 

baseline suppression, but the proportion of yield potential achieved (57%) is 

remarkably similar across studies. 

A critical statistical finding with practical importance is the non-significant irrigation 

× nutrient interaction for grain yield (p = 0.998). This indicates that INM benefits are 

additive rather than synergistic across water regimes. Put simply, farmers can expect 

similar relative benefits from INM adoption regardless of whether water is abundant 
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or scarce. This simplifies extension messaging and reduces the risk of suboptimal 

nutrient management under variable rainfall (Chaudhary et al., 2021). 

Water Productivity: Managing the Yield-Water Trade-off 

The 312% increase in irrigation water productivity (IWP) under severe deficit with 

INM (0.17 to 0.70 kg m⁻³) demonstrates the potential of deficit irrigation to 

dramatically improve water use efficiency, though at the cost of a 10% yield reduction 

compared to full irrigation. The maximum IWP (0.70 kg m⁻³) approaches the upper 

bound typically associated with aerobic rice systems (0.60-1.00 kg m⁻³), but with higher 

absolute yields (4.4 vs. 3.0-4.0 t ha⁻¹). The water savings achieved (33-50%) are 

comparable to those reported under alternate wetting and drying in Pakistan and 

elsewhere (Lampayan et al., 2015; Gaydon et al., 2023; Tuong and Bouman, 2003). 

Mechanistically, increased water productivity under water-saving irrigation arises 

from reducing unproductive water outflows, specifically seepage, percolation, and 

evaporation since only transpiration directly contributes to crop growth and yield 

formation (Tuong and Bouman, 2003). INM further enhances IWP by improving soil 

water retention through increased organic matter, meaning less applied water is lost 

before the plant can use it. 

The significant irrigation × nutrient interaction for IWP (p = 0.037) indicates that the 

water productivity benefits of INM are greater under deficit irrigation. This makes 

sense, when water is limiting, the moisture-holding capacity added by FYM becomes 

critically important. Under full irrigation, that same capacity provides little additional 

benefit. This aligns with Gaydon et al. (2023), who modelled that without adaptation, 

farmers in the Pakistani Punjab could suffer gross margin reductions of 35-50% by 

2050, but that deficit irrigation combined with increased fertilization could maintain 

current production. Similarly, Taye et al. (2025) found that 80% of full irrigation, 

maintained yield and nitrogen use efficiency across systems. 

The moderate correlation between IWP and BCR (r = 0.62) suggests that water savings 

contribute to profitability, but yield remains the dominant driver of economic returns 

(r = 0.95). The economic value of water savings is thus context-dependent, particularly 

in regions with volumetric water pricing or high pumping costs (e.g., Punjab, Pakistan, 

where pumping costs increase from USD 4.5 to USD 15 per 1000 m³ as groundwater 

tables decline, representing a 233% increase) (Qureshi, 2020). Where water is cheap, 

saving it doesn't pay. Where water is expensive, it does. 

Economic Viability Depends on Farmer Resource Endowments 

The highest benefit-cost ratio (2.73) occurred under severe deficit with INM, reflecting 

reduced input costs (50% less water, partial substitution of inorganic fertilizer with 
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lower-cost FYM) while maintaining 90% of maximum yield. However, optimal 

treatment varies systematically with farmer type as follows: 

Land-constrained farmers (small holdings, secure water) maximize yield per 

area (I₁N₄, 4.9 t ha⁻¹), accepting lower BCR (2.10) for higher absolute production. 

When you only have two hectares, you need every kilogram from them. 

Water-constrained farmers (adequate land, limited water) achieve optimal 

outcomes with moderate deficit + INM (I₂N₄: 96% of yield, 33% water savings, 

BCR 2.52). This is particularly relevant in Punjab, Pakistan, where groundwater 

tables are declining and pumping costs have increased over 200% (Qureshi, 

2020). 

Resource-limited farmers (cash-constrained) may prefer organic-based 

treatments (I₃N₃ BCR 2.44) depending on FYM availability, especially given that 

over 99% of soils in Dera Ghazi Khan have very low organic matter (Bilal et al., 

2023). 

In our study, the progressive increase in benefit-cost ratio (BCR) across treatments 

(control → inorganic → organic → INM) under moderate deficit irrigation (1.36 → 2.10 

→ 2.33 → 2.52) confirms the synergistic economic benefits of the integrated approach. 

This finding aligns with Selim (2020), who reported that INM can minimize production 

costs and raise farmers' profitability, and with Sharma et al. (2019), who documented 

that INM increased net returns by 121% in rice and 127% in wheat compared to control. 

Similarly, Sheoran et al. (2024), over 51 cropping cycles, found that INM maintained 

higher economic returns while improving soil fertility, including increased soil organic 

carbon, nutrient availability (N, P, S), and enzyme activity. 
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Policy distortions remain a barrier in regions with subsidized electricity, the economic 

incentive for water conservation is substantially reduced (FAO, 2021). This 

underscores the need for groundwater management reforms to align farmer incentives 

with resource sustainability. 

Figure 8. Irrigation decision guide under water constraints. 

I2N4 (3-day interval) is optimal, providing 33% water savings, BCR 2.52, and stable 

yield. I3N4 (6-day interval) maximizes water productivity (0.70 kg m⁻³) with 50% water 

savings and acceptable yield (4.4 t ha⁻¹). All treatments include 50% NPK + 10 t ha⁻¹ 

FYM. 

Nutrient Management as the Primary Driver of System Performance 

Redundancy analysis revealed that nutrient management (F = 57.1) contributed more 

to system performance than irrigation (F = 12.7). This has profound implications such 

as investments in improving nutrient management, INM adoption, fertilizer use 

efficiency and soil health management are likely to yield greater returns than 

investments in irrigation infrastructure in many contexts, particularly where water 

scarcity is moderate rather than extreme. The reason is simple - nutrient availability 

limits growth everywhere, while water only limits growth when it is scarce. 

The separation of INM treatments from controls along the second axis confirms that 

nutrient source creates distinct system states that persist across irrigation regimes. The 

strong positive loadings of yield-related parameters on the first axis indicate they are 

highly responsive to both factors, while the negative loading of IWP (-0.91) captures 

the fundamental trade-off: maximizing IWP sacrifices some yield, and vice versa. 
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The near-perfect correlation between SPAD and grain yield (r = 0.99) suggests that 

canopy greenness measured at flowering could guide in-season nitrogen topdressing, 

consistent with the growth stage-based fertigation approach shown to optimize N use 

efficiency by Ning et al. (2024). The non-significant correlation between RWC and IWP 

(r = -0.01) is instructive and plant water status alone does not determine water 

productivity. Rather, efficiency depends on atmospheric demand, canopy architecture, 

and the proportion of water used for transpiration vs. non-productive losses. 

Toward Sustainable Intensification: Recommendations and Climate Adaptation 

This study contributes to the sustainable intensification agenda by demonstrating that 

increasing resource use efficiency while maintaining yield is achievable through 

integrated management (Yuan et al., 2021). The identification of I₂N₄ (3-day irrigation 

interval + 50% NPK + 50% FYM) as optimal for water-constrained environments has 

clear practical implications. 

Under projected climate scenarios for South Asia, moderate deficit irrigation combined 

with INM offers a robust adaptation strategy. Gaydon et al. (2023) projected that 

without adaptation, farmers in the Pakistani Punjab could suffer gross margin 

reductions of 35-50% by 2050, but that optimal management (including deficit 

irrigation and increased fertilization) could maintain current production. The 33% 

reduction in irrigation water use achievable under I₂ aligns with projections that 

groundwater tables in the Indo-Gangetic Plains will continue to decline at 0.5-0.7 m 

year⁻¹ (Qureshi, 2020), requiring substantial reductions in groundwater extraction. 

Findings directly contribute to multiple SDGs: SDG 2 (Zero Hunger) through 

maintained yields, SDG 6 (Clean Water) through reduced irrigation demand, SDG 13 

(Climate Action) through carbon sequestration from increased soil organic matter (Lal, 

2020), and SDG 15 (Life on Land) through restoration of degraded saline-alkali soils. 

Soil Nutrient Ratios Under INM 

The changes in soil nutrient ratios help explain why INM improved nutrient 

availability beyond what standard soil tests might predict. 

Soil N:P ratio was significantly lower under INM (5.53-5.81) compared to control (6.31-

6.86). A lower ratio indicates that INM increased available P proportionally more than 

N. Two mechanisms explain this. First, organic acids released during FYM 

decomposition solubilize calcium-bound phosphorus the dominant unavailable form 

in alkaline calcareous soils (Chauraya and Rajani, 2022; Bolan et al., 1994). Second, 

organic amendments increase alkaline phosphatase activity, which hydrolyzes organic 

P moieties into plant-available forms (Sheoran et al., 2024; Dutta et al., 2025). Both 

selectively enhanced P relative to N. 
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Soil P:K ratio was substantially higher under INM (0.095-0.097) than control (0.057-

0.060). This occurs because organic acids solubilize insoluble phosphorus by chelating 

metal ions such as Ca²⁺ and Fe³⁺, or by competing with phosphate for adsorption sites, 

resulting in the release of soluble orthophosphates (HPO₄²⁻/H₂PO₄⁻) (Pan and Cai, 

2023; Sharma et al., 2013). INM specifically enhances P availability without similarly 

affecting K. 

Soil N:K ratio under severe deficit (I₃) was 0.537 under INM versus 0.372 under control. 

Drought typically reduces N mineralization in soil (Donovan et al., 2025). The higher 

N:K ratio under INM indicates that FYM sustained N supply through slow organic N 

mineralization even at low moisture.  

Why This Matters for Pakistani Soils 

In D.G. Khan district, Punjab, Pakistan, over 97% of soils are low to medium in 

available phosphorus, with 81.5% falling below 7 mg kg⁻¹ (Bilal et al., 2023). Parent 

material influences nutrient availability in arid alkaline regions, where calcium-rich 

parent materials can influence phosphorus sorption (Alnaimy et al., 2023). At alkaline 

pH (7.5-9.5), P precipitates as calcium phosphates like dibasic calcium phosphate 

(DCP), hydroxyapatite (HAP), and amorphous calcium phosphate (ACP) (Xu et al., 

2014). These P forms are largely unavailable to crops. INM releases P from these fixed 

pools - which explains why the shifts in soil P ratios were so pronounced in our study. 

Limitations and Future Directions 

Several limitations warrant acknowledgment. The study was conducted over a single 

season at one location; long-term experiments (10-20 years) are needed to validate 

SOM accumulation trajectories and yield sustainability. The mechanisms underlying 

improved performance include changes in soil microbial communities, root 

architectural modifications, hormonal regulation of drought responses which were not 

directly investigated. Future research should employ metagenomics, root 

phenotyping, and phytohormone profiling. Economic analysis omitted labour costs 

for FYM application and the long-term value of soil health improvements. 

Generalizability to other soil types, climates, and socioeconomic contexts requires 

participatory on-farm validation, though findings are likely most applicable to alkaline 

calcareous soils (pH 7.5-8.5) of South Asia. 

CONCLUSION AND RECOMMENDATIONS 

This study demonstrates that integrated nutrient management (INM) combining 50% 

NPK with 50% farmyard manure (FYM) significantly improves rice resilience under 

deficit irrigation in arid Punjab, Pakistan. The NPK+FYM treatment limited yield 

reduction to just 10% under severe water deficit (6-day interval), compared to 13–25% 

reductions in other treatments, while achieving the highest irrigation water 
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productivity (0.70 kg m⁻³) and benefit-cost ratio (2.73). The I₂N₄ combination (3-day 

interval + INM) offered an optimal trade-off: 33% water savings with 96% of maximum 

yield. Post-harvest soil analysis revealed substantial increases in soil organic matter 

(120–200%), available NPK, and reductions in pH and electrical conductivity in FYM-

amended plots. A non-significant irrigation × nutrient interaction (p = 0.998) confirmed 

that INM benefits are additive across water regimes. For arid, saline-alkali regions, the 

I₂N₄ strategy is recommended to stabilize yield, maximize water productivity, 

improve soil health, and enhance profitability under water-scarce conditions. 
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