Table S.1. Standard protocols for the estimation of all soil and plant parameters
	[bookmark: _Hlk201183417]Parameters
	Standard methodologies
	References

	Soil sample analysis

	pH2.5
	Soil-water suspension (1:2.5) and potentiometric method
	Jackson (1973)

	EC2.5 (dSm-1)
	Soil-water suspension (1:2.5)
	Jackson (1967)

	SOC
	Wet oxidation and titrimetric method
	Walkley and Black (1934); Nelson and Sommers (1982)

	CEC [cmol (p+) kg-1]
	Ammonium acetate saturation and distillation method
	Shuman and Duncan (1990)

	Soil Moisture Content (%)
	Gravimetric method
	Reynolds (1970)

	Available N ((kg ha-1)
	Alkaline permanganate method
	Subbiah and Asija (1956)

	Available P2O5 (kg ha-1)
	Bray’s no. 1 extraction (0.03 M NH4F + 0.025 HCl) and spectrophotometric method
	Bray and Kurtz (1945)

	Extractable Zinc (mg kg-1)
	DTPA extraction (pH 7.3) and atomic absorption spectrophotometric method
	Lindsay and Norvel (1978)

	Available K2O (kg ha-1)
	Normal neutral ammonium acetate extraction and Flame photometric method
	Warncke and Brown (1998)

	Sand (%)
	International pipette method
	Jain (2023)

	Silt (%)
	
	

	Clay (%)
	
	

	Textural class
	Textural triangle method
	Jain (2023)

	Plant sample analysis

	Wet Digestion
	Tri-acid digestion method (HNO3: HClO4: H2SO4 - 10:4:1)
	Sarkar et al. (2016); Sparks et.al. (2006)

	Total Nitrogen
	Micro-Kjeldahl’s method
	AOAC (1970); Jackson (1973)

	Total Phosphorus
	Yellow coloured Phospho-vanadomolybdo complex formation and spectrophotometric method
	Jackson (1973)

	Total Potassium
	Flame Photometric method 
	Johnston et al. (1952)

	Total Zinc 
	Atomic-Absorption-Spectrophotometric method
	Sparks et.al. (2006)


[pH2.5 = pH at Soil : Water ratio 1:2.5; EC2.5 = Electrical Conductivity at Soil : Water ratio 1:2.5; CEC = Cation Exchange Capacity]













Table S.2. Isotherm models used for the sorption study
	.Sl. No.
	Adsorption Isotherm
	Equations (non-linear)
	Equations (linear)
	References

	1
	Freundlich model
	
	
	Freundlich (1926)

	2
	Langmuir model
	
	
	Langmuir (1918)

	3
	Tempkin model
	
	
	Sanyal et al. (1993); Hayward and Trapnell (1964)

	4
	[bookmark: _Hlk203836519]Dubinin–Radushkevich model
	
	
	[bookmark: _GoBack]Saleh (2022); Chen (2015)


[x/m = Amount of adsorbate per unit quantity of adsorbent (μg g-1); C = Equilibrium concentration of ions present in soil solution; KF = Freundlich constant related to adsorption capacity; 1/n = Freundlich constant related to adsorption intensity; Qm = Langmuir adsorption maxima (μg g-1); KL = Langmuir constant related to binding energy (L mol-1); R =  Universal gas constant (8.314 J/mol K); T = Absolute temperature; AT = Maximum Binding energy; BT= Constant related to the heat of adsorption; ; bT = Tempkin isotherm constant ; qm = Dubinin–Radushkevich constant related to the adsorption capacity;  Constant related to the  ; 𝛽 = Constant related to mean free energy of adsorption (mol2/KJ2);  ε = Polanyi Potential]

















[bookmark: _Hlk143775788]Table S.3. Single effect of the application of phosphorus and zinc on their availability in soil and uptakes by plant 
	[bookmark: _Hlk143775928]Treatments
	P uptake
	Zinc Uptake
	Available P
	Extractable Zinc

	Phosphorus
	P0
	20.81c
	0.53a
	6.34c
	6.85b

	
	P1
	23.45b
	0.54a
	11.34b
	6.91b

	
	P2
	25.08a
	0.55a
	16.05a
	7.21a

	SEm (±)
	0.180
	0.001
	0.009
	0.007

	LSD(P<0.05)
	0.518***
	NS
	0.026***
	0.020***

	Zinc
	Zn0
	22.77a
	0.45c
	11.82c
	2.81c

	
	Zn1
	23.18a
	0.55b
	11.14b
	7.68b

	
	Zn2
	23.39a
	0.63a
	10.77a
	10.49a

	SEm (±)
	0.180
	0.001
	0.009
	0.007

	LSD(P<0.05)
	NS
	0.003***
	0.026***
	0.020***


[Values with different superscripted alphabets are significantly different from each other according to the Duncan Multiple Range Test (DMRT) (P < 0.05). Each value is a mean value of three replication. The values are the average of 10 times of dilution events. LSD = Least Significant Difference; SEm = Standard Error of mean, *** = Significance level at P<0.001; ** = Significance level at P<0.01; *= Significance level at P<0.05; NS= Non-significant. Each value is a mean of three replications. Pooled mean of two consecutive years has been considered here]

















Table S.4. Combine effects of zinc and phosphorus on the yield (q ha-1) of rice under different soil moisture regimes at two different growth stages of two rice cultivars
	Treatments
	V1W1
	V1W2
	V2W1
	V2W2
	Mean

	
P0Zn0
	45.27
	42.00
	50.00
	47.00
	46.07


	
P1Zn0
	55.00
	52.00
	60.00
	57.00
	56.00


	
P2Zn0
	58.96
	56.00
	65.00
	62.00
	60.49


	
P0Zn1
	51.00
	48.00
	56.00
	53.00
	52.00


	
P1Zn1
	62.03
	59.00
	68.00
	64.00
	63.26


	
P2Zn1
	68.00
	63.96
	74.00
	70.00
	68.99


	
P0Zn2
	53.07
	50.00
	58.00
	55.00
	54.02


	
P1Zn2
	64.90
	61.00
	70.97
	67.03
	65.98


	
P2Zn2
	70.00
	66.00
	78.00
	73.00
	71.75


	Mean
	58.69
	55.33
	64.44
	60.89
	

	Factors
	LSD (P<0.05)
	SEm (±)

	P
	0.144***
	0.049

	Zn
	0.144***
	0.049

	W
	0.117***
	0.041

	V
	0.117***
	0.041

	P × Zn
	0.249***
	0.086

	P × W
	0.203***
	0.070

	Zn × W
	0.203***
	0.070

	P × V
	0.203***
	0.070

	Zn × V
	0.203***
	0.070

	V × W
	NS
	0.058

	P × Zn × W
	0.352***
	0.122

	P × Zn × V
	0.352***
	0.122

	P × V × W
	NS
	0.099

	Zn × V × W
	NS
	0.099

	P × Zn × V ×W
	NS
	0.172


[P0 = 0 P, P1= 45 kg P ha-1, P2 = 60 kg ha-1; Zn0 = 0, Zn1 = 12.5 kg Zn ha-1, Zn1= 25 kg Zn ha-1, W1 = Continuous Flooding, W2 = 50% maximum water holding capacity; DAT = Days after Transplantation; V1 = DRR Dhan 45, V2 = IR 64.  LSD = Least Significant Difference; SEM = Standard error of mean; *** = Significance level at P<0.001; ** = Significance level at P<0.01; *= Significance level at P<0.05; NS= Non-significant. Each value is a mean of three replications] 

Table S.5. Thermodynamics and nature of the adsorption of zinc and phosphorus under different temperature and moisture regimes
	Treatments
	Based on Langmuir adsorption isotherm
	Based on Dubinin–Radushkevich isotherm

	
	[bookmark: _Hlk206582533]ΔG                          (⎼ RTln∣KL∣) (KJ mol-1)                 
	Nature of the reaction
	Mean Adsorption Energy (E) (KJ mol-1)
	Nature of Adsorption

	P-T1W1
	2.884
	Non-spontaneous
	223.6
	Chemisorption

	P-T1W2
	2.716
	Non-spontaneous
	235.7
	Chemisorption

	P-T2W1
	2.914
	Non-spontaneous
	235.7
	Chemisorption

	P-T2W2
	2.820
	Non-spontaneous
	250
	Chemisorption

	Zn-T1W1
	⎼16.132
	Spontaneous
	1581.1
	Chemisorption

	Zn-T1W2
	⎼7.865
	Spontaneous
	1581.1
	Chemisorption

	Zn-T2W1
	⎼10.553
	Spontaneous
	1291
	Chemisorption

	Zn-T2W2
	⎼7.099
	Spontaneous
	1291.0
	Chemisorption


[P = Phosphorus levels, Zn = Zinc levels; T1 = at 298 K temperature, T2 = at 308 K temperature; W1 = Continuous Flooding, W2 = 50% maximum water holding capacity; ΔG = Gibbs free energy; R = Universal gas constant; T = Absolute temperature; KL = Langmuir constant related to binding energy (L mol-1)]

