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Abstract:

Aims: Understanding phosphorus (P) and zinc (Zn) interaction on pant response under contrasting moisture
regimes is crucial for optimizing nutrient management in rice growing soils. The current study investigated the
effects of graded P and Zn application on their dynamics within soil-plant continuum and finally on predicting
grain yield under continuous flooding (W1) and 50% of maximum water-holding capacity (W) using two rice
cultivars DRR Dhan 45 (V) and IR 64 (V>).

Methods: Pot and field experiments were conducted for two consecutive years (2023-2024 & 2024-2025) followed
by batch sorption studies to elucidate the mechanisms governing P and Zn dynamics under different moisture and
temperature regimes.

Results: P application significantly enhanced soil available P, P uptake, and grain yield, whereas Zn fertilization
markedly increased Zn availability and uptake. Although P application reduced Zn availability and uptake, Zn
application caused only a marginal decline in P availability in soil without adversely affecting P uptake and yield.
The highest grain yield (78 q ha™') was obtained with the combined application of 60 kg P ha™* and 25 kg Zn ha™!
under continuous flooding for cultivar IR 64 (P,Zn,WV>), demonstrating the complementary effects of adequate
P and Zn nutrition. Sorption studies revealed that P adsorption was best described by the Dubinin—Radushkevich
model, whereas Zn adsorption followed the Temkin isotherm. Continuous flooding reduced the binding energy,
thereby enhancing nutrient availability, while enhanced temperature strengthened adsorption, particularly for P,
indicating a better nutrient retention under warmer conditions. Thermodynamic analysis showed that Zn
adsorption was spontaneous, whereas P adsorption was non-spontaneous under the experimental conditions.
Conclusion: Overall, the study demonstrated that P nutrition was the principal driver of productivity in acidic
Terai soils, while adequate Zn nutrition complements P utilization with only negligible antagonistic effects. These
findings provide a mechanistic basis for optimizing P—Zn fertilization strategies under changing moisture and
temperature regimes to sustain rice productivity.

Keywords: Nutrient dynamics, Yield prediction, PxZn interaction; Soil moisture regime, Adsorption,

Management
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Introduction:

Rice (Oryza sativa L.) is the staple food for more than half of the world's population and contributes substantially
to global food and nutritional security by supplying approximately 21% of dietary energy and 15% of dietary
protein (Maclean et al., 2002). In India, particularly in the eastern Indo-Gangetic plains, rice cultivation is
predominantly concentrated in lowland ecosystems characterized by prolonged flooding and high annual rainfall.
The Terai region of West Bengal is one of the major rice-growing areas of eastern India, where strongly acidic
soils frequently limit crop productivity because of multiple nutrient constraints, particularly phosphorus (P) and
zinc (Zn) deficiencies (Alloway, 2009; Ganeshamurthy et al., 2016). As both nutrients play indispensable roles in
plant metabolism, their inadequate availability substantially reduces crop growth, nutrient use efficiency, and

grain yield.

Phosphorus is an essential macronutrient involved in energy transfer, photosynthesis, nucleic acid synthesis,
membrane formation, and numerous enzymatic processes. Despite its abundance in many agricultural soils, only
a small proportion remains available for plant uptake because phosphate ions are rapidly immobilized through
adsorption or precipitation with iron (Fe), aluminium (Al), and calcium (Ca) compounds, particularly under acidic
soil conditions (Dotaniya et al., 2015; Dey et al., 2017). Consequently, phosphorus deficiency continues to be one
of the principal nutritional limitations affecting rice production worldwide. Zinc, although required in
comparatively small quantities, is equally indispensable for normal plant growth owing to its involvement in
enzyme activation, protein synthesis, chlorophyll formation, auxin metabolism, and antioxidant defence
mechanisms. Zinc deficiency is estimated to affect nearly half of the world's paddy soils, with Asia accounting
for approximately one-third of the affected area. Deficiency of either nutrient adversely affects physiological
functions, restricts biomass accumulation, and ultimately reduces grain yield. The interaction between phosphorus
and zinc in soils and plants is highly complex. Numerous studies have demonstrated that excessive phosphorus
application may reduce Zn availability by enhancing Zn adsorption, promoting the formation of sparingly soluble
zinc phosphate compounds, or altering rhizosphere chemistry (Haldar and Mandal, 1981; Barrow, 1984).
Conversely, zinc availability may also influence phosphorus acquisition through modifications in root growth,
membrane transport, and enzyme activity. The magnitude and direction of this interaction depend on several soil
properties, including pH, organic matter, clay mineralogy, oxide content, and fertilizer management. Therefore,
balanced phosphorus and zinc fertilization is increasingly recognised as an effective strategy for sustaining crop
productivity while minimizing nutrient antagonism. Soil moisture and temperature further regulate the availability
and adsorption behaviour of both nutrients, particularly in flooded rice ecosystems. Under submerged conditions,
microbial reduction of ferric iron (Fe**) to ferrous iron (Fe**) dissolves iron oxides that previously adsorbed
phosphate, thereby increasing phosphorus availability in the soil solution (Sanyal and De Datta, 1991; Maranguit
et al., 2017; Gonzalez et al., 2022). Consequently, phosphorus availability generally increases during prolonged
flooding following an initial period of immobilization. In contrast, zinc availability frequently declines under
anaerobic conditions owing to the formation of relatively insoluble compounds such as zinc sulphide (ZnS), zinc
carbonate (ZnCOs), zinc hydroxide [Zn(OH):], and zinc ferrite (ZnFe:0.), thereby increasing the risk of Zn
deficiency in submerged rice (Vodyanitskii, 2010; Gao et al., 2012; Abdullah et al., 2015; Fatehi et al., 2021).

Temperature exerts an additional influence by modifying sorption kinetics, reaction equilibria, and diffusion
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processes, thereby affecting both phosphorus fixation and zinc adsorption (Wasewar et al., 2008; Huang et al.,
2011; Jodeh etal., 2015; Xie et al., 2019). Although the individual behaviour of phosphorus and zinc under flooded
conditions has been extensively investigated, comparatively few studies have simultaneously evaluated their
interactions across contrasting moisture regimes while integrating nutrient uptake, adsorption characteristics,
thermodynamic behaviour, and crop performance. Furthermore, limited information is available regarding the
combined influence of phosphorus and zinc fertilization on nutrient dynamics in the acidic Terai soils of eastern
India, where alternating flooding and moisture stress are becoming increasingly common under changing climatic
conditions. Understanding these interactions is essential for developing balanced nutrient management strategies
that maximise nutrient use efficiency while sustaining rice productivity. We hypothesised that balanced
phosphorus and zinc fertilization would alleviate nutrient antagonism and improve nutrient uptake under both
submerged and moisture-limited conditions, whereas soil moisture and temperature would substantially regulate
their adsorption behaviour and subsequent bioavailability. Therefore, the objectives of the present investigation
were to: (i) evaluate the effects of phosphorus and zinc fertilization on soil nutrient availability, plant nutrient
uptake, and grain yield under contrasting moisture regimes using two rice cultivars; and (ii) investigate the
adsorption behaviour of phosphorus and zinc under different moisture and temperature conditions using
adsorption isotherm modelling to elucidate the mechanisms governing nutrient retention and availability in an

acidic Terai soil of eastern India.
Materials and Methods:
Experimental site:

A pot experiment was carried out within a greenhouse of Uttar Banga Krishi Viswavidyalaya in Pundibari,
Coochbehar, West Bengal, India. The soils were collected from 26.3938° N latitude and 89.3832°E longitude with
an average altitude of 43 m belonging to Hills and Terai zone of West Bengal. The field experiment also had been

conducted at the same site just beside the greenhouse.

Details of the pot experiment:

The pot experiment was carried out in earthen pots of 40 cm X 20 cm x 20 cm size during two consecutive rabi
seasons 2023-2024 and 2024-2025 considering two different rice cultivars, DRR Dhan 45 (V) and IR 64 (V>)
(Fig.1). Surface soils (0-10 cm depth) were collected from new greenhouse area near Coochbehar Krishi Vigyan
Kendra and 5 kg soils were distributed in each pot. The pot experiment was laid out in a Completely Randomized
Design (CRD) and replicated thrice. The recommended dose of fertilizer (RDF) for that area was
N:P,0:K>0:Zn::120:60:60:25 based on which the fertilizer treatments were given. Three different levels of P (0,
45 and 60 kg ha'!) coupled with three different levels of Zn (0, 12.5 and 25 kg ha™') were applied in the form of
single super phosphate and zinc sulphate (ZnSO4.7H>0) respectively (Table 1). Nitrogen (N) and potassium (K)
were applied in the form of urea and muriate of potash, respectively. Full doses of P and K along with 1/2% dose
of the N were given to each pot before transplantation of rice seedlings and the remaining nitrogen were given in
two equal splits at 21 days intervals. There were 4 plants in each pot and after transplanting, some of the pots were
submerged with water (W) and maintained throughout experiment and some pots were subjected to watering at

50% of maximum water holding capacity (W>) level.

Details of the field experiment:
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The field experiment was conducted during the rabi (winter) season of the year 2024-2025 at the experimental
field of Uttar Banga Krishi Viswavidyalaya, Coochbehar, India considering the similar rice cultivars (Fig.1). It
was laid out in a Factorial Randomized Block Design (FRBD) replicating thrice. All the treatment details as well
as fertilizer recommendations remained same as of the pot experiment (Table 1). Full doses of P and K along with
1/2™ dose of the N were given to each plot before transplantation of rice seedlings and the remaining nitrogen

were given in two equal splits at 21 days intervals.

Processing and analysis of soil samples:

The soils samples were collected at two different crop growth stages, maximum tillering stage (85 DAT) and
maturity (115 DAT) from 0-15 cm depth. Soil samples, collected from each plot, were shade-dried under air. The
air-dried samples were manually crushed, passed through a 2 mm sieve, and finally subjected to the further
laboratory analysis to characterize the key physico-chemical properties as per standard protocols, as outlined in

Table S.1.

Analysis of plant samples:

In the both stages 3-5 rice hills from each pot were taken for bio-chemical analysis. At the stage of maturity both
the vegetative along with reproductive parts of rice plant were collected and processed together to obtain total
shoot uptake. Collected plant samples were washed first in running tap water, followed by dilute hydrochloric
acid (HCI) solution and finally with deionized water. The plant materials were dried first in air and then in oven
at 70°C to a constant weight and were then ground with the help of a stainless-steel mechanical grinder. 0.5 g of
powdered plant/grain sample was digested using a tri-acid mixture (HNO3: H>SO4: HCIO4 = 10:1:4) (Sarkar et
al., 2016; Sparks et.al., 2006). Next, the digests were diluted and subjected to laboratory analysis to determine
total N, P, K, and Zn concentration (Table S.1). The Nutrient Uptake (NU) in shoot was estimated from the
equation provided below (Godebo et al., 2021):

Nutrient Uptake (mg/plant)

_ Concentration of nutrient in shoot part (%) x dry weight of shoot part (mg/plant)
B 100

...Eq.1
Incubation study for the sorption experiment:

An incubation study (batch experiment) was conducted to assess the sorption characteristics of phosphorus and
zinc in the soil system. 3 g of initial soils were taken in conical flasks and treated with 30 ml of three different
doses of phosphorus solution 0, 20.09 ppm (equivalent to 40 kg P ha!) and 26.79 ppm (equivalent to 60 kg P ha
1 separately and kept inside an incubator for seven days (Fig.1). Similarly, three different doses of zinc 0, 5.58
ppm (equivalent to 12.5 kg Zn ha'!), 11.16 ppm (equivalent to 25 kg Zn ha™!) were treated with another three sets
of soil samples kept in conical flasks and subjected to incubation for seven days. The moisture level for each
sample was maintained as 100% (W;) and 50% of maximum water holding capacity (W) with maintaining a
constant temperature of 25°C (T;) and at 35°C (T2). On expiry of the incubation periods, the soil analysed for
available Phosphorus (Bray and Kurtz, 1945) and DTPA-extractable Zinc (Lindsay and Norvel, 1978).

Adsorption isotherm modeling of Phosphate and Zinc:
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Data collected regarding the amount of Phosphate and zinc (Zn) adsorbed by the unit weight of soil (x/m) and the
equilibrium concentration of P and Zn concentrations in soil solution were fitted to four adsorption isotherm
models at both 25°C and 35°C temperatures: i) Freundlich isotherm, ii) Langmuir isotherm, iii) Tempkin isotherm,
and iv) Dubinin—Radushkevich isotherm (Table S.2). The amount of ions got disappeared from the soil solution
was considered to be adsorbed on the surface of solid phase and calculated by the following equation (Singh et

al., 2020):

(1) =CiCay ....Eq.2.

m w

Where, % is the amount of phosphate or zinc been adsorbed from soil solution by the unit weight of soil (mg g
D

C, is the initial concentration of phosphate or zinc ion in solution (mg 1)

Ce. is concentration of phosphate or zinc ion in equilibrium solution after adsorption (mg 1)

V is the volume of the equilibrium solution (1)

w is the weight of the soil sample taken (g)

a. Freundlich isotherm:

This isotherm can be expressed as (Mabuza et al., 2022; Freundlich, 1926):

x 1
—=KpCn (n>1) ...Eq.3

m

where, x/m denotes the amount of adsorbate per unit quantity of adsorbent (ug g'), C means Equilibrium
concentration of ions present in soil solution, Kr can be considered as Freundlich constant related to adsorption
capacity and n is Freundlich constant related to adsorption intensity and 1/n indicates the function of sorption
strength as well as surface heterogeneity factor (Dada et al., 2012). Freundlich isotherm is strictly empirical in
nature (Habte et al., 2020). The outcome primarily relies on the provided adsorption process and the study's
temperature conditions. The constant Kr was adopted as a theoretical indicator of the amount of phosphorus or
zinc adsorbed from a solution with a standardized equilibrium concentration. The Freundlich equation, initially
empirical in nature, aligns with a model of adsorption wherein the affinity (bonding energy) factor diminishes
exponentially as the adsorption quantity expands (Sposito, 1980). The linear (logarithmic) transform of this
equation is provided below (Mabuza et al., 2022):

log (%) = log Kp + %log C ...Eq4
The parameters Kr and n are specific to the sorbent-sorbate system and can usually be derived by fitting sorption
data using linear regression (de la Rosa et al., 2008) and can be determined from the intercept and inverse of the
slope from the log (x/m) vs log C plot respectively. The factor 1/n can also act as a heterogeneity parameter, with
smaller values showing greater heterogeneity. The higher values of Kr indicates a better retention strength as well
as a better sorption ability of the solid phase (Zhao and Selim, 2010). Similarly, with decreasing the values of the

constant 1/n or increase in the values of n, the strength of adsorption becomes higher which indicates a stronger
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bond between the adsorbent and the adsorbate. For a normal adsorption, 1/n always ranges between 0 and The
value of 1/n closer to zero suggests the more surface heterogeneity as well as heterogenous adsorption and when
becomes unity the equation becomes a linear expression. If the value attains more than unity, it indicates
cooperative adsorption or physisorption and less than one suggests chemisorption (Singh and Kumar, 2018). So,
n values between 1 to 10 denote favourable sorption. The Kr and 1/n values determine the nature of the curvature

and steepness of the curve (Habte et al., 2020).

b. Langmuir isotherm:

The Langmuir isotherm can be written as (Chen, 2015; Langmuir, 1918):

Xy QnK.C
(E) =1IKLLC

...Eq.5

where, x/m denotes the amount of adsorbate per unit mass of adsorbent at any instant (ug g™'), C means
Equilibrium concentration of ions present in soil solution, Qn, indicates Langmuir adsorption maxima forming a
monolayer on the homogenous surface of adsorbent (ug g™!), Kr. is the Langmuir constant related to binding energy
(L mol™). The nature of the adsorption is favourable if 0 < Ry <1, unfavourable when Ry >1, irreversible when Ry
= 0 or linear when Ry =1 (Zhou et al., 2017). Langmuir adsorption isotherm can provide a quantitative estimation
of the monolayer formation by the adsorbate on the homogenous outer surface of an adsorbent as well as the
adsorption maximum, after that no sorption occurred. Here in this model, the energy of adsorption is assumed to
be remained constant during the sorption and the surface of the adsorbent contains a fixed number of adsorption
sites available for binding molecules. At this experiment, this model has been employed to assess the equilibrium
distribution of ions (e.g. phosphate and zinc) between exchanger and exchanging medium. The linear

(logarithmic) transform of Langmuir equation can be expressed as below (Sanyal, 2018):
C 1 c
o)t
X / m Qm KL Qm

....Eq.6
The values of the Langmuir parameters e.g. Ki. and Qn, can be determined from the intercept and inverse of the

slope from the (C/x/m) vs 1/Qn plot respectively.
¢. Tempkin isotherm:

The non-linear expression of Tempkin adsorption isotherm can be written as (Atugoda et al., 2021):

(%) = %ln(ATC) ...Eq.7
> (2) =Brln(4,C ) ...Eqs8

Where, I;—T = B which is a dimensionless constant related to the heat of adsorption (J mol'); x/m represents the
T

amount of adsorbate per unit mass of adsorbent, C is equilibrium P or Zn concentration in soil solution, R is the
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Universal gas constant (8.314 J/mol K), T indicates Absolute temperature, At represents a constant related to
maximum binding energy (L g™'), br represents Tempkin isotherm constant (Al-Wahbi and Dammag 2011).
Tempkin isotherm is based on the hypothesis that the bonding energy or heat of the adsorption process, which is
a function of temperature, decreases linearly with increase in the extent of surface coverage rather than logarithmic
trend and considers the complex interaction between adsorbent and adsorbate. The simple logarithmic

transformation of Tempkin isotherm can be expressed as (Sanyal and De Datta, 1991):

X

_ RT RT
(;)-Z3O3EﬂogAT4-Z3O3EﬂogC ....Eq.9

The Tempkin isotherm parameters e.g. bt and Ar can be calculated from slope and intercept of the (x/m) vs. log
C plot. In some cases, the linear transformed Tempkin plots may produce gentle curves rather than a straight line

when implemented practically with field data (Sanyal, 2018).

d. Dubinin—Radushkevich (D-R) isotherm:

The Dubinin-Radushkevich (D-R) isotherm is also a well-established empirical isotherm model primarily used to
assess the sorption equilibria of gases on both homogenous and heterogeneous surfaces of microporous solids
such as zeolites, activated carbon etc with a Gaussian energy distribution (Gunay et al., 2007). The model is rooted
in the notion that adsorption in micropores occurs through filling of the pore volume, not surface film formation.
The non-linear expression of D-R isotherm can be written as:

(ﬁ) = gnexp[-B.c%] ....Eq.10

m

Where, x/m represents the amount of adsorbate per unit mass of adsorbent, qm denotes D—R constant related to
the theoretical adsorption capacity (mol g™'), B is the constant related to mean free energy of adsorption (mol%/KJ?)
and ¢ signifies Polanyi sorption potential which is nothing but the energy required to move 1 mol of any ion from
it’s sorption surface to bulk solution (infinity). The value of & can be calculated from the following equation

(Anirudhan and Suchithra, 2010):
& = RTIn[1+] ...Eq.11

where, C is the concentration of P or Zn in equilibrium soil solution. So, the natural logarithmic transformation

m C

From the B value we can calculate the value of free energy of adsorption (E) (KJ mol™) which can be defined as
the required change in free energy to transfer 1 mol ion from infinity (in bulk solution) to adsorbent surface
(Mourabet et al., 2011). It can predict the nature of adsorption whether the adsorption is physisorption or

chemisorption. And can be calculated by the following formula:

E= ...Eq.13

ﬁ‘“
=
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The value of E < 8 (KJ mol™) implies physisorption while 8 < E < 16 indicates ion exchange phenomena and E >

16 (KJ mol™) denotes chemisorption (Zhou et al., 2024).

Goodness of fit statistics:
In this study, the goodness of fit of the adsorption isotherm models were determined in terms of Determination

Coefficient (R?) (Di Bucchianico, 2008):

e, (Vi—-¥)?

Coefficient of Determination = R? =1 — =& =
iz (Vi=Y)

....Eq.14

Here, Y represents the mean of the observations, while Y; denotes the predicted value of Y; based on the fitted
model.

Assessment of the thermodynamic properties of the sorption reactions:

The feasibility of the sorption reaction has been assessed from the change in Gibb’s free energy (AG) (KJ mol™).
The Langmuir constant related to the binding energy (Kr) has been employed to determine the AG value through
the following equation (Mabuza et al., 2022; Mourabet et al., 2011):

AG = RTIn K, ....Eq.15

Here only the positive value or magnitude of K. have been considered to calculate the AG value. So, the Eq.15

can be re-written as:
AG = RTIn | K|, | ....Eq.16
Statistics and machine learning based predictions:

We used SPSS version 27.0 (SPSS, Inc., Chicago, IL, USA) to carry out the required statistical analyses, and
Multiple linear regression-based predictions. R studio (v.4.2.2) was employed to draw violin & box-plot diagrams
and correlation matrix. Partial Dependence Plot based visualized predictions also had been employed to evaluate
the influence pattern of predictors on targeted variables (R 4.2.2. package “Xgboost” and “Caret”). The graphical
representations, regression analysis were created using Microsoft Excel 2019. To assess differences among
treatment means, post-hoc test was performed (i.e. Critical Difference and Duncan’s Multiple Range Test) at a

5% level of significance using both SPSS version 27.0 and R studio (v.4.2.2).
Results:
Initial Soil characterization:

The soil collected from the experimental site was acidic in reaction (pHa2.5 5.38) and non-saline (EC»5 0.24 dS m"
1. The cation exchange capacity, oxidizable organic carbon, and moisture content of the soil was found to be 6.10
cmol (p*) kg!, 0.40%, and 16.50%. The available N, P,Os and K,O contents of the soil were 146.39 kg ha™!, 19.61
kg ha'! and 121.17 kg ha'!. The sand, silt and clay content were recorded to be 54.81%, 32.26% and 12.93%
suggesting sandy loam texture of the experimental soil. The DTPA-extractable Zn in the soil was found to be 0.96

mg kg'! suggesting the soils were having low concentration of Zinc (Table 2).
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Effect of Zn and P application under different soil moisture regimes on the uptake of P by shoot at 85 days
after transplanting (DAT) and 115 DAT:

Single effect of P and Zn:

The single effects of P and Zn on the uptake of P at two different growth stages were depicted in Fig.2a, Fig.2b,
Fig.2c and Fig.2d, respectively. With increase in P application rate, the P uptake by shoot had been increased
significantly at the both growth stages of rice irrespective of crop cultivars and moisture regimes (Fig.2a &
Fig.2b). At 85 DAT, the mean P uptakeincreased from 16.53 mg plant™! under Py to 19.16 mg plant™! under P, and
further to 20.85 mg plant™! under P, (Fig.2a). A similar trend was observed at 115 DAT, where the corresponding
values were 25.09, 27.75 and 29.32 mg plant™', respectively (Fig.2b). The main effect of P was significant as per
Fisher’s LSD test (LSD value 0.67 and 0.96 respectively for 85 & 115 DAT growth stages at significance level P
< 0.001) (Table 3). On the other hand, Zn application also significantly influenced P uptake but at the vegetative
stage (85 DAT) only (LSD = 0.56 at significance level P < 0.05), however the effect was to be non-significant at
the reproductive stage (115 DAT). An interesting phenomenon that was observed that instead of showing an
antagonistic effect, the uptake of P in shoot was increased with increasing level of Zn application. The mean P
uptake by shoot increased from 18.50 mg plant™ under Zno to 18.88 mg plant™ under Zn: and further to 19.17 mg
plant™ under Zn- at 85 DAT (Fig.2c). At 115 DAT, magnitude of the mean P uptake also increased from 27.06
mg plant™ under Zno to 27.61 mg plant™' under Zn: but the increase is non-significant at all. (Table 3) (Fig.2d).
Moreover, from the Duncan’s Multiple Range Test (DMRT) it had been confirmed that the overall single effect
of graded P and Zn application on P uptake by shoot was significant and non-significant, respectively (Table S.3).

Combine effect of P x Zn:

The combined application of P and Zn (PxZn) followed the similar trend as that of their single effect. The mean
P uptake was highest under the treatment P»Z; for both 85 DAT (21.31 mg plant') and 115 DAT (29.77 mg plant’
1). Though the individual effect of P and Zn application was significant as per Fischer’s LSD test, the PxZn

interaction effect on P uptake was non-significant at all (Table 3).

Effect of V, W and VxW:

The main effects of both variety (V) and water regime (W) on P uptake were equally significant at both the growth
stages (LSD = 0.46 and 0.78 respectively for 85 & 115 DAT for both factors at significance level P < 0.001).
Among the four VXW treatment combinations, IR 64 under continuous flooding (VW) consistently recorded the
highest phosphorus uptake, with mean values of 20.43 mg plant™ at 85 DAT and 29.24 mg plant™ at 115 DAT.
The lowest uptake was observed under DRR Dhan 45 grown at 50% maximum water holding capacity (ViW2),
which recorded 17.74 and 25.75 mg plant™ at 85 and 115 DAT, respectively. However, the interaction effect of
VW was significant at 85 DAT (LSD = 0.64 at P < 0.05 level) and non-significant at 115 DAT, suggesting that

varietal differences in response to moisture regime diminished as the crop approached maturity (Table 3).
Combine effect of P X Zn x V x W:

Phosphorus uptake by shoot was highest at the treatment P,Zn,V,W; for both 85 DAT (22.97 mg plant™!) and 115
DAT (31.78 mg plant!). The lowest P uptake by shoot was under the treatment PoZn;V1W>. (14.42 and 23.31 mg
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plant! respectively at 85 DAT and 115 DAT). However, the interactions between P x W, Zn x W, P x V, Zn x V,
PxZnxW,PXxZnxV,PxVxW, ZnxV x W, and P x Zn x Wx V were non-significant as per Fischer’s LSD
test (Table 3).

Effect of Zn and P application under different soil moisture regimes on the uptake of Zn by shoot at 85

DAT and 115 DAT:

Single effect of P and Zn:

The single effect of P and Zn on the uptake of Zn at two different growth stages was depicted in Fig.2e, Fig.2f,
Fig.2g and Fig.2h, respectively. With increase in P application rate, the Zn uptake by shoot declined significantly
at both growth stages of rice irrespective of crop cultivars and moisture regimes (Fig.2e & Fig.2f). At 85 DAT,
the mean Zn uptake by shoot decreased from 0.4765 mg plant! under Py to 0.4645 mg plant!' under P, and further
to 0.4553 mg plant™! under P, (Fig.2e). A similar trend was observed at 115 DAT, where the corresponding values
were 0.6265, 0.6212 and 0.6086 mg plant™, respectively (Fig.2f). The main effect of P was significant as per
Fisher’s LSD test (LSD value 0.0059 for both 85 & 115 DAT stages at significance level P < 0.001) (Table 4).
On the other hand, Zn application also significantly influenced Zn uptake by shoot at both growth stages (LSD =
0.0059 for both 85 & 115 DAT at significance level P < 0.05) (Fig.2g and Fig.2h) (Table 4). At 85 DAT, mean
Zn uptake increased from 0.3873 mg plant™' under Zno to 0.4743 mg plant™ under Zn: and further to 0.5347 mg
plant™ under Zn: (Fig.2g). At 115 DAT, the mean uptake also increased from 0.5205 mg plant™ under Zno to
0.6251 mg plant™ under Zn, ad further to 0.7126 mg plant' under Zn; (Fig.2h). From the DMRT result, it was
confirmed that the overall single effect of graded Zn application on Zn uptake by shoot was significant but the
overall single effect of P application was non-significant (Table S.3). The results indicate that Zn application
improved P uptake during the earlier growth stage without exhibiting any antagonistic effect on phosphorus

nutrition.

Combine effect of P x Zn:

The combined application of P and Zn (PxZn) followed the similar trend as that of their single effect. The
interaction effect of P x Zn was significant as per Fischer’s LSD test at both growth stages (LSD = 0.0103 at
significance level P <0.05 & LSD = 0.0055 at significance level P <0.001 respectively for 85 & 115 DAT) (Table
4). The mean Zn uptake was highest under the treatment PoZ, for both 85 DAT (0.5555 mg plant') and 115 DAT
(0.7225 mg plant™).

Effect of V, W and VxW:

The main effects of both V and W on P uptake were equally significant at both growth stages (LSD = 0.0049 and
0.0026 respectively for 85 & 115 DAT for both factors at significance level P < 0.001). Among the four VW
treatment combinations, DRR Dhan 45 under continuous flooding (V1 W1) consistently recorded the highest Zn
uptake, with mean values of 0.5282 mg plant™ at 85 DAT and 0.7073 mg plant™ at 115 DAT. The lowest uptake
was observed under IR 64 grown at 50% maximum water holding capacity (V2W2), which recorded 0.4518 and

0.5359 mg plant! at 85 and 115 DAT, respectively. However, the interaction effect of VxW was non-significant
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at 85 DAT but significant (LSD = 0.0036 at P < 0.001 level) at 115 DAT, suggesting that varietal differences in

response to moisture regime got increased as the crop approached maturity (Table 4).
Combine effect of P X Zn x V x W:

Zn uptake by shoot was highest in the treatment PoZn,V, W, for both 85 DAT (0.5994 mg plant™!) and 115 DAT
(0.7784 mg plant!). The lowest one was recorded under the treatment P,ZnoV>W> (0.2945 and 0.4028 mg plant™!
respectively at 85 DAT and 115 DAT). At 85 DAT stage, the interaction between P x W, Zn x W, P x Zn x W, P
xVxW,ZnxV xW,PxZnxW xV were non-significant, whereas the interaction between P x V, Zn x V and
P x Zn x V were significant as per Fischer’s LSD test. But at 115 DAT stage, the interaction between P x W, Zn
x W and P x Zn x W were significant, rest of the interactions exhibited almost the similar trend as those of 85

DAT (Table 4).

Effect of P and Zn application under different soil moisture regimes on the availability of P in soil at 85

DAT and 115 DAT:
Single effect of P and Zn:

The single effect of P and Zn on the availability of P in soil under different soil moisture regimes at two different
growth stages was depicted in Fig.3a and Fig.3b. With increase in P application rate, the available P content in
soil (kg ha!') increased significantly at the both growth stages of rice at 85 DAT and 115 DAT for both cultivars
and moisture regimes. The availability of P in soil was significantly higher for the dose P> compared with P; and
control (Po) under each and every rice cultivar and moisture regimes (Fig.3a). At 85 DAT, the mean availability
of P increased from 6.51 kg ha™! under Po to 11.54 kg ha™!' under P: and further to 16.27 kg ha™ under P2. A similar
trend was also recorded at 115 DAT, where the mean P availability in soil increased from 6.21 kg ha*! (Po) to
11.13 kg ha'! (P1) and further to 15.88 kg ha™! (P2). The main effect of P application was significant as per Fisher’s
LSD test at both 85 DAT (LSD = 0.07 at significance level P <0.001) and 115 DAT (LSD = 0.06 at significance
level P < 0.001) confirming the positive effect of phosphorus application on P availability in soil (Table 5). On
the other hand, an inverse relationship was observed between Zn application and available P content in soil.
Significantly the highest availability of P in soil was found under no application of Zn (Zn,) compared to the doses
Zn; and Zn, at both growth stages of rice (85 DAT and 115 DAT) for both cultivars and moisture regimes (Fig.3b).
With increasing levels of Zn, the availability of P decreased significantly in soil and the trend was similar
irrespective to variety and soil moisture levels. At 85 DAT, the mean P availability declined from 12.04 kg ha™!
under Zno to 11.36 kg ha™! under Zn: and further to 10.92 kg ha™! under Zn.. Similar reductions were evident at
115 DAT where the mean P availability in soil declined from 11.69 kg ha™! (Zno) to 10.92 kg ha! (Zn;) and further
to 10.59 kg ha! (Zn,). The main effect of Zn application was also significant as per Fisher’s LSD test at both 85
DAT (LSD = 0.07 at significance level P < 0.001) and 115 DAT (LSD = 0.06 at significance level P < 0.001),
suggesting an antagonistic effect of Zn application on soil P availability (Table 5). From the DMRT result it was
confirmed that the overall single effect of graded P & Zn application on the availability of P in soil was significant

(Table S.3).

Combine effect of P x Zn:
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The combined application of P and Zn (PxZn) followed the similar trend as that of their single effect. The
interaction effect of P x Zn was significant as per Fischer’s LSD test at both growth stages (LSD = 0.13 at
significance level P < 0.001 & LSD = 0.10 at significance level P < 0.001 respectively for 85 & 115 DAT). The
highest available soil P was recorded under the treatment P,Zn, with a mean value of 16.95 kg ha'! at 85 DAT
and 16.64 kg ha'! at 115 DAT. In contrast, the lowest values were observed under PoZn2 (6.14 and 5.89 kg ha™' at
85 and 115 DAT, respectively) (Table 5).

Effect of V, W and VXW:

The main effects of both V and W on availability of soil P were equally significant at both growth stages (LSD =
0.04 and 0.04 respectively for 85 & 115 DAT for both factors at significance level P < 0.001). Among the four
VxW treatment combinations, DRR Dhan 45 under continuous flooding (V1W1) consistently recorded the highest
availability of P, with mean values of 11.65 kg ha'! at 85 DAT and 11.31 kg ha! at 115 DAT. The lowest
availability of P was observed under IR 64 grown at 50% maximum water holding capacity (V,W2), which
recorded 11.11 and 10.66 kg ha! mg plant™ at 85 and 115 DAT respectively. The interaction effect of VXW was
also significant at both 85 DAT (LSD = 0.04 at P < 0.001 level) and 115 DAT (LSD = 0.03 at P < 0.001 level)
stages (Table 5).

Combine effect of P x Zn x V x W:

The combine effect of P x Zn x V x W exhibited significant result on the available P content in soil at both growth
stages (LSD = 0.13 & 0.10 at significance level P <0.001 for 85 DAT and 115 DAT respectively). Available P
content was highest at the treatment P,ZnoV,W; for both 85 DAT (17.34 kg ha'!) and 115 DAT (16.98 kg ha'!)
stages. The lowest one was recorded under treatment PoZn,VoW> (5.78 kg ha™! and 5.56 kg ha™! respectively at 85
DAT and 115 DAT). The interaction effect of Px W, Zn x W, P x V., Zn x V,P xZn X W, P x Zn x V, P x V x
W, Zn x Vx W, PxZnxW xV were significant for both growth stages (Table 5).

Effect of P and Zn application under different soil moisture regimes on the availability of Zn in soil at 85

DAT and 115 DAT:
Single effect of P and Zn:

The single effect of P and Zn on the availability of Zn in soil under different soil moisture regimes at two different
growth stages was depicted in Fig.3¢ and Fig.3d. With increase in P application rate, extractable (available) Zn
content in soil (kg ha') decreased significantly at both growth stages of rice (85 DAT and 115 DAT) and the trend
was similar irrespective to variety and soil moisture levels. The availability of Zn in soil was significantly higher
for the dose Py (control) compared with P, and P, for both rice cultivars and moisture regimes (Fig.3c). At 85
DAT, the mean extractable Zn content in soil declined from 7.30 kg ha'! under Po to 6.99 kg ha'! under P; and
further to 6.91 kg ha™ under P.. A similar trend was also recorded at 115 DAT, where the mean extractable Zn
content in soil declined from 7.13 kg ha™! (Po) to 6.84 kg ha'! (P:) and further to 6.81 kg ha! (P2). The main effect
of P application was significant on availability of Zn in soil as per Fisher’s LSD test at both 85 DAT (LSD = 0.05
at significance level P < 0.001) and 115 DAT (LSD = 0.06 at significance level P < 0.001), suggesting an
antagonistic effect of Zn application on soil P availability (Table 6). On the other hand, a substantial increase in

extractable Zn content in soil was observed with increasing Zn application doses irrespective to variety and soil
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moisture levels. The highest availability of Zn in soil was under the dose Zn, than Zn, (control) and Zn, at both
growth stages of rice for both cultivars and moisture regimes (Fig. 3d). At 85 DAT, the mean Zn availability in
soil increased from 2.88 kg ha™! under Zno to 7.76 kg ha! under Zn: and further to 10.56 kg ha! under Zn.. A
similar trend was also observed at 115 DAT, where mean extractable Zn content increased from 2.75 kg ha™ (Zno)
to 7.61 kg ha™ (Zn:) and further to 10.42 kg ha™ (Zn2). The main effect of Zn application was significant as per
Fisher’s LSD test at both 85 DAT (LSD = 0.05 at significance level P < 0.001) and 115 DAT (LSD = 0.06 at
significance level P < 0.001), suggesting an antagonistic effect of Zn application on soil P availability (Table 6).
From the DMRT result it had been confirmed that the overall single effect of graded P & Zn application on the

availability of Zn in soil was significant (Table S.3).
Combine effect of P x Zn:

The combined application of P and Zn (PxZn) followed the similar trend as that of their single effect. The P X Zn
interaction was significant on the availability of soil Zn at 85 DAT (LSD = 0.03 at significance level P < 0.001)
and non-significant at 115 DAT. Highest extractable Zn content was recorded under treatment PoZn, with mean
values of 10.82 and 10.60 kg ha™* at 85 and 115 DAT, respectively. Conversely, the lowest extractable Zn was
observed under P2Zno, with mean values of 2.72 and 2.61 kg ha™' at 85 and 115 DAT, respectively (Table 6).

Effect of V, W and VxW:

The main effects of both V and W on availability of soil Zn were found to be equally significant at both of the
growth stages (LSD = 0.06 and 0.08 respectively for 85 & 115 DAT for both factors at significance level P <
0.001). Among the four VxW treatment combinations, IR 64 under continuous flooding (V,W1) consistently
recorded the highest availability of Zn with mean values of 7.28 kg ha™! at 85 DAT and 7.12 kg ha'! at 115 DAT.
The lowest availability of Zn was observed under DRR Dhan 45 grown at 50% maximum water holding capacity
(V1W2), which recorded 6.85 and 6.74 kg ha™! mg plant ™' at 85 and 115 DAT respectively. However, the interaction
effect of VXW was non-significant at both growth stages (Table 6).

Combine effect of P X Zn X V x W:

The combined effect of P x Zn X V x W was significant (LSD = 0.01 at significance level P <0.05) on the available
Zn content in soil at 85 DAT, but non-significant at 115 DAT. Available Zn content was highest at the treatment
PoZn, VoW, (10.97 kg ha™!') which was similar to that for treatment PoZn, VoW, (10.95 kg ha'!) at 85 DAT. On the
other hand at 115 DAT stage, the highest availability of Zn was recorded at the treatment PyZn,V,W, (10.77 kg
ha'!). The lowest one was recorded under the treatment P,ZnoV1 W for both 85 DAT (2.49 kg ha'') and 115 DAT
(2.35 kg ha'"). At 85 DAT, the interaction effect of P x W, Zn x W, P x V, Znx V,Px Zn X W, P x Zn x V, P x
V x W and Zn x V x W were significant. However, at 115 DAT, the interaction effect of P x W, Zn x W, P x V,
Zn x V, P x V x W, and Zn x V x W were non-significant and those of P x Zn x W and P x Zn x V were

significant.
Estimation of the grain yield of rice under the optimized nutrient and water input from the field study:

Single and Interaction effect of P and Zn:
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During the field trial, the single effects of P and Zn were significant (LSD = 0.14 for both factors at significance
level P < 0.001) on rice yield as depicted in Fig. 4. The mean grain yield increased from 50.70 q ha™ under Po to
61.75 q ha ' under P: and further to 67.08 q ha™* under P> (Fig.4A). With respect to the Po, the yield increased by
21.8% under P: and by 32.3% under P.. On the other hand, significantly highest yield was recorded under Zno
(54.19 q ha™') compared to Zn: (61.42 q ha™") and Zn> (63.92 q ha™") (Fig.4B). With respect to Zno, the yield
increased by 13.3% and 17.9%, respectively under the treatment Zn: and Zn.. The interaction effect of PxZn
followed the similar trend as like the single effects of P and Zn. Among all treatment combinations, the
significantly highest grain yield was recorded under P-Zn: (71.75 q ha™') whereas the lowest one was obtained
under PoZno (46.07 q ha™). The interaction effect of PxZn was highly significant (LSD = 0.25 at the significance
level P < 0.001) (Table S.4).

Single and Interaction effect of V and W:

The main effects of both V and W on grain yield were equally significant (LSD = 0.12 at significance level P <
0.001). Significantly the highest grain yield (mean) of rice was produced by the cultivar IR 64 (V2) (62.67 q ha™)
compared to DRR Dhan 45 (V1) (57.01 g ha™"). On the other hand, the maximum yield was found under continuous
flooding (W1) (61.57 q ha™!) than 50% maximum water holding capacity (W2) (58.11 q ha™), which is 5.9%
superior to W». The interaction effect of V x W followed the similar trend as the single effect of V.ad W. Among
the four VW treatment combinations, IR 64 under continuous flooding (VW) significantly recorded the highest
grain yield of rice with a mean value of 64.44 q ha™'. The lowest grain yield was observed under DRR Dhan 45
grown at 50% maximum water holding capacity (ViW2) (55.33 q ha™') (Table S.4).

Interaction effect of P, Zn, V, and W:

The interaction effect of P x Zn x V x W followed the similar trend as the single effect of each of them on grain
yield. Grain yield was found to be highest at the treatment P,Zn, VoW (78 q ha™') stages. The lowest one had been
recorded under treatment PoZnoV W5 (42 q ha!). The interaction effects of P x W, Zn x W, P x V, Zn x V, P x
Zn x W and P x Zn x V were found to be highly significant (P < 0.001) whereas the interaction effects of P x V
xW,Zn x VxW,and P x Zn X V x W were non-significant (Table S.4).

Effect of water regime and temperature on sorption characteristics of P and Zn in soil system:

To explain the effect of water regime on the availability of P and Zn in soil, a sorption experiment was carried out
at two different temperatures 25 and 35°C. The sorption data obtained from the batch experiment was fitted to
four adsorption isotherm models as described earlier (Table S.2). At equilibrium, all the sorption parameters of P
and Zn obtained from the four isotherm models was summarized in Table 7. It was observed that Dubinin—
Radushkevich model gave a better fit to adsorption of P followed by Langmuir, Tempkin and Freundlich models
with an average coefficient of determination (R?) value of 0.98 (Table 7). The model fitting for P sorption followed
the order: D-R (R? = 0.98) > Langmuir (R? = 0.93) = Tempkin (R? = 0.93) > Freundlich (R? = 0.86) at both
temperatures, whereas Tempkin model gave the best fit to Zn sorption with an average R? value of 0.92. The
model fitting for Zn sorption followed the order: Tempkin (R? = 0.92) > D-R (R? = 0.85) > Freundlich (R? = 0.77)
> Langmuir (R? = 0.52) at both temperatures (Fig. 5 & Fig. S1). The Tempkin model at 25°C and 45°C for the
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given soils clearly showed that most of the results fitted gentle curves rather than the straight line as required by

the theory (Fig.5d). Such behaviour was also reported earlier by Russell et al. (1988) and Roy and De Datta (1985).
Moisture regime dependency of P and Zn sorption:

From the values of the sorption parameters of the best fitted model, the effect of water regime on retention-release
pattern of respective nutrients could easily be predicted and explained. From, the D-R (D-R) isotherm of P
sorption it could be observed that, free energy of adsorption (E) attained a higher value under W, (235.70 and 250
KJ mol"! at 25°C and 35°C respectively) than that under W1 (223.60 and 235.7 KJ mol™! at 25°C and 35°C
respectively) for both temperature regimes. The mean free energy of adsorption values were 229.65 and 242.85
KJ mol™! under W; and W, respectively. Moreover, from the Langmuir model the mean of the binding energy of
P sorption attained a higher value under W> (0.345 L mol'!) than that under W, (0.328 L mol™!). Similarly, from
the Tempkin isotherm of Zn sorption it was found that maximum binding energy of adsorption (Ar) attained a
higher value under W> (2.941 and 2.743 L g'! at 25°C and 35°C respectively) compared with that under W, (2.844
and 2.510 L g! at 25°C and 35°C respectively) for both temperature regimes. The mean maximum binding energy
of adsorption values were 2.68 and 2.84 KJ mol™! under W; and W, respectively. Above phenomena together
suggest that the release of P and Zn from the exchange complex will be more where the binding energy as well as
free energy of sorption will be the less and thus the increased availability of P and Zn under continuous flooded
condition (W) could be explained mechanistically (Table 7). At both temperatures the values of AG (change in
Gibb’s free energy) were positive for Zn sorption run and negative for P sorption under all treatments implying
the non-spontaneous nature of P sorption and spontaneous nature of Zn sorption. The nature of all the sorption

reactions were chemisorption due to exhibiting higher E value as interpreted based on D-R model (Table S.5).

Temperature dependency of P and Zn sorption:

Changes in the values of the sorption parameters clearly demonstrated that temperature influenced the sorption
behaviour of P and Zn but it affects the process of sorption differently at different moisture levels suggesting a
complex interaction between temperature and moisture regime, especially in case of Zn sorption. In case of P
sorption, with an increase in temperature from 25°C to 35°C, the magnitude of sorption parameters i.e. (Kr, K¢
and gm values) got increased, suggesting its endothermic nature (Azouzi et al, 2015). The magnitude of the
Freundlich coefficient (Kr) increased from 24.14 to 25.69 under W and from 18.71 to 18.96 under W, suggesting
higher retention of P by the soil at elevated temperature. The magnitude of the adsorption maxima (Qm) showed
only a slight change with increasing temperature, with a range around 12.5-12.8 ug g™' while the magnitude of
binding energy (Ki) increased slightly under W, (0.324 to 0.332 L mol™), indicating the effect temperature was
more pronounced on sorption kinetics than on the availability of adsorption sites and stronger bonding between P
and adsorption sites at elevated temperature. The magnitude of the At also increased from 3.560 L g! to 3.612 L
¢! under W, and from 3.355 L g*! to 3.368 L g*! under W, with increasing temperature. On the other hand, the
magnitude of the E increased from 223.6 to 235.7 KJ mol™ under W; and from 235.7 KJ mol™ to 250 KJ mol™
confirming a stronger interaction between P ions and adsorption sites. Unlike P, the effect of temperature on Zn
sorption was found highly dependent on soil moisture regime. Under W, condition, higher temperature
substantially enhanced adsorption parameters, whereas under at 50% of WHCnax (W2) the response was weaker

or even negative, demonstrating a complex interaction between temperature and soil moisture, which needs further
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study. Zn sorption was found to be more sensitive to changes in soil moisture and temperature regime than P

sorption.

Discussion:

In the current study it could be observed that P application substantially increased P uptake and available soil P.
Uptake of P increased under higher levels of P application which could be attributed to the enhanced level of P
availability in the rhizosphere, leading to more accumulation and uptake by the rice plants. The soil availability
and uptake of P are highly correlated (r = 0.76**) with each other which already had been confirmed from the
correlation analysis of the current study (Fig.6). Enhanced availability of P in soil under enhanced levels of P
application could also be observed in Fig.3a. Similar results were also reported by Haque et al. (2025) and He et
al. (2006). On the other hand, higher extractable Zn content under higher Zn treated soils may be attributed to the
direct addition of Zn to the soil, resulting in greater Zn concentration in the exchangeable and readily extractable
pools. Graded application of Zn also had enhanced Zn uptake in plant and the reason might be due to the greater
root absorption and efficient translocation. Effectiveness of moving zinc from the roots to the above-ground parts
of the plant which depends on four key processes, as outlined by Lasat et al. (1996) and Palmgren et al. (2008),
(i) the retention of zinc within the root, (ii) the efficiency of zinc movement through the radial symplastic pathway,
(iii) the capacity of the xylem to load zinc, and (iv) the efficiency of zinc movement within the xylem vessels.

That’s why availability and uptake of Zn was found highly correlated (r = 0.66**) with each other (Fig.6).

This study also demonstrated that P and Zn exhibited both synergistic and antagonistic interactions, depending on
whether it is in plant or within soil system. It could be observed from the results that P application reduced the
availability of Zn in soil and also its uptake in plant, while Zn application slightly reduced availability of soil P
but did not reduce its uptake. Actually, the nature of the interaction between P and Zn is governed by their relative
availability in the soil and the fertilizer doses applied. Depending on these factors, the interaction may be
synergistic, additive, or antagonistic (Srivastava et al., 2014). Antagonism commonly develops when P is applied
in excessive amounts compared to Zn, whereas balanced fertilization with both nutrients can result in synergistic
or additive effects that enhance plant growth and nutrient utilization (Bayan & Lourdraj, 2000). The reduction in
extractable Zn content in soil with increasing phosphorus application may be attributed to P-induced Zn fixation
and precipitation reactions, which reduce its solubility and availability in soil suggesting antagonistic effect
between them. That’s why available P and extractable Zn content in soil were negatively correlated (r= —0.16).
This phenomenon could also be confirmed from the negative slope value (-0.124) of the regression line drawn
between them (Fig.7a). Mandal and Mandal (1990) compared the effect of different P fertilization on
transformation of native and applied Zn in a rice-growing soil under flooded and non-flooded regimes in a
glasshouse. Application of P not only decreased water-soluble and exchangeable Zn, but concomitantly increased
bound forms of soil Zn. These effects were more pronounced under flooded than non-flooded regime. Application
of P also showed antagonism with Zn uptake in plant which might be due to the reason that the application of P
appeared to lower the translocation of Zn from roots to tops thereby reducing the Zn concentration in shoots. It
was also found that, excessive P fertilization leads to Zn deficiency in plant (Norvell et al., 1987; Salimpour et
al., 2010). However, graded application of Zn improved P uptake in plant during the earlier growth stage without

exhibiting any antagonistic effect which could be ascribed to improved root growth, metabolic activity of root
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cells enhancing the nutrient absorption efficiency and uptake (Srivastava et al., 2014). Similar results were also
reported by Shivay et al. (2008), Haldar and Mandal et al. (1981). While, at the 115 DAT stage, the main effect

of Zn application was non-significant on P uptake. That’s why the association between the uptakes of P and Zn

was negative (R? = 5.9%) (Fig.7b).

On the other hand, flooded conditions (W) generally improved nutrient uptake and its availability in soil
compared to 50% maximum water-holding capacity (W»), highlighting the importance of soil water regime in
nutrient dynamics. The rise in the concentration of water-soluble phosphorus in acidic soils under submerged
conditions is due to several factors. These include: a) The breakdown of iron (III) and aluminium phosphates
through hydrolysis. b) The liberation of phosphorus that was previously held through anion exchange on clay and
the hydrous oxides of iron (III) and aluminium. ¢) The reduction of iron (III) to iron (II), which leads to the release
of phosphorus that was sorbed and chemically bonded (Ponnamperuma, 1972). Continuous flooding generally
favoured greater phosphorus uptake compared with the moisture-stress condition (W>), likely due to improved
nutrient diffusion and greater P availability under reduced soil conditions. The decreased P availability with loss
of soil-water saturation may be due to greater phosphate sorption capacity of the soils during flooding and after
re-oxidation due to occlusion of P within ferric oxyhydroxides formed, which was also confirmed from the
sorption study as discussed in the section 3.7.2 (Table 7). The highest root porosity observed in plants cultivated
under continuous flooding conditions. This increased root porosity is connected to greater root length, increased
dry mass of both roots and shoots, and a higher concentration of nutrients in the shoot tissues (Das and Jat, 1977).
Hence the phosphorus uptake was higher in continuous flooding. It was also observed that the availability zinc
was always higher in case of W, in respect to W» which could be attributed to increased formation of Fe?" and
Mn?* resulting from the reduction of their higher valent oxides. These elements compete with Zn2" for spots on
the exchange sites, limiting the binding of applied Zn into this exchange system. This phenomenon was also
confirmed from the sorption study as discussed in the section 3.7.2. The greater amounts of soluble Fe?* and Mn?*
might also replace some of the Zn that already bound to the exchange sites, causing it to interact with P in the
liquid phase and creating less soluble compounds (Mandal and Mandal, 1990). These results align with the
findings reported by Mandal and Mandal (1988). Same findings were also supported by Naik and Das (2007).

The superior yield performance exhibited by the cultivar IR 64 (V;) under the treatment P>Zn,W; may be
attributed to its better phosphorus uptake, utilization and improved sink capacity than DRR Dhan 45 (V). Higher
level of P applied under continuous flooded condition enhanced P availability and uptake with better root
development, tillering and photosynthetic activity and thus increased dry matter production and assimilate
partition improving the yield. The crucial role of P on the yield performance of rice was further explained via

several model-based approaches.

Approaches had been employed in this study to predict the yield performance of the cultivar under field condition
based on the data collected from the pot experiment maintaining the similar treatment combinations. Firstly,
Pearson correlation study was carried out to find the relationship between field (i.e. grain yield) and pot data (i.e.
nutrient uptakes and their availability in soil) where it was found that grain yield of rice was highly correlated
with P uptake and P availability in soil. The correlation between grain yield and nutrient uptakes and availability

followed the pattern: P uptake by shoot (r = 0.86***) > available P in soil (r = 0.69***) > extractable Zn in soil
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(r = 0.44***) >> 7Zn uptake by shoot (0.042) (Fig.6). Multiple regression modelling (linear) had also been
performed to predict nutrient-response relationships. It was observed that variations in grain yield of rice under
field condition could be explained 91.60% together by the variations in P uptake, Zn uptake, available P content
and extractable Zn content in soil, wherein the variation in P uptake alone contributed to 72.80% variation in the
response (Table 8). Additionally, simple regression analysis (linear) was also conferred to assess the variation
contributed by a single factor to the variation of response. Variations in grain yield 82.45% explained by the
variation in the uptake of P by shoot (Fig.7c) but at the same time variations in the uptake of Zn by shoot failed
to explain any variation in the same response (Fig.7d). The partial dependence plot (PDP), displaying the partial
influence of both P and Zn uptake on grain yield are given in Fig. 8. The heatmap revealed a distinct colour
gradient along the horizontal axis (P uptake), whereas comparatively smaller changes occur along the vertical axis
(Zn uptake) which indicated that predicted grain yield was more sensitive to variations in P uptake than to Zn
uptake, whereas the interaction between P and Zn was much weaker corroborating the results obtained from

regression analysis.

Results from the sorption study suggests that the sorption process may be diffusion controlled. As diffusion is
strictly a temperature dependent process, it can also be explained by Arrhenius type of equation (Eq.17) (Barrow
1986; Lee et al., 1998, Jain et al., 2004; Chen et al., 2015). The temperatures 25°C and 35°C were selected because
they represent realistic thermal conditions in soil generally experienced in tropical and subtropical regions. A
temperature of 25°C is widely adopted as the reference temperature in sorption-desorption, kinetics and
thermodynamic studies and approximates the average soil temperature during the rice-growing season. The higher
temperature (35°C) simulates elevated soil temperatures commonly observed during peak summer months in
paddy fields. The 10°C temperature interval is sufficiently large to detect measurable changes in the
thermodynamic nature of sorption or desorption reaction. On treating an acid soil with a P solution, P tends to get
adsorbed, causing a fall in its concentration in the solution immediately adjacent to the surface. This creates a
concentration gradient across the thin film of solution surrounding the soil particles, and hence, diffusion of P
occurred from the bulk solution to the surface of the particles across the thin films (Sanyal et al., 1993). Moreover,
temperature increased the molecular mobility facilitating diffusion of P toward reactive Fe and Al-oxide and Zn
towards Fe and Mn oxides surfaces promoting a stronger surface complexation for chemisorption, especially
under W, condition. However, under W5, the sorption of Zn got decreased, likely because reduced soil moisture

limited the diffusion pathways and altered surface charge characteristics, thereby decreasing Zn retention.

D= Do.exp[—%] ...... Eq.17

Where,

D - Diffusion Coefficient
Dy - Pre exponential constant
Qo - Energy of Activation

R - Universal Gas Constant
T - Absolute temperature
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Conclusion

The results demonstrated that predicted grain yield was primarily driven by P nutrition, while adequate Zn supply
enhanced its beneficial effects only. Although weak negative relationships between P and Zn uptake and between
available P and Zn suggested slight P-induced Zn antagonism, the effect was negligible and did not reduce the
grain yield. Instead, balanced P and Zn fertilization acted in a complementary rather than a strongly antagonistic
manner and prevented Zn deficiency. Once sufficient Zn uptake was achieved, additional Zn contributed little to
yield improvement, highlighting the importance of maintaining adequate rather than excessive Zn supply. Overall,
P management should be the primary focus, supported by adequate Zn nutrition. P.Zn.V>W: produced the highest
grain yield through balanced nutrient supply, making it the optimum treatment combination. Additionally, the
findings from the sorption study implied that increase in temperature in rice soils may increase nutrient retention,

particularly under continuous flooding, although the response of Zn is more sensitive to soil moisture regime.
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Fig.1. Pot experiment, incubation study and field trial conducted under Uttar Banga Krishi Viswavidyalaya, Cooch Behar, India
for two consecutive years 2023-2024 & 2024-2025
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Fig.2. Violin-box plots on the uptake statistics of phosphorus and zinc by plants under the single effect of
phosphorus and zinc application at the both 85 DAT and 115 DAT stages. a = Uptake of phosphorus at different
levels of phosphorus application at 85 DAT, b = Uptake of phosphorus at different levels of phosphorus
application at 115 DAT, c= Uptake of phosphorus at different levels of Zinc application at 85 DAT, d = Uptake
of phosphorus at different levels of Zinc application at 115 DAT, e= Uptake of Zinc at different levels of
phosphorus application at 85 DAT, f = Uptake of Zinc at different levels of phosphorus application at 115 DAT,
g = Uptake of Zinc at different levels of Zinc application at 85 DAT, h = Uptake of Zinc at different levels of
Zinc application at 115 DAT. DAT = Days after Transplantation. (Pooled mean of two consecutive years has been
considered here).
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Fig.3. Single effect of phosphorus (a & b) and zinc (¢ & d) on both of their availability in soils after 85 DAT and 115 DAT under different moisture regimes for two different rice cultivars. Po=
0 P, P1= 45 kg P ha'!, P, = 60 kg ha'l; Zno= 0, Zn; = 12.5 kg Zn ha’!, Zn;= 25 kg Zn ha’!, Wi = Continuous Flooding, W> = 50% maximum water holding capacity; DAT = Days after
Transplantation; Vi, = DRR Dhan 45, V, =1IR 64. Error bars signify standard error of mean. (Pooled mean of two consecutive years has been considered here).
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Fig.4. Violin-box plots on the yield statistics of rice under the single effect of phosphorus and zinc application. A = Single effect
of Phosphorus application on the yield performance of rice; B = Single effect of Zinc application on the yield performance of rice.
Values with different alphabets are significantly different from each other according to the DMRT test (P < 0.05). Each value is
the mean of three replications.
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Fig.5. Curve fitting (linear) of the sorption data of phosphorus and zinc through several isotherm models
under different temperature and moisture regimes. T1 = at 298 K temperature, T2 = at 308 K temperature;
Wi = Continuous Flooding, W = 50% maximum water holding capacity; R? = Coefficient of Determination
(indicator of goodness of model fitness), x/m = quantity of adsorbate per unit quantity of adsorbent; C =
Equilibrium concentration of ions present in soil solution, ¢ = Polanyi potential. a = Temkin isotherm for
phosphorus sorption; b = Temkin isotherm for zinc sorption; ¢ = Dubinin—Radushkevich (D-R) isotherm
for phosphorus sorption; d = Dubinin—Radushkevich (D-R) isotherm for zinc sorption. (Pooled mean of
two consecutive years has been considered here).
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Table 1. Treatment Details of the Experiment

Treatments Treatment Details

ZnyPyV W, 120 kg N + 60 kg K per ha + DRR Dhan 45 + Flooding

ZnyPyViW; 120 kg N + 60 kg K per ha + DRR Dhan 45 + 50% WHCax

ZnyPy VoW, 120 kg N + 60 kg K per ha + IR 64 + Flooding

ZnoPy VoW, 120 kg N + 60 kg K per ha + IR 64 + 50% WHCnax

ZnyP; VW, 120 kg N +45 kg P + 60 kg K per ha + DRR Dhan 45 + Flooding

ZnyP, VW, 120 kg N + 45 kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCnax
ZnyP,V,W, 120 kg N + 45 kg P + 60 kg K per ha + IR 64 + Flooding

ZnyP VoW, 120 kg N +45 kg P + 60 kg K per ha + IR 64 + 50% WHCax

Zn,P, VW, 120 kg N + 60 Kg P + 60 kg K per ha + DRR Dhan 45 + Flooding

ZnyP, Vi W, 120 kg N + 60 Kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCax
ZnoP, VoW, 120 kg N + 60 Kg P + 60 kg K per ha + IR 64 + Flooding

ZnyP,VoW; 120 kg N + 60 Kg P + 60 kg K per ha + IR 64 + 50% WHCax
Zn,PyV,W, 120 kg N +12.5 kg Zn + 60 kg K per ha + DRR Dhan 45 + Flooding
Zn,PyV,W, 120 kg N +12.5 kg Zn + 60 kg K per ha + DRR Dhan 45 + 50% WHCax
ZnPyV,W, 120 kg N +12.5 kg Zn + 60 kg K per ha + IR 64 + Flooding
ZnPyV,W, 120 kg N +12.5 kg Zn + 60 kg K per ha + IR 64 + 50% WHCax

ZnP VW, 120 kg N +12.5 kg Zn + 45 Kg P + 60 kg K per ha + DRR Dhan 45 + Flooding
ZnP VW, 120 kg N +12.5 kg Zn + 45 Kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCnax
Zn,P,V,W, 120 kg N +12.5 kg Zn + 45 Kg P + 60 kg K per ha + IR 64 + Flooding
Zn,P\V,W, 120 kg N +12.5 kg Zn + 45 Kg P + 60 kg K per ha + IR 64 + 50% WHCmax
Zn,P,V,W, 120 kg N +12.5 kg Zn + 60 kg P + 60 kg K per ha DRR Dhan 45 + Flooding
Zn,P,V{W, 120 kg N +12.5 kg Zn + 60 kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCax
ZnP,V,W, 120 kg N +12.5 kg Zn + 60 kg P + 60 kg K per ha + IR 64 + Flooding
Zn,P,V,W, 120 kg N +12.5 kg Zn + 60 kg P + 60 kg K per ha + IR 64 + 50% WHCax
Zn,PyV, W, 120 kg N + 25 kg Zn + 60 kg K per ha + DRR Dhan 45 + Flooding
Zn,PyVi W, 120 kg N + 25 kg Zn + 60 kg K per ha + DRR Dhan 45 + 50% WHCmax
Zn,PyVoW, 120 kg N + 25 kg Zn + 60 kg K per ha + IR 64 + Flooding
Zn,PyVoW, 120 kg N + 25 kg Zn + 60 kg K per ha + IR 64 + 50% WHC nax

Zn,P VW, 120 kg N + 25 kg Zn + 45 kg P + 60 kg K per ha + DRR Dhan 45 + Flooding
Zn,P\ VW, 120 kg N + 25 kg Zn + 45 kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCax
Zn,P1V,W, 120 kg N + 25 kg Zn + 45 kg P + 60 kg K per ha + IR 64 + Flooding

Zn,P VoW, 120 kg N + 25 kg Zn + 45 kg P + 60 kg K per ha+ IR 64 + 50% WHCax
Zn,P,ViW, 120 kg N + 25 kg Zn + 60 kg P + 60 kg K per ha + DRR Dhan 45 + Flooding
Zn,P,V W, 120 kg N + 25 kg Zn + 60 kg P + 60 kg K per ha + DRR Dhan 45 + 50% WHCpax
Zn,P,V,W 120 kg N + 25 kg Zn + 60 kg P + 60 kg K per ha + IR 64 + Flooding
Zn,P,V,W, 120 kg N + 25 kg Zn + 60 kg P + 60 kg K per ha + IR 64 + 50% WHCax

[N = Nitrogen; P = Phosphorus; K = Potassium; Zn = Zinc; kg = kilogram; WHC,.x = Maximum water holding capacity]



Table 2. Physico-chemical characterization of the initial soil

pHas
EC,5(dSm™)
SOC
CEC [cmol (p+) kg™']
Soil Moisture Content (%)
Available N ((kg ha™)
Available P,Os (kg ha™)
Extractable Zinc (mg kg™)
Available K>O (kg ha™!)
Sand (%)
Silt (%)
Clay (%)

Textural class

5.38

0.24

0.40

6.10

16.50
146.39
19.61

0.96
121.17
54.81

32.26
12.93

Sandy loam

[EC = Electrical conductivity; CEC = Cation Exchange Capacity]



Table 3. Combine effects of zinc and phosphorus on phosphorus uptake by plant (mg/Plant) under different soil moisture
regimes at two different growth stages of two rice cultivars

85 DAT 115 DAT

Treatments V,W; VW2 VW, VaWs Mean ViW1 Viw: VoW, VoW, Mean

16.27  15.01 18.03  16.56 16.47 24.67 22.82  27.08 25.41 25.00

PoZny
P Zino 18.57 1824 2033 1832 1887 2699 2636 2934  27.73 27.61
PZino 20.11 1934 2146 19.67 2015 2826  27.01 3033  28.67 28.57
—_— 1607 1442 1799 1684 1633 2438 2331 2684  25.79 25.08
Pz 1932 1829 2059 18.63 1921 2729 2668 29.11  28.04 27.78
— 20.88 2040 22.68 2042  21.10  29.03 2831 3131  29.77 29.61
—_— 1693 1499 1872 1651 1679 2399 23.13 2749  26.18 25.20
—_— 18.82 1849 21.09 1921 1940 2727 2585 29.86  28.51 27.87
— 21.53 2046 2297 2029 2131 2907 2825 31.78  29.96 29.77
Mean 1872 1774 2043  18.49 2677 2575 2924 2778
Factors LSD (P<0.05) SEm () LSD (P<0.05) SEm (%)
p 0.56% 0.19 0.96%** 0.33
Zn 0.56* 0.19 NS 0.33
W 0.46% % 0.16 0,78 0.27
\ 0.46%%* 0.16 0.78%* 0.27
PxZn NS 0.34 NS 0.58
PxWw NS 0.27 NS 0.47
ZnxW NS 0.27 NS 0.47
PxV NS 0.27 NS 0.47
ZnxV NS 0.27 NS 0.47
VxWw 0.64* 0.22 NS 0.39
PxZnxW NS 0.48 NS 0.82
PxZnxV NS 0.48 NS 0.82
PxVxW NS 0.39 NS 0.67
InxVxW NS 0.39 NS 0.67
P xZnxV xW NS 0.58 NS 1.00

[Po= 0P, Pi=45 kg P ha'!, P, = 60 kg ha''; Zny= 0, Zn, = 12.5 kg Zn ha’!, Zn,= 25 kg Zn ha"!, W, = Continuous Flooding, W, =
50% maximum water holding capacity; DAT = Days after Transplantation; V| =DRR Dhan 45, V, =1R 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. Pooled mean of two consecutive years has been
considered here]



Table 4. Combine effects of zinc and phosphorus on zinc uptake by plant (mg/Plant) under different soil moisture regimes
at two different growth stages of two rice cultivars

85 DAT 115 DAT
Treatments yviw,  viw:  VaWi vy, Mean  ViWi ViWa VaWi VaWa o
Pz, 04788 04708 03134 03002 03908 06452 06344 04139 04055  0.5248
iz, OAT68 04630 03035 03139 03893 06401 06299 04050 04150  0.5225
Pz, 04632 04584 03113 02945 03819 06249 06149 04146 04028  0.5143
oz 05524 05372 04260 04170 04832 07207 0.6945 05664 05470  0.6322
pzn 05419 05282 04166 04117 04746 07129 06982 05531 05426  0.6267
pzn 05317 05126 04114 04041 04650 07101 06867 05403 05282  0.6163
pozm, 05994 05772 05263 0519 05555 07784 07549 06809 06757 07225
pizn, 05287 05634 05207 05050 05295 07725 07532 06734 06582  0.7143
pzn, 05812 05709 04719 04518 05190 07608 07523 06193 06481  0.6951
Mean 05282 05202 0.4112 0.4019 0.7073  0.6910 0.5408  0.5359
Factors LSD (P<0.05) SEm () LSD (P<0.05) SEm ()
P 0.0059 %+ 0.0020 00059+ 0.0020
Zn 0.0059 %+ 0.0020 00059+ 0.0021
w 00049+ 0.0017 0.0026%** 0.0009
v 00049+ 0.007 0.0026%** 0.0009
P xZn 0.0103* 0.0035 0.0055** 0.0036
PxW NS 0.0029 0.0045* 0.0029
Znx W NS 0.0029 0.0045%* 0.0029
PxV 0.0084* 0.0029 0.0045%* 0.0016
ZnxV 00084+ 0.0029 0.0045 %+ 0.0029
Vx W NS 0.0023 0.0036%** 0.0
P xZnx W NS 0.0051 0.0078%+ 0.0050
PxZnxV 0.014%%+ 0.0050 0.0027%+ 0.0078
PXVXW NS 0.0041 NS 0.0022
ZnxVxW NS 0.0041 NS 0.0022
PXZnxVxW NS 0.0071 0.0011* 0.0072

[Po= 0P, Pi=45 kg P ha'!, P, = 60 kg ha''; Zno= 0, Zn, = 12.5 kg Zn ha’!, Zn,= 25 kg Zn ha"!, W, = Continuous Flooding, W, =
50% maximum water holding capacity; DAT = Days after Transplantation; V| =DRR Dhan 45, V, =1R 64. LSD = Least Significant
Difference; SE, = Standard error of mean; *** = Significance level at P<0.001; ** = Significance level at P<0.01; *= Significance
level at P<0.05; N.S.= Non-significant. Each value is a mean of three replications. Pooled mean of two consecutive years has been
considered here]



Table 5. Combine effects of zinc and phosphorus on available phosphorus (kg ha™) in soil under different soil moisture
regimes at two different growth stages of two rice cultivars

85 DAT 115 DAT
Treatments Vi Viw:2 VoW, VaWs Mean ViWi Vi, VoW, Va.W2 Mean
6.98 6.67 7.03 6.92 6.90 6.76 6.55 6.57 6.23 6.53
PoZno
12.78 12.44 12.12 11.71 12.26 12.45 11.98 11.98 11.23 11.91
P1Zno
17.34 16.95 16.93 16.57 16.95 16.98 16.59 16.76 16.23 16.64
P2Zno
6.55 6.55 6.53 6.33 6.49 6.19 6.49 6.13 6.01 6.21
PoZni
11.74 11.56 11.62 10.92 11.46 11.23 11.11 11.08 10.46 10.97
P1Zn;
16.23 16.37 15.91 15.97 16.12 15.78 15.99 15.38 15.19 15.59
P2Zn;
6.35 6.24 6.19 5.78 6.14 6.12 6.02 5.88 5.56 5.89
PoZn2
10.98 10.81 10.99 10.78 10.89 10.69 10.65 10.56 10.29 10.50
P1Zn:
15.93 16.23 15.78 15.01 15.74 15.63 16.17 15.01 14.78 15.40
P2Zn:
Mean 11.65 11.54 1145 11.11 11.31 11.28 11.04 10.66
Factors LSD (P<0.05) SEm (%) LSD (P<0.05) SEm ()
P 0.07%** 0.03 0.06%** 0.02
Zn 0.07*** 0.03 0.06*** 0.02
w 0.04*** 0.01 0.03%** 0.01
A% 0.04*** 0.01 0.03*** 0.01
P xZn 0.13%** 0.04 0.10%** 0.04
PxW 0.07%** 0.03 0.06%** 0.02
Zn x W 0.07* 0.03 0.06** 0.02
PxV 0.07*** 0.03 0.06*** 0.02
Zn xV 0.07*** 0.03 0.06*** 0.02
VxW 0.04*** 0.01 0.03%** 0.01
PxZnxW 0.13%** 0.04 0.10%** 0.04
PxZnxV 0.13%*:* 0.04 0.10%** 0.04
PxVxW 0.07%** 0.03 0.06%** 0.02
Zn XV X W 0.07*** 0.03 0.06%*** 0.02
PXxZnxVxW 0.13%*%* 0.04 0.10%** 0.04

[Po= 0P, Pi=45 kg P ha'!, P, = 60 kg ha''; Zny= 0, Zn, = 12.5 kg Zn ha’!, Zn,= 25 kg Zn ha"!, W, = Continuous Flooding, W, =
50% maximum water holding capacity; DAT = Days after Transplantation; V| =DRR Dhan 45, V, =1R 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. Pooled mean of two consecutive years has been
considered here]



Table 6. Combine effects of zinc and phosphorus on extractable-Zinc (kg ha™) in soil under different soil moisture regimes
at two different growth stages of two rice cultivars

85 DAT 115 DAT
Treatments VW, ViW: VaWi  yow, Mean  ViIWi  ViW:  VaWi  VaW: e
—_— 295 270 355 311 308 288 279 321 2098 2.97
P Zie 278 274 297 287 284 265 259 269 276 2.67
—_— 262 249 299 278 272 259 235 287  2.64 2.61
— 790 778 817 812 799 776 767 798 791 7.83
— 756 745 779 765 161 743 728 778 756 7.51
— 753 738 789 789  7.67 745 723 767 155 7.48
puzn, 1078 1057 1095 1097 1082 1056 1045 10.77 1063 10.60
pzn, 1039 1032 1078 1056 1051 1023 1011 10.56 1043 10.33
pzn, 1029 10231045 1039 1034 1024 1007 10.56 1034 10.33
Mean 698 685 728 715 687 674 712 6.98
Factors LSD (P<0.05) SEm (£) LSD (P<0.05) SEm ()
P 0.05%** 0.02 0.06%** 0.02
Zn 0.05%+* 0.02 0.06%** 0.02
w 0.06%** 0.02 0.08%** 0.03
A% 0.06%** 0.02 0.08#** 0.03
P x Zn 0.03%+x 0.01 NS 0.01
PxW 0.04* 0.01 NS 0.02
Zn x W 0.04*** 0.01 NS 0.02
PxV 0.04*** 0.01 NS 0.02
ZnxV 0.04+* 0.01 NS 0.02
VxW NS 0.02 NS 0.02
P xZnxW 0.02%** 0.01 0.03%* 0.01
PxZnxV 0.02%** 0.01 0.03** 0.01
PxVxW 0.03* 0.01 NS 0.01
Zn xV x W 0.03** 0.01 NS 0.01
PxZnxVxW 0.01%** 0.01 NS 0.01

[Po= 0P, Pi=45 kg P ha'!, P, = 60 kg ha''; Zny= 0, Zn, = 12.5 kg Zn ha’!, Zn,= 25 kg Zn ha"!, W, = Continuous Flooding, W, =
50% maximum water holding capacity; DAT = Days after Transplantation; V| =DRR Dhan 45, V, =1R 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. Pooled mean of two consecutive years has been considered here. Each value is a mean of
three replications. Pooled mean of two consecutive years has been considered here]



Table 7. Estimated isotherm constants for phosphorus and zinc sorption under different temperature and moisture

regimes

Treatments

P-T1Wi
P-T1W:
P-T.W;

P-T:W:

Zn-T1W1
Zn-T1W:
Zn-T2W1

Zn-T:W:

Treatments

P-T1W1
P-T1W:
P-T: Wi

P-T.W:

Zn-T1W1
Zn-T1W:
Zn-T>2W1

Zn-T:W

Freundlich Adsorption Isotherm Model

Isotherm

parameters

Kr n
24.138 0.393
18.707 0.406
25.686 0.389
18.963 0.406
5.9089 0.654
11.337 0.506
11.874 0.454
5.215 0.617

Tempkin Adsorption Isotherm Model

Isotherm

Parameters

At br
3.560  163.523
3.355 169.40
3.612 162313
3368  169.302
2.844  376.994
2941  255.850
2510  362.087
2.743  239.465

Model fitness

Model equation
(linear)
y =2.5474x —
1.3827

y=2.4607x — 1.272

y=2.5674x —
1.4097

y =2.4634x —
1.2779
Mean

y=1.5287x +
0.7715

y=1.9768x +
1.0545

y =2.2036x +
1.0746

y=1.6218x +
0.7173

Mean

Model Fitness

Model equation
(linear)

y =36.064x —
19.887

y=34.813x - 18.3

y=36.333x —
20.264

y=34.833x —
18.372

Mean

y=15.643x +
7.1015

y =23.05x + 10.799

y=16.287x +
6.5094
y=24.627x +
10.792

Mean

RZ

0.89
0.88
0.89

0.88
0.86
0.87

0.58
0.71

0.92

0.77

RZ

0.93
0.92
0.93
0.92
0.93

0.98
0.79
0.99
0.89

0.92

Langmuir Adsorption Isotherm Model

Isotherm
parameters
Qm KL
12.610 0.324
12.804 0.346
12.547 0.332
12.804 0.346
9.183 544.500
9.862 21.574
8.795 54.143
9.217 14.662

Model fitness

Model equation
(linear)

y =0.0793x — 0.2446
y=0.0781x — 0.2256
y=0.0797x — 0.2494

y=0.0781x — 0.227
Mean

y =0.1089x —0.0002
y =0.1014x — 0.0047
y=0.1137x - 0.0021

y =0.1085x — 0.0074

Mean

R2

0.92
0.93
0.93

0.92
0.93
0.66

0.62
0.40

0.41

0.52

Dubinin—Radushkevich (D-R) Isotherm Model

—-1x10-
-9x10-¢
-9x10-¢

—8x10-°

-2x10-7
-3x10-7
-3x10-7

-3x10-7

Isotherm Parameters
Model
E Qm equation

(linear)
y=—-1x10-x +

223.6 30.551 34194
y =-9x10-%x +

2357 29.542 33858
y =-9x10-%x +

2357 30.646 34275
y =-8x10-%x +

250 29.533 3 3855

Mean
y=-2x10"x +

1581.1 16.530 28052
y=-3x10"x +

1581.1 27.718 33221
y=-3x10"x +

1291 15.724 27552
y=-3x10"x +

1291.0 33.606 35147

Mean

Model
Fitness

RZ

0.99
0.98
0.97
0.98
0.98

0.98

0.61

0.99

0.79

0.85

[P = Phosphorus levels, Zn = Zinc levels; T; = at 298 K temperature, T, = at 308 K temperature; W; = Continuous Flooding, W, =
50% maximum water holding capacity; AG = Gibbs free energy (KJ mol'); x/m = Amount of adsorbate per unit quantity of
adsorbent (ug g!); C = Equilibrium concentration of ions present in soil solution; K¢ = Freundlich constant related to adsorption
capacity; 1/n = Freundlich constant related to adsorption intensity; Qm = Langmuir adsorption maxima (ug g™'); Ki = Langmuir
constant related to binding energy (L mol'); R = Universal gas constant (8.314 J/mol K); T = Absolute temperature; At =Maximum
Binding energy (L g'); Br= Constant related to the heat of adsorption; br = Tempkin isotherm constant ; gm = Dubinin—
Radushkevich (D-R) constant related to the adsorption capacity; f = Constant related to mean free energy of adsorption (mol*/KJ?);
£ = Polanyi Potential, E = free energy of adsorption (KJ mol™). Pooled mean of two consecutive years has been considered here]



Table 8. Multiple Linear Regression based prediction of grain yield based on nutrient uptake and soil
nutrient status (n=72)

Prediction Equations R? Adj. R? SE (est.)
Y =11.260 + 1.530 X Pypiake ~ + 1.738 x Zngei™ + 1.032 x Pgoii" —19.440 0.92 0.92 2.58
XZNUptake
Y =-8.233 +2.216 X Pypuake ~ + 1.221 % Zngeir™ + 0.740 x Pgeit” 0.90 0.90 0.83
Y =-22.544 +3.261 X Pyprake’ + 1.002 x Zngei™" 0.86 0.86 3.36
Y =-18.896 + 3.406 x Puptake 0.73 0.73 4.63

[Regression models were developed using stepwise multiple linear regression to predict grain yield. Y: Grain
yield; Coefficients were selected based on significance (P<0.05) and model fitness indicators such as Coefficient
of Determination (R?), Adjusted R? and Standard Error of the Estimate. ***p < 0.001 — very highly significant;
**p < 0.01 — highly significant; *p < 0.05 — significant]



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplimentaryFigures.docx

e SupplimentaryTables.docx


https://assets-eu.researchsquare.com/files/rs-10741998/v1/f3daac57ca24ebb0a09c7c3a.docx
https://assets-eu.researchsquare.com/files/rs-10741998/v1/9e733cc4b38d1275416b5268.docx


  N u t r i e n t   U p t a k e   ( m g / p l a n t )   =     C o n c e n t r a t i o n   o f   n u t r i e n t   i n   s h o o t   p a r t   ( % )   ×   d r y   w e i g h t   o f   s h o o t   p a r t   ( m g / p l a n t ) 100


    R T    b  T =   B  T


   (   x  m ) = 2 . 303   R T    b  T l o g   A  T + 2 . 303   R T    b  T l o g   C


     (   x  m )   =   q  m e x p [ ⎼ 𝛽 .   𝜀 2 ]


  𝜀 = R T l n [ 1 +  1  C ]


  l n    (   x  m )   =   l n   q  m ⎼   2 𝛽 . R T l n   [ 1 +  1  C ]


  E =  1   2 𝛽


  C o e f f i c i e n t   o f   D e t e r m i n a t i o n =   R 2 = 1 −     ∑  i = 1  n    (   Y  i −  Ŷ  i ) 2    ∑  i = 1  n    (   Y  i −     Ȳ   ) 2


  𝛥 G = R T l n     K  L


  𝛥 G = R T l n   ∣   K  L ∣


  D =  D 0 .  exp ⁡  [   −    Q 0 RT   ]


   (   x  m ) =     ( C i −  C e ) w V


      𝒙  𝒎  


    x  m =   K  F   C   1  n


  l o g      (   x  m )   =   l o g     K  F +    1  n   l o g   C  


     (   x  m )   =     Q  m   K  L C  1 +   K  L C  


   (   C  x / m ) =  1    Q  m   K  L +   C    Q  m


   (   x  m ) =   R T    b  T l n (   A  T C )


  ⇒  (   x  m ) =   B  T l n (   A  T C       )  

