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Abstract

The Indo-Gangetic plains in India have low wheat productivity and quality due to inadequate irrigation and nutrient management in
predominantly zinc (Zn)-deficient soils. To address these challenges, a two-year field experiment was conducted to evaluate the individual
and combined effects of irrigation scheduling and Zn application on wheat yield, quality and efficiency indices. The study followed a
randomised block design with 3 replications, comprising 4 irrigation schedules based on critical Zadoks growth stages and five Zn application
strategies involving basal and foliar treatments. Results showed that in general, among irrigation schedules treatment I,(crown root initiation
(CRI) + late jointing + milking) enhanced the wheat grain yield (11-12 %), protein content (18.4-18.7 %) and partial factor productivity
(15.9-18.2 kg kg?) during both the years. Among Zn treatment, Zn4 (10 kg Zn ha® as basal + 0.25 % ZnSO, foliar sprays at Z45 and Z71)
improved the 15-18 % grain yield whereas Zn, enhanced 18.7-19.10 % protein content than control (Zn;). However, the combined effect of
l,x Zns numerically increased the grain yield by 22-25 %, protein yield (35 %) and various efficiency indices over the control (I3x Zn;) during
both years of experimentation. Overall, the synchronised l,x Znstreatment emerged as the best agronomic strategy for improving yield,
nutritional quality and sustainability of wheat under water-limited conditions. This approach enhanced the productivity, profitability and
nutritional security of wheat in the Indo-Gangetic plains. Future research should validate this framework across diverse agro-ecological
regions and socio-economic context.
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Introduction Water scarcity driven by over-extraction of groundwater and
erratic rainfall pattern is becoming a serious constraint on wheat
productivity, even in irrigated regions. Although irrigation coverage
in Indian wheat system has expanded considerably, but precise
scheduling of water application remains a critical challenge,
particularly in semi-arid regions. Previous research showed that
irrigation applied at critical growth stages such as tillering, booting
and grain filling, is essential for achieving optimum yield and
improving water use efficiency (WUE), whereas excessive irrigation
may negatively affect grain yield and reduce input use efficiency
(7-9). Parallel to irrigation, nutrient management play an important
role in determining wheat productivity. Hidden hunger caused by
micronutrient deficiencies, especially zinc (Zn), imposes a severe
limitation to crop performance and overall nutritional quality.

Wheat (Triticum aestivumL.) is a major global staple food crop and
plays a critical role in India’s food security which holds the largest
cultivated area and second highest production worldwide (). It is a
main source of carbohydrates, protein and essential minerals and is
regularly consumed by 60-65 % of the population in the Indo-
Gangetic Plains of northern India (2, 3). However, since the Green
Revolution, yield growth in major wheat systems has stagnated, or
declined, largely due to unsustainable agronomic practices,
inefficient irrigation and imbalance nutrient management (4). Among
the major production constraints, inefficient irrigation scheduling and
poor nutrient management are the major constraints for
considerable yield losses approximately 30 % and 40 % respectively.
Such losses pose a direct threat to sustaining future wheat

productivity if not properly addressed (5). Conversely, the precise ) About 49 % soils of the wor!d and about 48 % in India are‘Zn
management of these inputs can improve yields, highlighting the deficient, especially calcareous soils under cereal-based cropping
critical need for optimised resource management (6). system (10-12). Zn is an important micronutrient for plants, animals
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and humans and plays a crucial role in enzyme activation, nitrogen
metabolism and chlorophyll formation (13, 14). In human, Zn
deficiency is widely prevalent among populations reliant on wheat
and is associated with weakened immune system and impaired
growth (15). Previous studies have reported that foliar application of
Zn on post-flowering stage can enhance Zn uptake in crops (16, 17).
However, foliar application alone may not provide sufficient or
continuous supply throughout the crop growth period, while basal
soil application can improve soil Zn reserve and sustained more
availability. Recent research between 2020-24 further indicates that
the combined use of soil and foliar Zn application can significantly
improve both crop yield and Zn uptake (18, 19). Moreover, Zn plays a
central role in enhancing drought tolerance by improving
antioxidant defense mechanisms and regulating plant water
relations (12, 20, 21). Therefore, both Zn nutrition and irrigation
management are critical determinants of wheat productivity and
grain nutritional quality. Their interaction can substantially influence
crop performance, nutrient acquisition and use efficiency under
irrigated conditions (22-25)

Although substantial progress has been achieved in
irrigation and Zn management strategy individually, information on
their combined effects remains limited. In particular, the combined
effect of basal and foliar Zn application under phenology-based
precise irrigation scheduling (Zadoks scale) on wheat yield, grain
nutritional quality, Zn use efficiency indices and economic returns
has not been adequately explored (17). Therefore, to address this
knowledge gap, the present study was conducted. We
hypothesised that the integrated management of irrigation and Zn
nutrition would enhance wheat productivity, improve grain quality
and increase Zn-use efficiency in resource limiting regions. These
findings of this study are expected to develop and validate the
sustainable agronomic strategies for future research across
different agro-climatic zones.

Materials and Methods
Experimental site and initial soil properties

A two-year field experiment was conducted at the Agricultural
Research Farm of Banaras Hindu University, Varanasi, India
(25°18' N, 83°03' E; 128 m above mean sea level). The experimental
site falls under a semi-arid to sub-humid climatic region. The
weather data recorded during the study period are presented in
Table 1. The soil of the experimental area was sandy clay loam,
neutral in pH (7.40), low in organic carbon (0.33 %) and moderate in
fertility. The available nutrients concentration was 213.50 kg N ha?,
18.50 kg P,05 ha', 218.27 kg K,0 ha™ and 0.48 mg Zn kg'. The
experimental soil was taxonomically classified as Typic Ustochrepts,
which is suitable for wheat cultivation.

Experimental details

The experiment was conducted using a randomised block design
(RBD) with 3 replications to evaluate the effects of irrigation
schedules and Zn fertilisation on wheat. A total of 20 treatment
combinations of irrigation and Zn application was tested (Table 2).
Irrigation was scheduled at critical growth stages of wheat under 4
treatments. The first irrigation was uniformly applied at the crown
root initiation (CRI) stage in all treatments. Thereafter, irrigations
were imposed at different phenological stages. Treatment |,
received irrigations at the late tillering and flowering stages,
treatment |, at the late jointing and milking stages, treatment | at
the flowering and dough stages and treatment |, at the milking and
dough stages. Thus, 3 irrigations were applied in each treatment
during the crop growth period. Five Zn treatments were applied at
different Zadoks growth stages. Treatment Zmywas thecontrol with
no Zn application. Treatment Zn; received 5 kg Zn ha™ as basal along
with two foliar sprays of 0.25 % ZnS0,.7H.0 at Zadoks growth stages
745 and Z71. Treatment Zn; received 5 kg Zn ha as basal along with
two foliar sprays of 0.25 % ZnS0..7H,0 at Z60 and Z83. Treatment

Table 1. Weather data of experimental site for the wheat growing seasons

Rainfall Evaporation Temperature (°C) Relative Humidity (%) .
Months (mm) (mm) Monthly Monthly Monthly Monthly Sunshine (h)
minimum maximum minimum maximum
2014-15 2015-16 2014-15 2015-16 2014-152015-16 2014-152015-16 2014-15 2015-16 2014-152015-16 2014-15 2015-16
November 0.0 0.0 1.9 2.1 119 17.2 27.8 28.4 49.0 53.0 84.0 86.0 7.3 4.3
December 2.8 0.8 1.2 1.4 8.8 10.6 20.7 23.0 55.5 49.5 90.2 89.5 3.8 3.8
January 47.2 1.7 0.8 1.5 10.3 10.1 18.2 22.9 71.4 50.8 91.4 87.4 2.8 4.1
February 0.0 2.4 2.3 2.6 14.1 13.5 25.7 27.5 54.5 51.0 87.0 82.5 5.9 6.9
March 19.8 35.4 3.7 4.0 16.9 17.5 30.6 32.2 41.2 39.2 75.5 67.2 8.3 8.1
April 61.3 0.0 5.2 7.6 22.2 22.9 35.2 40.1 40.7 20.6 65.0 43.3 7.6 8.5

Source: Meteorological cell, Department of Agronomy, Banaras Hindu University. All values of rainfall, evaporation, mean temperature,
relative humidity and sunshine duration represent monthly averages

Table 2. Treatments details of experiment

Symbol Treatment details

Irrigation scheduling
Iy CRI + Late Tillering + Flowering
I2 CRI + Late Jointing + Milking
I3 CRI + Flowering + Dough
lq CRI + Milking + Dough

Zinc fertilisation

Zn; 0 kg Zn ha (control)
Zn; 5kg Zn ha! as basal + 0.25% ZnS04.7H,0 foliar spray at Z 45+ 0.25% at Z71
Zn; 5kg Zn ha as basal + 0.25% ZnS0,.7H,0 foliar spray at Z 60+ 0.25% at Z83
Zn, 10 kg Zn ha' as basal +0.25% ZnS04.7H,0 foliar spray at Z 45+ 0.25% spray at Z71.
Zns 10 kg Zn haas basal +0.25% ZnS0..7H.0 foliar spray at Z 60+ 0.25% spray at Z83.

Z: Zadoks scale; Z45: Boot swollen; Z 60: Pollination (Anthesis); Z 71: Dough stage; Z83: Early dough.
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Zn, received 10 kg Zn ha? as basal along with two foliar sprays of
0.25 % ZnS04.7H,0 at Z45 and Z71, whereas treatment Zn; received
10 kg Zn ha' as basal along with two foliar sprays of 0.25 %
ZnS0,.7H;0 at Z60 and Z83.

Wheat variety HUW-234 was sown at 120 kg ha™. Standard
agronomic practices, including pre- and post-sowing tillage, were
followed. Nitrogen (N), phosphorus (P) and potassium (K) were
applied at recommended doses of 150, 60 and 60 kg ha?
respectively, using urea, diammonium phosphate (DAP) and
muriate of potash (MOP). DAP and MOP were applied entirely as
basal doses, while urea was applied in split, /2 at sowing and V- at
30 days after sowing. Irrigation water was applied using a Parshall
flume, ensuring a uniform depth of 6 £ 1 cm per event. Although each
treatment received 3 irrigations in addition to the common CRI, the
timing of application varied according to the treatment. The total
applied irrigation water across treatments was approximately
18 + 3 c¢m, excluding effective rainfall during both crop growth
periods. Zinc was applied both as a basal dose through zinc sulfate
monohydrate and as foliar sprays at precise wheat growth stages
(245-boot swollen; Z60-anthesis; Z71-dough stage and Z83-early
dough). Foliar sprays were prepared at 0.25 % ZnS04.7H,O with
0.1 % Tween-20 as a surfactant to ensure uniform leaf coverage and
absorption.

Observations recorded

Yield data (kg ha)

Biological yield was determined by weighing the sundried and tied
bundles of harvested wheat crops after 7 days of harvesting. Each
plot was threshed separately with the help of mini thresher. Grains
were separated from chaffs and straw and then grain yield was

recorded for each plot. Harvest index was computed as a ratio of
grainyield to biological yield and calculated in percentage (26).

Harvest index (%) =

Economic yield (kg ha™)
x 100

1
Biological yield (kg ha) @

Protein content (%) in grain and protein yield (kg ha?)

Protein content was calculated by multiplying nitrogen content by a
factor of 6.25 and protein yield (kg ha?) was calculated as (27):

Protein yield (kg ha) =

Protein content (%) x Grain yield (kg ha™)

100

Water productivity (WP)

This was calculated from calculated kg of grain yield produced
per hectare to amount of water applied to crop expressed in
kg m?.

Economic (grain/seed) yield (kg ha™)

WP=
Irrigation water applied (cm)
Zinc content in grain and straw

Zinc content was determined by standard procedure using atomic
absorption spectrophotometry and expressed in mg kg *(28).

Estimation of Zn use efficiency indices

The Zn use efficiency indices were calculated using the standard

3

procedures described by (29-31). The following indices were used to
assess the efficiency of applied Zn in improving crop productivity
and nutrient use efficiency.

Agronomic efficiency (AE): AE represents the increase in grain yield
obtained per unit of Zn applied. AE is the effectiveness of fertiliser
application in enhancing crop production and is expressed as kg of
grain yield produced per kg of Zn applied (kg kg?) and was
calculated using the following equation:

CY¥7,—CY¥(

@

Agronomic efficiency (AE) (kg kg™) =

Physiological efficiency (PE): PE indicates the ability of a plant to
convert the absorbed nutrient into economic yield. It is expressed as
kg of grain produced per kg of nutrient uptake (kg kg?) and was
calculated using the following equation:

¥zn—Y¥c

Uzn—Uc ()

Physiological Efficiency (PE) (kg kg™) =

Partial factor productivity (PFP): PFP is an indicator of overall nutrient-
use efficiency and represents the amount of grain yield produced per
unit of nutrient applied. It is expressed as kg of grain yield produced
per kg of nutrient applied (kg kg') and was calculated using the
following equation:
Partial factor productivity (PFP) (kg kg?) = % (6)
fg

Apparent recovery efficiency (ARE): ARE represents the proportion
of the applied nutrient that is taken by the crops. It is expressed as
percentage (%) and was calculated using the following equation:

Uzn—Ug

Apparent recovery efficiency (ARE) (%) = -
a

(7)
where GYz is the grain yield of Zn treated plots, GYc is the yield
of untreated plots, Zn is the total amount of Zn applied, Yz, is the grain
and straw yield of Zn treated plots, Yc is the grain and straw yield of
untreated plots, Uz is the Zn uptake in grain and straw of Zn treated
plots and Ucis the Zn uptake in grain and straw of untreated plots.

Zinc harvestindex (%)

Zinc HI represents the proportion of total zinc accumulated in the
above ground plant biomass that is translocated and stored in the
grain. It is expressed as percentage (%) and was calculated using the
following equation:

Zinc harvest index (%) =
Zinc uptake in grain (kg ha)

x 100
(8)

Total Zinc uptake in above ground biomass kg ha*

Economic analysis

The economic viability of different irrigation scheduling and Zn
applications, economic analyses were evaluated following the
standard procedure (32). Actual grain and straw yield of wheat crops
were normalised for more precise evaluation. Seed, fertiliser, plant
protection measures, harvesting, threshing and labor costs were
considered as fixed costs and remained the same for all treatments.
The cost incurred for irrigation and Zn application was included as a
variable cost. Net benefit was calculated by deducting gross income
from the total cost. The benefit-cost ratio (B : C) was computed by
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dividing the gross income by the total cost of cultivation.
Statistical analysis

The data obtained from the experiment were analysed statistically
using analysis of variance (ANOVA) technique following the standard
procedure (33). Significance of differences among treatments was
tested using the standard F-test and mean compared using
Duncan’s multiple range test (DMRT) to separate treatment means
and identify significant differences among them at 5 % significance
level (P <0.05).

Results

Effect of irrigation scheduling and zinc fertilisation on wheat
productivity

The results indicated that both irrigation scheduling and Zn
fertilisation had a significant effect (P < 0.05) on wheat grain yield,
straw yield and biological yield, whereas their interaction was
significant only for harvest index (Fig. 1). Among the irrigation
treatment, I, producing the maximum grain yield (2881 and 2962 kg
ha) and biological yield (7069 and 7176 kg ha?) during the 1% and 2™
years respectively. It produced about 11 % and 10 % higher grain

15t year
W Grain yield = Straw yield =5 Biological yield Harvest index
8000 - 42
7000 - 42
I 7
2~ 6000 41 \?
£ 5000 - a1 <
Lo
g 4000 - - 40 3
= 3000 - 40 =
< 2000 M 7
~ 1000 - 9
0 8 T
I L. I L Zm In: Zn: ny Ins
Treatments
2% year
s Grain yield m Straw yield = Biological yield Harvest index
8000 43
7000 - I 42
_ 6000 - i 2o
P 41 &
g 5000 - ‘;
) 41
= 4000 - - J "g
= 40 =
< 3000 - 40 %
s 2000 | 39 E
1000 - 39 a
0 38
I L I L Zm Zn: Zn: Zns Zns
Treatments

Fig 1. Effect of irrigation scheduling and zinc fertilisation on grain yield, straw yield, biological yield and harvest index of wheat during the

2014-15 and 2015-16 seasons. Error bars indicate LSD at p < 0.05.

Ii: CRI + late tillering + flowering, I: CRI + late jointing + milking, Is: CRI + flowering + dough, ls: CRI + milking + dough, Zn:.0 kg Zn ha™, Zn,.5 kg
Zn ha? as basal + 0.25 % ZnSO, foliar spray at Z45+ 0.25 % at Z 71,Zns.5 kg Zn ha® as basal + 0.25 % ZnSO, foliar spray at Z60+ 0.25 % spray at
783, Zn4: 10 kg Zn ha as basal + 0.25 % ZnSO, foliar spray at Z45 + 0.25 % spray at Z71,Zns: 10 kg Zn ha as basal + 0.25 % ZnSOsfoliar spray at

7260+ 0.25 % spray at Z83.
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yield than I, during the 1 and 2™ year respectively. The highest straw
yield 4188 kg ha was observed under I, in the 1% year, while in the 2™
year differences among treatments were non-significant. Overall, |,
was significantly superior to I;, I; and 1, in most yields’ attributes,
whereas harvest index (%) showed non-significant across irrigation
treatments during both the years. Similarly, Zn application
significantly influenced wheat productivity. The Zn, treatment
produced the maximum grainyield about 2775 and 2913 kg hatin 1
and 2™ years respectively. The grain yield increase in Zn, treatment
was 15 % and 18 % higher than control (Zn,) during the 1* and 2™
years, respectively. Straw yield, biological yields and harvest index
(%) followed a similar trend but differences among treatments were
not statistically significant. However, the combination of |, x Zn, was
gave the highest harvest index (43.68 %) in the 1% year, while no
significant interaction effect was observed in 2™ year. Overall, the
integration of precise irrigation scheduling at critical growth stages
combined with balanced Zn application enhanced wheat
productivity.

Effect of irrigation scheduling and Zn fertilisation on protein
content and protein yield

The results showed that both irrigation scheduling and zinc
fertilisation significantly (P=< 0.05) influenced the protein content,
while protein yield was significantly (P< 0.05) affected only by zinc
application, as presented in Table 3. Among irrigation treatment, |5
produced the highest protein content (11.19 % and 11.40 % during
the 1% and 2™ year, respectively). This was, significantly higherthan |,
and |, treatments. Protein content under I; was about 18 % and 7%
higher than I, and |, respectively. However, protein yield did not
differ significantly among irrigation schedules across both the years.
In contrast, Zn fertilisation has a significant effect on both protein
content and protein yield compared with control (Zn,) across both
the years. The lowest protein content and protein yield were
recorded under Zn,, whereas highest protein content was recorded
with Zn, (10.66 and 10.86 % during the 1% and 2™ year respectively).
Although, all zinc treatments (Zn,, Zn,, Zn, and Zn) were statistically

at par for protein content across both years. Similarly, the maximum
protein yield was recorded under Zn, (288.2 and 306.5 kg ha™' during
the 1% and 2™ year, respectively), which was about 35 % higher than
Zn, across both the years. However, Zn, was statistically at par with
Zn,, Zn; and Zns Overall, these findings suggest that zinc
applications improve grain quality and protein production in wheat.
However, the interaction effect between Ix Zn was nonrsignificant for
both parameters across both the years.

Effect of irrigation scheduling and Zn fertilisation on water
productivity

The results indicated that irrigation scheduling and Zn fertilisation
had a significant (P < 0.05) effect on water productivity across both
the years, as presented in Table 3. Among the irrigation schedules,
treatment |, gave the highest water productivity, with value 0.78 and
1.03 kg m?® in 1* and 2™ years respectively. This treatment was
significantly superior to the other irrigation schedules. In contrast, I, I
and |, showed statistically similar responses, showed comparatively
lower and almost equal water productivity. Regarding Zn fertilisation,
Zn, produced the highest water productivity (0.75 and 1.02 kg m?
during 1% and 2™ years respectively), showed a clear advantage over
Zn, and a moderate superiority over the other zinc levels. The
treatment Zn,, Zn; and Zn; were statistically at par showed the
moderate Zn application improved water productivity, although the
responses were at par. Overall, water productivity was higher in 2
years than 1% year across all treatments. However, the interaction
effect between irrigation scheduling and Zn fertilisation (I x Zn) was
non-significant across both the years.

Effect of irrigation scheduling and Zn fertilisation on B:C ratio

The B : C ratio was significantly (p< 0.05) influenced by irrigation
scheduling, while Zn fertilisation did not show any significant effect
across both the years, as presented in Table 3. Among the irrigation
treatments, I, gave the highest B:C ratio (1.89 and 1.91 in the 1% and
2" years respectively), showed the best economic returns compared
with other irrigation schedules. The B : C ratio under |, was
significantly higher than under |, I;and |,. In contrast, whereas the

Table 3. Effect of irrigation scheduling and zinc fertilisation on protein content, protein yield and benefit cost ratio

. Protein yield Water productivity . .
Treatment Protein content (%) (kg ha') (Kg m?) B : C Ratio
1styear 2" year 1styear 2" year 1styear 2" year 1styear 2" year
Irrigation scheduling (1)
B 9.43° 9.63° 244.9 259.5 0.70° 0.94° 1.71° 1.78%
I, 9.88° 10.01° 286.0 298.6 0.782 1.03? 1.89° 1.91°
I3 11.19° 11.402 275.8 296.9 0.66° 0.91° 1.63° 1.71°
Iy 10.452° 10.61%° 255.2 277.4 0.66° 0.91° 1.61° 1.67°
SEmz 0.35 0.35 11.5 13.5 0.02 0.03 0.04 0.05
CD (0.05) 1.01 1.00 NS NS 0.05 0.08 0.12 0.14
Zinc fertilisation (Zn)

Zn, 8.95° 9.15° 214.1° 226.6° 0.65¢ 0.88° 1.67° 1.73°
Zn, 10.66° 10.86* 286.5° 299.8° 0.72% 0.96* 1.76° 1.79°
Zn, 10.61° 10.782 272.6° 291.52 0.69°¢ 0.95% 1.69° 1.78°
Zn, 10.40° 10.54° 288.22 306.5° 0.75° 1.022 1.76% 1.822
Zng 10.56° 10.73° 266.12 291.22 0.68°¢ 0.94%° 1.66% 1.722
SEmz 0.39 0.39 12.9 15.1 0.02 0.03 0.05 0.06
CD (0.05) 1.13 111 36.9 43.1 0.06 0.09 NS NS
IXZn NS NS NS NS NS NS NS NS

li: CRI + late tillering + flowering; I: CRI + late jointing + milking; Is: CRI + flowering + dough; ls: CRI + milking + dough, Zn1.0 kg Zn ha?, Zn..5 kg
Zn ha' as basal + 0.25 % ZnSO, foliar spray at Z45+ 0.25 % at Z 71,Zns.5 kg Zn ha™ as basal + 0.25 % ZnSO, foliar spray at Z60+ 0.25 % spray at
783, Zn4. 10 kg Zn ha! as basal + 0.25 % ZnSO, foliar spray at Z45 + 0.25 % spray at Z71,Zns: 10 kg Zn ha™ as basal + 0.25 % ZnSO,foliar spray at
760 +0.25 % spray at Z83. NS: Non-significant. Means followed by different letters within a column differ significantly at p <0.05
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Fig. 2. Effect of irrigation scheduling and zinc fertilisation on partial factor productivity of wheat. Error bars indicate LSD (p < 0.05).

I11: CRI + late tillering + flowering; 12 : CRI + late jointing + milking; I3 : CRI + flowering + dough; 14 : CRI + milking + dough; Zn1:0kg Zn ha?, Zn2:
5 kg Zn ha'as basal + 0.25 % ZnSO. foliar spray at Z45 + 0.25 % at Z 71, Zn3 : 5 kg Zn ha'as basal + 0.25 % ZnSO.foliar spray at Z60 + 0.25 %
spray at Z83, Zn4 : 10 kg Zn ha™as basal + 0.25 % ZnSO, foliar spray at Z45 + 0.25 % spray at Z71, Zn5 : 10 kg Zn ha™as basal + 0.25 % ZnSO,
foliar spray at Z60 + 0.25 % spray at Z83.

m 1*year m 2" year
45 -
40 -
G 35
Ho
SE s
g% 20
g g 15 -
2% 0
5 |
0 -
Zn2 | Zn3 ‘ Zn4 | Zn5
Irrigation Scheduling (I) Zinc Fertilisation (Zn)

Fig. 3. Effect of irrigation scheduling and zinc fertilisation on agronomic efficiency of wheat.

11 : CRI + late tillering + flowering, 12 : CRI + late jointing + milking, 13 : CRI + flowering + dough, 14 : CRI + milking + dough, Zn1: 0 kg Zn
ha?,Zn2:5kg Zn ha'l as basal + 0.25 % ZnS04 foliar spray at Z45+ 0.25 % at Z 71, Zn3 : 5 kg Zn ha™ as basal + 0.25 % ZnS04 foliar spray at Z60
+0.25 % spray at Z83, Zn4 : 10 kg Zn ha'as basal + 0.25 % ZnS04 foliar spray at Z45 + 0.25 % spray at Z71, Zn5: 10 kg Zn ha'1 as basal + 0.25 %
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Fig. 4. Effect of irrigation scheduling and zinc fertilisation on apparent recovery efficiency of wheat.

I11: CRI + late tillering + flowering; 12 : CRI + late jointing + milking; I3 : CRI + flowering + dough; 14 : CRI + milking + dough, Zn1: 0 kg Zn ha?, Zn2:
5 kg Zn ha'as basal + 0.25 % ZnS04 foliar spray at Z45 + 0.25 % at Z 71, Zn3 : 5 kg Zn ha™as basal + 0.25 % ZnSO4 foliar spray at Z60 + 0.25 %
spray at Z83, Zn4 : 10 kg Zn ha*as basal + 0.25 % ZnSO4foliar spray at Z45 + 0.25 % spray at Z71, Zn5 : 10 kg Zn ha™ as basal + 0.25 % ZnSO,
foliar spray at Z60 + 0.25 % spray at Z83.

m 1**year m 2 year

: I I i ' i i l
11 ‘ 2 ‘ I3 ‘ I ‘ Zn3 | Zn4 | Zns
Irrigation Scheduling (I) Zinc Fertilisation (Zn)

E & & &8 B

Zinc harvest index (%)

&

&

4 Znl ‘ Zn2

Fig. 5. Effect of irrigation scheduling and zinc fertilisation on apparent zinc harvest index of wheat.

I1: CRI + late tillering + flowering, 12 : CRI + late jointing + milking, 13 : CRI + flowering + dough, 14 : CRI + milking + dough, Zn1: 0 kg Zn
ha?, Zn2: 5 kg Zn ha*as basal + 0.25 % ZnS04 foliar spray at Z45 + 0.25 % at Z 71, Zn3 : 5 kg Zn haas basal + 0.25 % ZnSO0 foliar spray at Z60 +
0.25 % spray at Z83, Zn4 : 10 kg Zn ha'as basal + 0.25 % ZnSO0, foliar spray at Z45 + 0.25 % spray at Z71, Zn5 : 10 kg Zn ha'as basal + 0.25 %
ZnS0, foliar spray at Z60 + 0.25 % spray at Z83.
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lowest B : C ratio was observed in |, and I;, with a similar trend
recorded in both the years. In contrast, Zn fertilisation treatments
showed the B: Cratio range from 1.66 to 1.76 and 1.72 to 1.82 during
1t and 2™ year respectively. However, these differences were not
statistically significant across both the years. However, the
interaction effect between irrigation scheduling and Zn fertilisation
(Ix Zn) was found to be non-significant across both the years.

Effect of irrigation scheduling and Zn fertilisation on Zn
efficiency indices

Imigation  scheduling and Zn fertilisation significantly
(P = 0.05) influenced Zn-use efficiency indices, although the
magnitude of response was varied across both the years (Fig. 2-5).
Among irrigation schedules, I, treatment generally showed the
highest PFP), with value 251.5 and 251.4 kg grain kg* Zn during 1
and 2™ years, respectively. The PFPin I, increased by 18.2 and 15.9 %
over the least efficient schedule (I,) during 1% and 2™ years
respectively. The Apparent recovery efficiency (ARE) was highest
under I, treatment followed by Islkand Lduring the 1%year, whereas
in the 2™ year difference among Irrigation scheduling was non-
significant. Zinc application had a significant (P < 0.05) effect on PFP
(kg kg?), AE (kg kg?) and ARE (%). The highest PFP was observed
under Zn, (357.3 kg grain kg* Zn) during the 1% year and under Zn,
(365.4 kg grain kg* Zn) during the 2™ year. PFP under Zn, was
statistically at par with Zn; during the 1% year. The (AE followed a
similar trend, treatment Zn, gave the highest AE (37.0 kg kg?),
followed by Zn, (29.8 kg kg?) in the 1% year, while in 2™ year it was
statistically non-significant. The lowest AE was recorded under Zn;
(10.60 kg grain kg Zn), indicated diminished yield response at higher
Zn application rates. The ARE ranged from 0.27 to 0.86 %. The
highest ARE was recorded under Zn, treatment were 0.73 % and
0.86 % during the 1 and 2™ years respectively. Overall, ARE generally
higher in 2™ year than 1% year across all Zn treatments. However, the
interaction effect between irrigation scheduling and Zn fertilisation
(Ix Zn) was not significant across both the years.

Discussion

Effect of irrigation scheduling and Zn fertilisation on wheat
productivity

The experiment supported the hypothesis that precise irrigation
scheduling and Zn application would enhance wheat productivity
and profitability. Irrigation scheduling and Zn fertilisation play a
critical role at growth stages that govern sink establishment and
grain filling. The maximum grain and biological yield recorded under
the I, irrigation schedule (CRI+ late jointing + milking) demonstrates
that synchronising water supply with critical physiological window is
paramount for wheat productivity. Irrigation at CRI stage promotes
root and tiller development, while water availability during jointing
and milking stage directly supports spikelet formation, grain filling
and nutrient assimilation, thereby enhancing biomass accumulation
and overall yield (34, 35). Omission of irrigation during these stages
constrains photosynthetic activity and accelerates senescence,
limiting yield potential (36, 37). Similar findings have been reported
previously (38). The superior performance of Zn, treatment,
highlights the central role of Znc as a cofactor for enzymes involved
in auxin synthesis, carbohydrate metabolism and protein synthesis,
which are critical for crop production (12, 39). Basal application
supports early growth, while foliar sprays at booting (Z45) and
anthesis (Z71) address peak demand, effectively mitigating hidden
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hunger and improving both yield and harvest index, as supported by
meta-analyses (40). The significant interaction effect on harvest
index, particularly the peak performance of the |, x Zn, combination,
reveals a synergistic physiological link. Optimal irrigation improves
soil Zn mobility and root uptake, while also creating a favorable plant
water status that enhances the efficiency of applied (41). This synergy
ensures that optimised irrigation maximises sink strength, while
adequate zinc nutrition provides the biochemical capacity to fill those
sinks efficiently, culminating in the highest productivity and
partitioning  efficiency. Therefore, integrating phenology-based
imgation with a combined soil-foliar Zn strategy is essential for
maximising wheat productivity and nutritional output, especially
under conditions where either water or Zn may be limiting (39, 41,42).

Effect of irrigation scheduling and Zn fertilisation on protein
content and yield

The distinct effect of irrigation scheduling and Zn on grain protein
content primarily influences N assimilation and total protein
accumulation. The higher protein content recorded under |, (CRI +
flowering + dough) suggests that adequate moisture during these
stages enhances nitrogen remobilisation from vegetative tissues and
enzymatic activity like glutamine synthetase, crucial for amino acid
assimilation and protein deposition in the endosperm, thereby
elevating grain protein concentration (43, 44). The slightly lower
protein content under |, compared with |; may reflect carbohydrate
dilution of protein. In contrast, Zn fertilisation significantly enhanced
both protein content and yield highlighted the central role of ZninN
metabolism and protein synthesis. Zinc acts as a cofactor for
enzymes involved in N metabolism, protein synthesis and nucleic
acid transcription, directly improving N assimilation efficiency and
the conversion of absorbed N into grain protein (12, 15, 45). The
superior performance of the combined soil and foliar strategy (Zn,)
ensured Zn availability during peak demand, boosting both the
concentration of protein in each grain and the total grain mass,
resulting in the observed approximately 35 % increase in protein
yield (21, 46). The absence of a significant irrigation effect on protein
yield indicates that total protein productivity is governed more
strongly by Zn availability and associated yield gains than by water-
mediated concentration changes alone. Therefore, maximising
wheat protein output requires integrated management: irrigation
scheduling fine-tunes protein concentration, while targeted Zn
nutrition, particularly through combined application, is critical for
elevating both protein content and total yield.

Effect of irrigation scheduling and Zn fertilisation on efficiency
indices

The significant effects of irrigation scheduling and Zn fertilisation on
Zn use efficiency indices demonstrate the critical importance of
synchronising water and nutrient management. The consistently
higher PFP under the |, irrigation schedule demonstrates that
adequate soil moisture during CRI, late jointing and milking stages
enhances Zn diffusion and root activity, maximising the grain yield
produced per unit of applied Zn (47). Conversely, the higher ARE
under the |, schedule may indicate differences in root foraging
efficiency, though the underlying rhizosphere dynamics warrant
further study. Zinc application rate exerted a primary influence, with
moderate rates (Zn, and Zn;) optimising AE and PFP by overcoming
the vyield-limiting deficiency without luxury consumption or
antagonism, adhering to the law of diminishing returns (46, 48). The
peak ARE under the combined soil and foliar treatment (Zn,)
highlights the efficacy of this strategy; basal application builds a soil

https://plantsciencetoday.online


https://plantsciencetoday.online

reservoir, while foliar sprays bypass soil constraints and directly
supply Zn during peak reproductive demand, thereby maximising
uptake and translocation (12, 39, 45). The synergy between |,
irrigation and moderate Zn rates (Zn,-Zn;) for overall PFP reveals a
dual mechanism: optimal irrigation ensures efficient Zn uptake and
transport, while the correct Zn dose ensures its maximal metabolic
conversion into grain yield. This integrated approach is fundamental
for sustainable intensification, maximising output per unit of both
water and nutrient inputs (49).

Effect of irrigation scheduling and Zn fertilisation on water
productivity

Water productivity (WP) was significantly influenced by irrigation
scheduling across both the years, indicating that the irrigation timing
was more critical than quantity of water applied. The highest WP was
recorded under I, (CRI + late jointing + milking), produced 0.78 and
1.03 kgm*during the 1% and 2" years respectively. This might be due
to adequate moisture availability at critical growth stages that
enhanced root activity, nutrient uptake, photosynthesis and grain
filling (50, 51). In contrast, I, I; and |, produced the lower and
statistically similar WP, possibly due to the omission of irrigation at
the late jointing stage, which is essential for spike development and
biomass accumulation (52)

Among Zn treatments, Zn, (10 kg Zn ha? as basal + 0.25 %
ZnS0, foliar spray at Z45 and Z71), produced the highest WP (0.75
and 1.02 kg m?3 during the 1% and 2™ years respectively). This
improvement might be due to continuous Zn supply (soil and foliar
application) throughout the crop growth period, enhancing enzyme
activity, chlorophyll synthesis, photosynthetic efficiency and
assimilate translocation to develop higher grain yield and WP (53,
54). Similar WP observed under Zn,, Zn, and Zns indicate that
moderate zinc application was sufficient to improve water
productivity over the control treatment, increasing Zn levels beyond
the optimum requirement may not proportionally enhance water
productivity due to diminishing returns (53, 54). The non-significant
interaction between irrigation scheduling and Zn fertilisation (I x Zn)
indicates that irrigation scheduling and Zn fertilisation affected WP
independently (50).

The effect of irrigation scheduling and Zn application on
economic analysis

The most significant factor for farming community is profiting
maximisation and profitability is principally associated with input
cost and economic yield. The highest B:C ratio was observed with I,
in current study. This might be due to optimum moisture availability
at critical growth stages which increased water-use efficiency and
assimilation of nutrients in grain, consequently enhanced economic
returns and B:C ratio in wheat (50, 55). However, the interaction
between irrigation scheduling and zinc fertilisation was non-
significant (56, 57).

Conclusion

The study clearly shows that synchronising irrigation scheduling and
Zn management can improve wheat productivity, grain quality,
resource-use efficiency and profitability. Among the irrigation
schedules the optimal treatment I.(CRI + late jointing + milking)
enhanced the wheat grain yield by 11-12 %, protein content by
18.4-18.7 % and PFP by 15-9-18.2 kg kg* across both the years.
Similarly, treatment Zn, (10 kg Zn ha as basal+ 0.25 % ZnSOs foliar
sprays at Z45 and Z71) produced the highest grain yield and

increased by 15-18 % compared with Zn; (control). The combined
application of 12 x Zn4 numerically increased the grain yield by
22-25 %, protein yield by 35 % and various efficiency indices over the
lix Zn; (control) across both the years of experimentation. Overall,
the synchronised |, x Zn4 protocol may serve as the best practical and
sustainable agronomic strategy for better wheat productivity,
nutritional quality and profitability under water-limited
environments in the Indo-Gangetic Plain. This strategy directly aligns
with the United Nations Sustainable Development Goals by
contributing to food security such as Zero Hunger (SDG 2); improving
nutritional quality (SDG 3) and promoting climate-resilient and
resource efficient agricultural practices (SDG 13). Future research
should validate this framework across diverse agro-ecological
regions and soil types and incorporate rigorous economic analysis to
assess scalability.
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