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Influence of sowing windows and irrigation scheduling on
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Abstract

At the experimental research farm of the Department of Agronomy, Experimental Research Farm in Palampur, Himachal Pradesh, during
the rabi seasons of 2021-2022 and 2022-2023, a field experiment titled “Agro meteorological indices influenced by different sowing
windows and irrigation scheduling using weather model and spatial data of wheat in Western Himalayas” was carried out. The experiment
comprised a split plot design with 3 replications and included 5 irrigation treatments: rainfed conditions (11), 2 irrigations (I2), 3 irrigations
(13), irrigation scheduling based on Penman Monteith modified (14) and irrigation scheduling based on spatial reference ET of grid (15). The
crop sown on 25% October had the highest values of growing degree days (GDD), helio-thermal units (HTU), heat use efficiency (HUE),
photo-thermal units (PTU) and photo-thermal index (PTI) compared to the crop sown on 10t December in 2021-2022 and 2022-2023. This
helped to increase the grain yield by 47.4 and 35.8 %, respectively, over the crop sown on 10%" December. Due to the highest values of GDD,
HTU, HUE, PTU and PTI observed under the highest irrigation treatments, the largest increase in grain yield was recorded with 3 irrigations
(33.1 and 19.4 %) and Penman Monteith modified (33.7 and 13.5 %) over rainfed conditions. The findings recommend timely sowing
around late October and the use of weather-based irrigation scheduling-especially the Penman-Monteith method as sustainable
strategies to improve wheat productivity and climate resilience in the Western Himalayan region. These practices optimise thermal
indices and water use efficiency, supporting adaptive agriculture under variable climatic conditions.
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Introduction potential. Such climatic variability in this agro-ecological zone
necessitates precise sowing and irrigation strategies to stabilise
wheat productivity. To maximise production and guarantee that
biological output is efficiently transformed into commercial
produce, it is essential to sow at the optimal period (4, 5). Because
normal sowing has a longer growing period than late sowing, it
generally supports a bigger biomass accumulation thus, superior
grain and biological yields (6). The accumulated heat units
approach makes it feasible to conduct field research on the effects
of temperature on the phenology and yield of agricultural plants (7).
The number of degree-days accrued at each stage of growth varies
significantly across varieties, even though it is mostly constant and
unaffected by the date of planting. In North Indian settings, wheat
maturity rose because of a persistent rise in the surrounding
temperature throughout the delayed planting period (8, 9).
Understanding the exact length of phenological phases and their
impact on agricultural productivity in each crop-growing area is
thus essential. Wheat requires 400 to 650 mm of water for optimal
yields, depending on the temperature, growing season duration and
soil quality. The CRI (crown root initiation), booting, flowering and

Wheat (Triticum aestivum L.) is a commonly adapted rabi crop in
Himalayan regions of India, which range from warm, humid to dry,
cold climates. Warm temperatures are ideal for wheat maturity,
whereas cool temperatures are favourable for the vegetative stage
(1, 2). Seasonal variations in temperature have an impact on the
crop's phenological development. The sowing time is one of the
most important factors affecting the crop's phenological
development and the conversion of biomass into economic yield
(3). One of the main objectives of agrometeorological research is to
estimate crop production as a function of weather, soil and crop
management factors. Such study has applications across broad
temporal and geographic dimensions, ranging from within-season
crop management method change to national and worldwide
agricultural output forecasts. Wheat is a temperature-sensitive crop
that, in the Western Himalayan region-particularly in mid-hill zones
like Palampur-is frequently subjected to fluctuating temperatures.
Cold spells during establishment and unseasonal warming during
reproductive phases can accelerate maturity and reduce yield
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milking stages are the 4 irrigations that will provide the most wheat
yields. Moderate deficit irrigation may sometimes demonstrate a
balance between lost yield and enhanced water usage efficiency,
making it a feasible alternative in water-scarce places. The extent of
yield decline varies according on the severity of the water deficit and
the timing of the stress. Deficit irrigation produces lower wheat
yields, which means that less water is used than is necessary to
produce the grain (9, 10). Conversely, CRI is the most important
irrigation step. Higher yields and maximal tillering, booting and grain
filling were the outcomes of water application at CRI (11). When
watered, wheat crops need 5 to 6 irrigations spaced 20 to 21 days
apart. Wheat production depends on the quantity and timing of
irrigation under dry, semi-arid and rainfed conditions. Weather
influences the amount of water crops need and when to water them.
The first strategy involves irrigating the crop at certain phases of
growth, while the second involves irrigating the field when soil
moisture levels are low, regardless of the crop's stage of
development (12). Improve water use efficiency of water resources
and the long-term sustainability of agro-ecosystems, it is essential to
precisely calculate evapotranspiration (ET). Water may be saved by
modelling irrigation schedule and reducing irrigation water use
depending on current weather conditions using the ET estimation
procedure. Evapotranspiration may be predicted using a variety of
methods for determining exact crop water needs (13). The present
research was designed to ascertain the phenology and heat unit
needs of wheat under different sowing windows. Despite advances
in crop-weather modelling, the research gap remains in region-
specific strategies that integrate the sowing window optimisation
with a dynamic irrigation scheduling using weather and spatial data,
particularly in the agro-ecological conditions of the Western
Himalayas. While previous studies have focused either on thermal
indices or irrigation scheduling individually, limited research has
examined their combined impact on wheat phenology, yield and
resource use efficiency in this region (14). To address this, the present
study was guided by the following the research questions: How do
different sowing windows influence the accumulation of
agrometeorological indices and phenological development of
wheat? What are the effects of various irrigation scheduling
strategies-particularly those based on weather models such as the
Penman-Monteith method and spatial reference evapotranspiration
-on wheat grain yield and water-use efficiency? Furthermore, can an
integrated approach combining optimal sowing time and ET-based
irrigation scheduling enhance the sustainability and productivity of
wheat farming in the Western Himalayas? To answer these questions,
the study aimed to evaluate the effect of different sowing windows on
thermal indices and phenological development of wheat; assess the
impact of irrigation scheduling strategies-including rainfed, fixed-
schedule and ET-based treatments on yield and water productivity;
and ultimately recommend sustainable, climate-resilient practices for
wheat cultivation in the Western Himalayan region through
integration of agrometeorological and spatial data.

Materials and Methods

During the rabi seasons of 2021-2022 and 2022-2023, a field
experiment was conducted at the Department of Agronomy's
research farm at CSK HP Krishi Vishwavidyalaya in Palampur
(Himachal Pradesh, India). The experimental farm is situated
1224 m above sea level at 32°4' N, 76°3" E (Fig. 1). Agro-climatically,
Palampur is in Himachal Pradesh's sub-temperate humid zone,
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which is distinguished by warm summers and chilly winters. The
average weekly weather data for the cropping seasons (October
2021-May 2022) and (October 2022-May 2023) were collected at the
Department of Agronomy's meteorological observatory at the
College of Agriculture, CSK Himachal Pradesh Krishi Vishvavidyalaya,
Palampur. With 15 treatments (3 planting dates in main plot and
5irrigation schedules based on weather predictions in sub plot), the
field experiment was set up in a split plot design and was replicated
3 times. To prevent water from flowing between the plots, 1 m
buffer zone was maintained between them. Individual experiment
plots were 4.50 m by 3 m and to stop water loss, bunds of 15 cm
were constructed. A tractor-drawn disc harrow was used to prepare
the experimental field. A thick pre-sowing irrigation (10 cm) was
used to guarantee that the soil profile had enough moisture for
germination. During the rabi season of 2021-2022 and 2022-2023,
the first, second and third sowings were completed on 25" October,
20" November and 10" December, respectively. The HPW 368
wheat variety's seed was seeded by line sowing in furrows, using a
seed rate of 100 kg ha™. The crop was fertilised with 120 kg N, 60 kg
P,05 and 40 kg K,0 ha™. Using urea (46 % N), SSP (16 % P,0s) and
MOP (60 % K,0), the main nutrients nitrogen (N), phosphorus (P)
and potassium (K) were administered, respectively. The remaining
half of the nitrogen was supplied in 2 equal splits, one at maximal
tillering and the other just before the halt of spike emergence
(Fig. 1). A baseline dosage of half of the N and a full dose of P and K
were applied. Weeding, bug control and pest management were
examples of intercultural activities carried out as needed.

Weather conditions

To quantify the indices, meteorological data were collected at the
Department of Agronomy's meteorological observatory at the
College of Agriculture, CSK Himachal Pradesh Krishi Vishvavidyalaya,
Palampur. Agrometeorological indicators were calculated using
measurements of crop phenology and weather parameters. The
weekly maximum and minimum temperatures over the growth
season varied from 10.5 to 30.5 °C and 2.3 to 17.9 °C, respectively, as
according to a quick look at Fig. 2a. A total of 610 mm of rainfall fell
during the agricultural season in rabi 2021-2022. During the crop
season, the relative humidity varied from 34.2 to 72.3 %. Throughout
the growth season, the average weekly sunlight varied from 3.0 to
10.1 hr. Throughout the crop's growth period, the average weekly
wind speed and evaporation varied from 5.9to 7.9 km hrt and 1.7 to
7.3 mm, respectively. In contrast, 774.3 mm of rain fell during the
agricultural season in rabi 2022-2023. During the crop season
relative humidity fluctuated between 48.4 and 80.6 % every week.
During the growth season, the average weekly sunlight varied
between 2.2 and 8.9 hr. Throughout the crop's growth phase, the
average weekly wind speed and evaporation varied from 5.2 to
8.0kmhr*and 1.6 to 5.3 mm, respectively (Fig. 2b).

Agro meteorological indices measurement

The daily mean temperature above base temperature, expressed in
°C day, was added together to determine cumulative growth
degree days (GDD). The formula provided by Nuttonson (15) was
used to compute this. The heat usage efficiency (HUE) was
computed by dividing the accumulated dry matter (kg ha?) by the
accumulated heat units (degree-day), which were represented in
kg ha* degree day?. Using Chakarvarty and Sastry's technique (16),
cumulative helio-thermal units (HTU) were calculated by
multiplying the HU by the real bright sunlight hours, which are given
in°Cday hours.
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Agronomy research farm, CSK HPKYV, Palampur
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Fig. 1. Location of the experimental field.
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Fig. 2. Mean weekly meteorological parameters during the rabi seasons: (a) 2021-2022; (b) 2022-2023.

HTU = GDD x BSS
Where BSS = Bright sunshine hours (1)

The increasing degree days and the duration of the day in
hours over a certain time were multiplied to determine photo
thermal units (17).

PTU=GDDxD

The seed yield was divided by the total number of helio-
thermal units to get the helio-thermal usage efficiency, which was
then represented as kg °C day® hr(2). The Pheno-thermal index
(PTI), which is represented in degree-days per growth day using
Chakravarty and Sastry's method (16), was computed by dividing
the number of days between 2 phenological stages by the degree
days consumed between 2 phenological stages.

Penman-Monteith method

By integrating the energy balance with the mass transfer
approach. The Penman-Monteith method for the combination
equationis (18),

ET,
=[0.408 A(Rn - G) +y(900/(T +273))u,(es - €a)]/ [AA +y(1+0.34u,)]

Where are the following: e; saturation vapour pressure (kPa), e.
actual vapour pressure, es - e, saturation vapour pressure deficit
(kPa), A slope vapour pressure curve (kPa °CY), y psychrometric
constant (kPa °C*), T mean daily air temperature at 2 m height (°C),

Rn net radiation at the crop surface (MJ m? day?), G soil heat flux
density (MJ m?2 day?) and T mean daily air temperature at 2 m
height (°C) (3). Using the FAO Penman Monteith definition for ET,,
crop coefficients at study sites may be calculated by comparing the
calculated ET, with the observed ET..

Yield studies

Grain yield

Following the cleaning of the threshed grains, their weight was
measured on an electronic scale and translated to kilograms per

hectare. A moisture meter was used to measure the grains moisture
content and the grain yield was adjusted to 14 % moisture content.

The following formula was used to adjust yield at 14 %
moisture content (4). Grain yield was recorded from the net plot
area and converted into kilograms per hectare. Where M represents
the measured grain moisture percentage. The grain yield was
adjusted to 14 % standard moisture content using the following
formula:

Grain yield = (Observed grain yield x (100 - M)) / (100 - 14)
Straw yield

To determine the straw yield, the total biomass of each net plot was
subtracted from the grain yield as reported from each net plot. After
that, the straw yield per net plot was converted to kilograms per
hectare.
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Soil properties

Before the experiment began, composite soil samples were
collected at a depth of 0-15 cm from each of the 3 replications. The
samples underwent several physico-chemical analyses. A study of
the data revealed that the soil in the experimental field had an
acidic reaction and was silty clay loam in texture. The soil was rated
as intermediate in terms of accessible nitrogen, phosphate and
potassium as well as organic carbon. The soil's physical and
mechanical characteristics are investigated. The mechanical study
shows that sand makes up 22.20 % of the soil while silt and clay
make up 43.80 and 30.90 % of the soil, respectively. The soil texture
is tested using the international pipette technique and is classified
assilty clay loam (Piper, 1966) (19).

The pH of the soil was measured using a 1:2.5 soil-water
solution and it is 5.6 for the chemical analysis (20). An organic
carbon content of 0.68 % was obtained by the wet digesting
technique (21). 374.3 kg ha™ of nitrogen is available when using the
alkaline permanganate technique (22). Olsen's approach produced
22 kg ha' of available phosphorus (23), While the ammonium
acetate extraction technique produced 221 kg ha? of available
potassium (24).

Statistical Analysis and reference management

The OPSTAT software (https://opstat.somee.com/opstat/) was
used to conduct the analysis of variance and examine the relevance
of dates of sowing and irrigation schedules. The variables studied
were phenological parameters (Complete emergence, Maximum
tillering, 50 % flowering, Physiological maturity), growing degree
days, helio thermal units, photo thermal units, grain yield and straw
yield. A critical difference test (a = 0.05) was employed to separate
the means. Graphs were created using Microsoft Excel (https://
office.microsoft.com/excel).

Results
Phenological parameters

The effect of different dates of sowing and irrigation schedules based
on weather models significantly influenced the phenological
development of wheat during the 2021-2022 and 2022-2023
cropping seasons (Fig. 1). Among the sowing dates, the sowing on
25" October (S1) required the longest duration to reach phenological
stages such as complete emergence, maximum tillering, 50 %
flowering and physiological maturity across both years.
Physiological maturity under S1 occurred at 167 days in 2021-2022
and 170 days in 2022-2023, whereas late sowing on 10" December

(S3) significantly shortened the crop duration, with maturity
occurring at 142 days in 2021-2022 and 145 days in 2022-2023.
Complete emergence was fastest in S3, occurring at 8 days in 2021~
2022 and 9 days in 2022-2023, compared to S1 where emergence
occurred at 13 daysin2021-2022 and 14 days in 2022-2023.

Crop longevity was significantly influenced by irrigation
schedules. The longest crop duration was recorded under
meteorological model-based irrigation schedules, namely Penman
-Monteith (14) and spatial ET (I5), where physiological maturity
occurred in 165 days during 2021-2022 and 168 days during 2022-
2023. In contrast, rainfed conditions (I1) resulted in the shortest crop
duration, with physiological maturity occurring in 144 days in2021-
2022 and 146 days in 2022-2023. A similar trend was seen in the
time of maximal tillering and blooming, with advanced phases
occurring earlier under rainfed and late-sown circumstances. These
results demonstrate that weather-model-based early planting and
irrigation extended the wheat crop's life, potentially increasing
production potential.

Growing degree days

During both cropping seasons (2021-2022 and 2022-2023), the
growth degree day (GDD) needs and heat use efficiency (HUE) of
wheat were greatly impacted by the date of sowing and irrigation
schedule (Table 1). Sowing on 25" October (S1) resulted in a
considerably larger GDD accumulation throughout all phenological
phases, including maximum tillering, 50 % flowering and
physiological maturity. In 2021-2022 and 2022-2023, physiological
maturity required 1247.5 and 1193.6 days °C, respectively. This was
much better than the sowing on 10" December (S3), which had the
lowest GDD requirement (1127.8 and 1028.2 day °C). In a similar vein,
heat usage efficiency peaked under S1 (8.8 and 8.9 kg ha'day*°C?)
and decreased with delayed planting, reaching a notable minimum
under S3 (7.6 and 8.2 kg ha*day* °C?).

The GDD and HUE were also significantly impacted by
irrigation timing based on weather predictions. The 3 irrigation
schedule (13) and Penman-Monteith-based irrigation (14) produced
much higher GDD values for physiological maturity in both years
(12135 and 1132.7; 12135 and 1130.3 day °C, respectively).
However, 3 irrigations (I3) produced the greatest HUE (8.8 and
9.0 kg ha*day*°C?), while rainfed conditions (I11) produced the
lowest HUE (7.3 and 8.6). In 2021-2022, there was a substantial
difference in HUE across irrigation schedules; however, in 2022
2023, there was no significant difference. These results highlight the
significance of early planting and the best irrigation techniques for
optimising wheat crop yield and thermal resource use efficiency.

Table 1. Effect of date of sowing and irrigation scheduling on growing degree day requirements (day °C) and heat use efficiency of wheat

Treatment Maximum tillering 50 % flowering Physiological maturity HUE (kg hadegree day?)
2021-2022 2022-2023 2021-2022 2022-2023 2021-2022 2022-2023 2021-2022 2022-2023

Date of sowing

25" October (S1) 500.2 499.7 691.5 678.5 1247.5 1193.6 8.8 8.9

20" November (S2) 318.5 283.2 533.2 507.3 1183.5 1105.9 8.6 9.3

10t December (S3) 230.2 195.6 432.8 453.4 1127.8 1028.2 7.6 8.2

S.Em+ 0.5 1.8 0.4 2.9 11.3 7.7 0.2 0.2

CD (p=0.05) 2.1 73 1.5 11.6 443 30.4 0.7 0.7

Irrigation schedules based on weather models

Rainfed (I1) 344.5 321.1 539.2 529.0 1147.3 1077.4 7.3 8.6

2 irrigations (12) 349.0 325.2 551.8 546.6 1183.2 1107.6 8.7 8.9

3irrigations (13) 352.6 329.4 560.6 556.2 1213.5 1132.7 8.8 9.0

Penman monteith (14) 353.3 329.9 564.2 561.0 1213.5 1130.3 8.6 8.6

Spatial ET (15) 348.5 324.9 546.5 539.0 1173.7 1098.1 8.4 8.9

S.Emzt 1.1 11 2.3 3.3 6.8 5.2 0.3 0.2

CD (p =0.05) 3.1 3.2 6.7 9.8 19.8 15.3 0.8 NS
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Helio thermal units

During the 2021-2022 and 2022-2023 seasons, the dates of sowing
and the timing of irrigation had a substantial impact on the helio
thermal unit (HTU) accumulation in the wheat (Table 2). At every
phenological stage, the maximum HTU accumulation was
obtained from early sowing on 25% October (S1). In 2021-2022 and
2022-2023, S1 reported physiological maturity at 8357.4 and
7351.9 °C dayhr, respectively. This was far higher than the HTU
observed under 10 December sowing (S3), which was 7732.5 and
6946.2°Cday hr.

In contrast to rainfed conditions (1), which accumulated
the lowest HTU (7639.9 and 6902.1 °C day hr), 3 irrigations (I3) and
Penman-Monteith-based scheduling (14) recorded significantly
higher HTU at physiological maturity (8251.8 and 8239.3in 2021-22;
7355.7 and 7341.6 °C day hr in 2022-2023, respectively). The 13 and
14 performed better than other irrigation treatments at early
development stages, following a similar pattern. These findings
demonstrate how properly planned irrigation and timely planting
both contribute to maximising solar energy usage, which raises
thermal efficiency and may increase wheat output (Fig. 3).

Photo thermal units

During the 2021-2022 and 2022-2023 seasons, varying planting
dates and irrigation schedules had a substantial impact on the
accumulation of photo thermal units (PTU) in wheat (Table 3). Out of
all the phenological phases, the 25th of October (S1) produced the
greatest PTU accumulation among the sowing dates. PTU values
under S1 at physiological maturity were 13622.8 and 12939.6 °C
day hr in 2021-2022 and 2022-2023, respectively. These values
were much higher than those of the late-planted crop on 10"
December (S3), which had the lowest PTUs values (13171.8 and

11909.2 °C day hr). Similar patterns showed that S1 continuously
collected much more PTUs at 50 % flowering and maximum
tillering, demonstrating the benefit of early planting in terms of
effective use of both thermal and photoperiodic resources.

In terms of irrigation scheduling, the Penman-Monteith
approach (14) and the application of 3 irrigations (13) demonstrated
noticeably greater PTU levels at physiological maturity. In the
2 corresponding years, I3 recorded 13752.4 and 12739.5 °C day hr,
whereas 14 recorded 13752.0 and 12707.2 °C day hr. On the other
hand, rainfed circumstances (I11) showed the lowest PTU
accumulation, with daytime temperatures of 12896.6 and
120269 °C. These results show that early planting and proper
irrigation scheduling-especially when based on scientific models-
improve the photothermal environment for wheat, promoting
better crop growth and development.

Grain yield (kg ha?)

In 2021-2022 and 2022-2023, the dates of planting and the timing of
irrigation had a substantial impact on wheat grain output (Table 4).
In comparison to late planting on 10" December (S3), which
recorded the lowest yields of 3006 kg ha® and 3148 kg ha?,
respectively, 25" October (S1) reported the greatest grain yield, with
4432 kg ha' in 2021-2022 and 4275 kg ha' in 2022-2023. Crop
growth and production were enhanced by timely seeding, which
made better use of thermal and radiation resources. In terms of
irrigation schedules, the Penman-Monteith technique (14) and
3irrigations (I3) yielded the maximum grain yields. In the same years,
14 produced 4158 and 3905 kg ha?, whereas I3 reported 4140 and
4109 kg ha™. The rainfed condition (11), on the other hand, produced
the lowest grain output (3111 and 3441 kg ha?), suggesting that
appropriate irrigation timing is necessary to optimise grain
production (Fig. 4).

Table 2. Effect of date of sowing and irrigation scheduling on helio thermal units (°C day hr) of wheat

Maximum tillering

50 % flowering Physiological maturity

Treatment 2021-22 2022-23 2021-22 2022-23 2021-22 2022-23
Date of sowing

25t October (S1) 3538.9 2710.5 4647.1 3772.5 8357.4 7351.9
20" November (S2) 2291.8 1619.2 3228.5 3136.5 7902.2 7189.5
10" December (S3) 1402.6 1058.5 2343.5 2924.1 7732.5 6946.2
S.Emz+ 4.6 16.0 4.1 20.6 108.8 65.0
CD (p=0.05) 18.1 62.9 16.1 80.9 427.3 255.4
Irrigation schedules based on weather models

Rainfed (I1) 2372.4 1767.7 3345.4 3159.4 7639.9 6902.1
2 irrigations (12) 2408.3 1792.3 3392.7 3282.2 7967.8 7148.6
3irrigations (I3) 2429.9 1817.4 3446.4 3343.7 8251.8 T7355.7
Penman monteith (14) 2437.6 1814.1 3471.3 3374.6 8239.3 7341.6
Spatial ET (15) 2407.4 1788.8 3376.0 3228.4 7888.0 7064.7
S.Em+ 7.8 6.9 12.1 24.1 64.3 46.7
CD (p=0.05) 22.7 20.1 35.5 70.2 187.6 136.3

Table 3. Effect of date of sowing and irrigation scheduling on photo thermal units (°C day hr) of wheat

Maximum tillering

50 % flowering Physiological maturity

Treatment 2021-2022 2022-2023  2021-2022 _ 2022-2023 2021-2022 2022-2023
Date of sowing

25% October (S1) 5175.3 5177.7 7115.4 6992.5 136228 129396
20t November (52) 3216.6 2860.8 5471.6 5227.3 13403.7 12460.8
10 December (S3) 2323.4 1974.6 4525.1 4792.0 131718 11909.2
S.Ems 5.4 19.0 4.3 33.9 83.5 100.2
CD (p=0.05) 21.4 74.6 16.9 133.2 327.8 393.5
Irrigation schedules based on weather models

Rainfed (1) 3520.6 32872 5558 4 5478.5 12896.6 12026.9
2irrigations (12) 3565.4 3328.6 5696.7 5673.5 13358.6 12415.7
3irrigations (13) 3602.0 33717 5793.1 5778.8 13752.4 12739.5
Penman monteith (14) 3609.7 3376.2 5833.4 5833.2 13752.0 12707.2
Spatial ET (I5) 3561.2 3324.9 5638.7 5589.0 132376 12293.4
S.Em+ 10.7 112 25.7 375 74.0 68.2
CD (p=0.05) 314 328 75.2 109.6 216.1 199.2
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Fig. 3. Effect of date of sowing and irrigation scheduling on phenology (days) of wheat.

Table 4. Effect of date of sowing and irrigation scheduling on grain and straw yield of wheat

Grain yield Straw yield
Treatment
2021-22 2022-23 2021-22 2022-23
Date of sowing
25 October (S1) 4432 4275 6565 6342
20™" November (S2) 4048 4079 6224 6250
10t December (S3) 3006 3148 5648 5312
S.Em+ 53 59 85 108
CD (p=0.05) 208 231 336 425
Irrigation schedules based on weather models
Rainfed (11) 3111 3441 5365 5864
2irrigations (12) 3922 3916 6412 5956
3irrigations (I3) 4140 4109 6573 6146
Penman monteith (14) 4158 3905 6293 5888
Spatial ET (Is) 3812 3798 6086 5987
S.Emzt 102 65 189 82
CD (p=0.05) 298 188 551 239
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Fig. 4. Effect of date of sowing and irrigation scheduling on pheno-thermal index and percent increase in grain yield of wheat.
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Straw yield (kg ha?)

Both sowing dates and irrigation schedules had a considerable
impact on straw yield, which trended similarly to grain yield. Early
sowing on 25" October (S1) generated the most straw (6565 kg ha'*
in 2021-2022 and 6342 kg ha' in 2022-2023), while sowing on 10"
December (S3) yielded the least (5648 and 5312 kg ha in 2022-
2023). Better vegetative development was probably encouraged by
early seeding, which increased the build-up of biomass (Table 4).
The Penman-Monteith technique (14) produced 6293 and
5888 kg ha' of straw, whereas 3irrigations (13) produced the highest
straw yield among irrigation treatments (6573 and 6146 kg ha?).
The lowest straw yield of 5365 and 5864 kg ha* was obtained under
rainfed circumstances (11).

Discussion
Phenological parameters

Lower mean temperatures throughout the sowing window
negatively impacted seed germination and early seedling vigour,
which is why wheat seeded on 10" December showed delayed
emergence. Wheat planted on 25" October, on the other hand,
benefited from somewhat warmer early-season temperatures,
which accelerated emergence and prolonged the vegetative stage,
especially the tillering and jointing phases, before the start of
reproductive development. These findings are consistent with past
research that found that later planting dates resulted in increasing
emergence delays and shorter crop durations. When compared to
crops seeded earlier in the month, namely on 1% December, crops
sown around 20" December, for example, showed the greatest
emergence lag (25, 26). Suboptimal temperature conditions, which
restrict enzyme activity and inhibit physiological growth during the
germination stage, are the main cause of this delay.

Furthermore, temperature stress and compounding soil
moisture  deficiencies, which both hasten physiological
development, may be the cause of the shorter phenological periods
under rainfed circumstances. Early maturity and a shorter grain
filling time were probably caused by stress-induced blooming and
accelerated senescence brought on by limited water supply
throughout the reproductive phases (27). High temperatures during
the grain filling period, particularly in March, probably caused forced
maturity in late-planted wheat, shortening the crop's life cycle and
lowering its potential yield. Previous studies that indicate late-
planted wheat is susceptible to early blooming and maturity
because of exposure to supra-optimal temperatures during critical
developmental transitions (28, 29) support this phenomenon. The
synchronisation of development phases with favourable climatic
conditions is ensured by early planting and adequate watering,
which eventually supports increased production and resource-use
efficiency.

Growing degree days and heat use efficiency

The crop planted on 25" October had the largest concentration of
GDD, indicating a longer exposure to favourable heat conditions
throughout crucial development phases. Enhanced biomass
buildup resulted from the optimal vegetative and reproductive
growth facilitated by this longer temperature window. Late-sown
crops were exposed to relatively higher temperatures during
reproductive stages, which shortened phenological phases and
reduced the duration for biomass accumulation. The experimental
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weather data confirmed considerable temperature variability
during the crop growth period, with maximum temperatures
ranging from 10.5 to 30.5 °C and minimum temperatures from 2.3
to 17.9 °C, thereby influencing crop development and thermal time
accumulation (30, 31). These circumstances frequently coexist with
terminal heat stress, which reduces the amount of time that
resources may be acquired and grown. Higher GDD values under
Penman-Monteith irrigation scheduling suggest that adequate soil
moisture availability promoted longer growth times and improved
thermal unit consumption (32). Longer leaf activity and improved
sink-source balance were made possible by the interaction of
temperature and water availability. Limited water supply in rainfed
settings caused growth phases to accelerate under stress, which
decreased GDD at every stage (33). These findings highlight how the
sowing window and water availability combine to affect heat
buildup and wheat phenology development (34, 35).

Wheat that is seeded early and ideally has a greater HUE,
which indicates that collected thermal energy is effectively
converted into biomass and grain production. This is explained by
the synchronisation of important phenophases with favourable
temperature regimes, especially tillering, booting and grain filling,
which encouraged active photosynthesis and efficient use of
resources (36). Effective assimilate transfer throughout grain
development was also made possible by the early stages' strong
vegetative growth. Despite comparable or only marginally lower
GDD buildup, lower HUE in delayed sowing is probably caused by
the advent of heat stress during reproductive stages, which hinders
grain filling and lowers dry matter partitioning (36). By reducing
water stress, maximum irrigation regimes (such as 3 irrigations and
Penman-Monteith scheduling) improved assimilate translocation,
stomatal conductance and canopy temperature control, all of which
led to greater HUE among irrigation treatments (37, 38). On the other
hand, because of extended water stress and less than ideal thermal
use efficiency throughout crucial development stages, poor HUE
under rainfed circumstances is associated with reduced biomass
buildup and grain output (39, 40).

Helio thermal units and photo thermal units

Increased cumulative solar radiation and thermal energy
availability during crucial phenological phases are reflected in
higher HTU values in early-sown crops. This effect is particularly
noticeable in crops planted on 25" October, when extended
exposure to favourable sunlight and temperature promoted
increased biomass buildup and photosynthetic activity. On the
other hand, shorter day lengths and lower solar incidence were
experienced by late sowings, especially those on 10" December,
which limited HTU accumulation and accelerated up phenological
development (41). The dynamics of HTU were greatly impacted by
irrigation treatments. Longer vegetative and reproductive
development stages were made possible by the steady soil
moisture provided by the Penman-Monteith and 3 irrigation
techniques. Higher HTU buildup resulted from the crop's increased
ability to use available radiation and heat over a longer period
(42, 43). On the other hand, moisture stress brought about by
rainfed and limited irrigation treatments accelerated crop maturity
and shortened the effective period of radiation and heat
absorption, resulting in lower HTU values (44, 45).

Like HTUs, photo thermal units (PTU) showed patterns,
with larger values seen in wheat that was seeded early and under
conditions of maximal irrigation. Increased PTU accumulation
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throughout all growth phases was facilitated by the 25" October
planting date, which coincided with ideal sun radiation and
temperatures (46). Conversely, delayed sowings saw shorter
photoperiods and lower radiation levels, which led to lower PTU
values, especially during the grain-filling stage. The Penman-
Monteith and 3 irrigation treatments had the greatest PTU values,
demonstrating how important sufficient water availability is for
coordinating crop development with environmental signals. By
optimising the use of thermal and photothermal resources, this
alignment enabled crops to sustain active leaf area and
photosynthetic capacity for extended periods of time (47, 48).
However, rainfed circumstances reduced PTU buildup, limited
radiation use efficiency and hastened crop maturity owing to water
shortage stress. Yield potential was negatively impacted by the
resulting decrease in dry matter partitioning to grain. Sowing date
and irrigation method work together to modulate HTU and PTU,
which in turn affect wheat phenology, biomass production and
grain yield under different agroclimatic conditions.

Grain yield and straw yield

Because of favourable radiation and temperature regimes
throughout crop growth, the 25 October planting date consistently
yielded the maximum grain yield. Due to lower grain size, fewer grain
-filling days and decreased radiation usage efficiency, late seeding
(December 10%) dramatically decreased vyields by up to 47.4 and
35.8 % over the course of the 2 years (49-51). In the end, delayed
planting reduces the number of grains per spike by limiting
photosynthetic duration and spikelet fertility (52, 53). Penman
Monteith and 3 irrigation regimens improved water and nutrient
absorption, better assimilate partitioning and extended
photosynthetic activity, all of which increased grain production
(54, 55). In line with research showing that irrigation at key points
boosts production and lessens terminal drought stress, rainfed
crops displayed lower yields because of moisture stress (56).

The production of straw was significantly impacted by
timely seeding. Longer vegetative periods and ideal temperature
and radiation regimes helped crops seeded on 25" October
accumulate more biomass and produce more straw (56). In
comparison to timely planting, delayed sowing until 10" December
shortened the crop's vegetative development period, which
reduced dry matter production and significantly decreased straw
yield (up t0 19.39 %in 2022-2023) (57, 58).

Irrigation treatments also had a major impact on straw
output. 3 irrigation treatments were linked to the highest straw
production, suggesting that increased biomass buildup is
encouraged by ideal moisture availability. These results are in line
with earlier research that shown that at crucial development
phases, 4 irrigations produced more straw than restricted irrigation
(59). Due to increasing moisture stress throughout critical
phenophases, rainfed conditions consistently produced the lowest
straw yields.

The relationship between irrigation technique and planting
timing emphasises how crucial integrated crop management is to
increase biomass production. While planned irrigation scheduling,
like the Penman Monteith system, guarantees effective water
utilisation and constant crop production, early planting helps reduce
terminal heat stress. To increase climate resilience and production in
wheat-based systems, these findings are consistent with policy
suggestions that call for early planting, better irrigation infrastructure
and the distribution of real-time weather alerts (60). Similar patterns

have been seen in a variety of agroecological zones, supporting the
results resilience under a range of environmental circumstances.

Conclusion

The study unequivocally shows that the phenological development,
thermal indices and resource use efficiency of wheat are significantly
influenced by both the date of sowing and the application of
scientifically informed irrigation regimens. Due to increased real
sunshine hours for several plant physiological processes, which
improved growing degree days, heliothermal units, heat use
efficiency, photo-thermal units and photo-thermal index, wheat
grown on 25" October under mid-hill sub-temperate agroclimatic
conditions demonstrated a significantly greater grain yield. Farmers
may utilise Penman Monteith modified irrigation and 3 irrigations for
irrigation scheduling since it yields more grains than rainfed farming.
Like this, weather-model-based irrigation schedules-particularly the
Penman-Monteith technique (I4) and the 3 irrigation schedule (I3)-
supported improved thermal environment usage, improving crop
production and phenological advancement. These results highlight
the agronomic benefit of enhancing wheat performance in a range
of climates by combining early planting with model-based irrigation
control. Reduced heat build-up, accelerated crop maturity and
decreased HUE were linked to late planting and inadequate
watering, which ultimately limited yield potential. For greater and
more consistent wheat yields, it is therefore essential to optimise the
planting window and irrigation techniques.

Overall, early sowing combined with weather-based
irrigation models, particularly the Penman-Monteith and spatial ET
methods, improved wheat phenology, thermal efficiency and yield
performance. By conserving water and adjusting to climate change,
these methods promote sustainable wheat production.
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