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Abstract: Scarcity of fresh water and climate change are the two main threats for wheat production
in South Asia. Tweaking wheat planting period could be an effective cost-smart strategy to mitigate
these stresses. To evaluate the performance of three leading wheat varieties under different planting
periods in pragmatic on-farm environments, trials were carried out during 2019–2020 and 2020–2021.
Further, to have greater insights on long-term temporal scale, 22 years (2000 to 2021) of crop simulation
data were analyzed to identify the optimum planting period of wheat for higher yield and water
productivity using the APSIM cropping systems simulation model. The result showed that first
fortnight of November (PD1)-sown crop resulted in higher grain yield and more irrigation water
use efficiency. Wheat sown during PD1 and in the second fortnight of November (PD2) had 20–25%
lower blue water requirement than the second fortnight of December (PD4) crop in the long run. To
produce one tonne of wheat grain required an additional 20, 60 and 83 m3 irrigation water when
the crop was sown at PD1, PD2, PD3 (first fortnight of December) and PD4, respectively. It was
observed that PD4 reduced wheat yields by 20–22% compared to sowing on PD1 and PD2 and every
15 days’ delay in wheat planting after 15 November reduced the length of the crop growing season
by 4–5 days. Hence, the early wheat planting is proven superior in harnessing maximum yield with
minimum burden on blue water resources.

Keywords: adaptive trials; APSIM modelling; blue water; sowing time; water productivity

1. Introduction

Water scarcity is an alarming issue in South Asia as many of geographical areas of
the region are facing bad water crises. The situation is going to be even worse in coming
years due to climate change [1], population pressure and industrial development [2,3].
This may have serious implications for the agricultural sustainability and long-term food
security of the region, as nearly 70% of the blue water (water that has been sourced from
surface or ground water resources) is being used for agricultural purposes only [2]. Wheat
(Triticum aestivum L.), the second most important crop of this part of the world, depends
almost entirely on blue water to complete its life cycle as the crop is cultivated during the
dry post-monsoon winters [4]. In addition to its role in food security, wheat crop is an
important source of livestock fodder and contributes significantly to the rural economy
and livelihood [5,6].
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High yielding and medium early maturing wheat cultivars are widely sown in India.
The irrigated wheat crop is generally planted between November and December (depend-
ing on the duration of the previous sown crop in rotation) and harvested in the month of
April [3]. Wheat planting generally is delayed when rice, cotton, sugarcane, pigeon pea,
potato and toria are grown before wheat. This late-sown crop faces low temperature at early
establishment and higher temperature at the reproductive phase and needs a comparatively
higher number of irrigations [4]. Yield penalty is quite obvious in late-sown wheat due
to its exposure to less favourable climatic factors, especially maximum and minimum
temperatures that play a crucial role in determining the production and productivity of the
crop [7,8]. Even a single-day exposure to an abnormally high temperature during the grain
filling phase can cause a considerable loss in grain yield [9]. Temperatures above 30 ◦C at
the reproductive stage negatively affect grain filling rate and duration, and ultimately such
terminal heat stress reduce wheat productivity drastically [10]. Contrary to this, early sown
wheat escapes the risk of terminal heat stress and thus produces better yield [11–14]. Higher
temperature during later stages of late-sown wheat may increase evapotranspiration losses,
thus extending irrigation requirement and water footprints. A modification in planting
periods could be an appropriate cost-effective adaptation strategy under the changing
climate, especially to avoid the negative effect of terminal heat stress on yield and blue
water use [11].

Many on-station and short-term studies on planting period adjustments in wheat
have been done in various agro-ecologies [11–14], but information on realistic on-farm
conditions is lacking. Likewise, it is yet to be known how altering sowing time affects
yield and water productivity across annual weather variations. To see the effect of such
changes in sowing dates under long-term environmental conditions, experimentation on
such aspects are time consuming and expensive. Therefore, well-tested cropping system
simulation models can be useful tools in understanding crop yield gaps and the biophysical
drivers of cropping system performance in the long run. Modelling studies can significantly
reduce the need for costly and prolonged field experimentation, providing the means to
quantify the effects of climate, soil and management factors on crop phenology, yield and
long-term variability of production [15–17]. The Agricultural production Systems Simulator
(APSIM) model was developed to imitate crop production under diverse management
and climatic conditions, including planting time and water use [18]. Gaydon et al. [16]
successfully used the APSIM model under South Asian regions for diverse cropping
systems, managements and agro-ecologies. Balwinder-Singh et al. [19] also carried out
APSIM studies to simulate the effect of planting dates, cultivars and supplemental irrigation
on water productivity and yield of rice at Eastern Indo-Gangetic Plains (IGP). APSIM model
also has been firmly evaluated and used for wheat crop for water management [20] and
effect of various conservation agricultural practices on water productivity [21] in Trans-
Gangetic Plains (TGP) of India. Mohanty et al. [22] studied soil organic carbon dynamics
under different nutrient management practices in wheat crop under Indian conditions.
However, no simulation studies have been done to evaluate optimum planting dates with
respect to higher yield, water productivity and water footprints under wheat crop. Further,
no research information is available on long-term effects of planting period adjustment
on wheat phenology, yield sustainability and water use. Moreover, a knowledge gap also
exists on the performance of leading wheat varieties under realistic on-farm environments
under diverse planting periods.

Therefore, the study was designed to evaluate the major wheat varieties under different
planting periods with regard to their yield performance, profitability and irrigation water
use efficiency and to see the sowing window adjustment effects on long-term seasonal
dynamics on crop phenology, yield, water productivity and water footprints of wheat. The
present experiment was carried out to test the hypothesis that the APSIM model is able to
simulate the effects of different planting dates and also to test that planting time will affect
crop yield and water productivity.
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2. Materials and Methods
2.1. Experimental Location

To test leading wheat cultivar performance under different planting periods under a
realistic on-farm scenario, adaptive trials were carried out at farmers’ field in Dhanduret
[Latitude 26◦298′ N; Longitude 76◦730′ E] and Hukmikheda [Latitude 26◦783′ N; Longitude
76◦882′ E] villages of Karauli district of Rajasthan, India (Figure 1A). In Dhanduret village
the soils were sandy clay loam with low depth (20–50 cm) with 7.4–8.6 pH range. Available
N, P and K were in the range of 145–187, 12.3–14.7, 245–274 kg/ha, respectively. The soils in
Hukmikheda village were sandy loam in texture with decent drainage and good depth. The
soils pH range was 7.4–8.2 (1:2.5 soil:water) with available N, P and K ranged between 135
and 208, 8.8 and 10.7, and 209 and 263 kg/ha, respectively. The mean monthly maximum
and minimum temperature, radiation and rainfall data from 2000–2021 of Karauli district
are given in Figure 1B.
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Figure 1. (A) Location map of study area; (B) Monthly average solar radiation, temperature and
rainfall of Karauli based on 22 years (2000–2021) daily weather data.
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2.2. Treatment Details

The experiment was carried out at farmer’ fields during the winter season of 2019–2020
and 2021–2021. Split plot design was used to conduct the experiment and data from farmers’
field (n = 8) from both the study location were collected. In main-plot three medium early
maturing group wheat cultivars viz. HD-2967, HD-3237 and HD-3086 were planted. Whereas,
four sowing dates (first fortnight of November (PD1); second fortnight of November (PD2);
first fortnight of December (PD3) and second fortnight of December (PD4)) treatments were
applied in the sub-plots. The grain and stover yield were recorded from 100 m2 plots and
the values were converted into t/ha. Cost of wheat cultivation was estimated based on the
rapid survey carried out at the study site. Prevailing market price of stover (INR 3.0/kg) and
minimum support price for grain during 2019 (INR 18.40/kg) and 2020 (INR 19.75 kg) were
used for calculation of gross returns. Mean prevailing conversion rate for November 2021
(74.9:1) was used to convert INR into USD.

2.3. Crop Management

Sowing was done as per treatments at 4 farmers’ field in each village using 100 kg/ha
seed rate at 22.5 cm row spacing. Gap filling and thinning was done as necessary 15 days
after sowing (DAS). Fertilizer nitrogen (N), phosphorus (P) and potassium (K) were applied
as urea (46% N), single superphosphate (16% P2O5) and muriate of potash (60% K2O), re-
spectively. Wheat was fertilized with 120 kg N ha−1, 60 kg P2O5 ha−1, and 60 kg K2O ha−1.
One-third of the N and all the amount of P and K were applied at sowing, while the
remaining N was broadcast between 30 days after sowing (DAS) and 75 DAS.

2.4. Statistical Analysis

All the sample data obtained from the two-year experiment were analyzed using the
F-test. Tukey’s HSD test was performed to see the significant difference (at p value = 0.05)
between the treatments means.

2.5. APSIM Model Calibration and Validation

For the present study, the APSIM version 7.9 was run on daily time scale. APSIM-
Wheat module was used in the simulations with the ‘tillage’, ‘sow using a variable rule’,
‘fertilize’, ‘irrigate’ and ‘harvest’ management rules.

2.5.1. Meteorological Data

Weather data for the Karauli district were extracted from NASAPOWER (https://
power.larc.nasa.gov/data-access-viewer/ (accessed on 4 July 2021) as per the procedure
described by Sparks, 2018. Met file was prepared using daily rainfall, solar radiation,
maximum and minimum temperature. The raw data were converted into “.met” format
and checked for accuracy. Mean data of 22 years (2000–2021) are presented in Figure 1B.

2.5.2. Soil

Layer wise soil samples were collected from the Hukmikheda village and were ana-
lyzed at IARI, New Delhi laboratory. The data on field capacity (DUL), permanent wilting
point (LL15), saturation water content (SAT), clay content, soil pH and organic matter for
the experimental area at (Table 1) were taken and converted as per APSIM format.

2.5.3. Management

For model calibration, on-farm experimental data of the 2019–2020 season from Huk-
mikheda village were used. The calibrated model output was validated with the field data
of 2020–2021 from the same trial. In the experiment, wheat variety ‘HD 2967’ was sown at
22.5 cm row and 5 cm plant spacing. The variety falls in medium-early maturity group and
suitable for irrigated, timely-sown conditions in north-western plain zones. Nitrogen was
applied at 120 kg N ha−1 to the crop in three equal splits at pre-sowing, 30 DAS and 75 DAS.
Irrigations (70 mm depth) were scheduled at 50% depletion of available soil moisture.

https://power.larc.nasa.gov/data-access-viewer/
https://power.larc.nasa.gov/data-access-viewer/
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Table 1. Soil profile parameters (Hukmikheda village) used for APSIM simulations.

Soil Depth
(cm)

DUL ˆ

(%)
LL15 ˆˆ

(%)
SAT ˆˆˆ

(%)
Clay Content

(%) Soil pH Organic
Carbon (%)

0–15 24.1 6.6 37.7 16.3 7.8 0.41
15–30 25.4 9.1 41.3 18.8 7.7 0.30
30–45 26.2 9.2 41.9 19.9 7.5 0.25
45–60 28.4 9.6 43.8 21.3 7.7 0.18
60–75 30.0 9.8 44.6 21.1 8.3 0.13

ˆ DUL-Drainage upper limit (field capacity); ˆˆ LL15- Lower limit (Permanent wilting point); ˆˆˆ SAT-saturation
water content.

2.5.4. Model Parametrization

After uploading metfile, soilfile, observed output file and crop management data, ‘ini’
file was adjusted to closely match observed and simulated phenology, grain yield and
biomass production. The genetic coefficients (obtained from field study data calibration
and validation) for wheat cultivar “HD 2967” were: startgf to mat (grain filling duration in
degree days, ◦C) = 525, phyllochron (phyllochron interval, ◦C) = 70.0, vern sens (sensitivity
to vernalisation) = 1.8, photop sens (photoperiod sensitivity) = 2.85. Using the above
genetic coefficients, the model was run and the model output on simulated crop phenology,
yield and biomass during 2019–2020 and 2020–2021 were juxtaposed with field experiment
data (Figure 2). Likewise, number of irrigations and quantum of water applied during
the experimental period were compared with the simulated data and it was observed that
the model was showing 210 mm of water use (3 irrigations) and 2020–2021, which were
equivalent to the observed data (three irrigations).
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Figure 2. Calibration and validation of APSIM model for wheat phenology, biomass and yield.
DAS = Days after sowing; red line indicating simulated whereas blue marker indicating observed
data. Blue dot is indicating observed value and red line representing simulated data.

The observed and simulated data were collated to test the accuracy of model perfor-
mance with root mean square error (RMSE).

RMSE = ∑n
i=1

[
(Si−Ai)2/n

]1/2
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Here Si and Ai are simulated and values are observed, respectively, and n is the number
of observations. RMSE value for observed and simulated grain yield and biomass were
177 kg/ha and 659 kg/ha, respectively. As the APSIM model validation was satisfactory,
the simulation was used for scenario analysis.

2.5.5. Scenario Simulation

In the studied region, wheat is generally sown between mid-November to the end of
December depending on duration of previous crop, variety used, soil type and management
protocols. The parameterized and calibrated model was run for 22 years (2000–2021) to find
out the optimum sowing date of wheat in terms of yield and water use. For this purpose,
four wheat sowing date treatments (15 November (PD1), 30 November (PD2), 15 December
(PD3) and 31 December (PD4)) were used for scenario analysis.

Water productivity was calculated by dividing grain yield with total amount of irri-
gation water applied. B:C was calculated by dividing gross returns with cultivation cost.
The blue water footprints were calculated by the equation suggested by Hoekstra and
Chapagain [23].

Blue water footprints (m3/t) = water applied as irrigation (m3/ha)/yield (t/ha).
Green water footprints (m3/t) = water received as rainfall (m3/ha)/yield (t/ha).
Total water footprints ((m3/t) = Total water used to produce crop (rainfall and irriga-

tion) (m3/ha)/yield (t/ha).

3. Results and Discussion
3.1. Water Use Efficiency and Water Footprints

The pooled mean of two-years on-farm data shows that irrigation water use efficiency
(IWUE) varies from 23.6 to 25 kg/ha/mm (Figure 3). From each mm of irrigation water
applied, wheat cultivar HD 2967 had produced 1.4 and 0.7 kg/ha more yield compared to
HD 3237 and HD 3086, respectively. The IWUE was also significantly affected by sowing
time. Early planting in the first fortnight of November was found more efficient in water
use having the maximum IWUE (27.3 kg/ha/mm). Contrary to this, late plating in the
second fortnight of December had the least IWUE (20.4 kg/ha/mm). Compared to PD1,
IWUE decreased by 0.94, 4.25, 6.80 kg/ha/mm due to PD2, PD3, PD4, respectively.
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Long-term simulation of blue water use pattern in wheat indicated that blue water use
was at maximum under PD4 (325 mm) followed by PD3 (301 mm) (Figure 4A). Whereas,
PD1 showed the lowest blue water use (241 mm) among different planting dates. Each day
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delay from PD1 increased blue water use by 1.3–2.0 mm. It showed that 34.7% blue water
use can be saved merely by adjusting planting dates and PD1 was found to be the most
suitable planting time in the long-run from the blue water use point of view.
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Figure 4. Effect of sowing dates on (A) blue water use, water productivity (B) blue water footprints
(C) Green water footprints and (D) Total water footprints under different sowing dates (from 22-year
simulations). PD1 = 15 November; PD2 = 30 November; PD3 = 15 December; PD4 = 31 December.

In the IWUE modelling of wheat crop, it was observed that maximum IWUE (water pro-
ductivity) was found under PD1 (25.4 kg/ha/mm) and lowest under PD4 (15.1 kg/ha/mm)
(Figure 4A). A sharp decline in IWUE was seen when the sowing was delayed beyond
30 November. IWUE reduction from PD1 to PD2 was merely 1.8 kg ha/mm/day, but from
PD2 to PD3 it was 6.27 kg ha/mm/day. Whereas, in comparison to PD2 and PD3 the per day
decline in IWUE under PD4 was 0.28 and 0.14 kg ha/mm/day, respectively. In post-rainy
season crops such as wheat, the contribution of green water is very limited due to lack of
rainfall; therefore blue water is crucial. Irrigation requirement increased with delays in wheat
planting. Higher temperatures during reproductive phases of December-sown wheat may
increase ET demands, hence the need for more frequent irrigation. Vashisht et al. [17] also
observed the effect of ET demands on IWUE under field and simulation studies in wheat
under identical agro-ecologies.

The 22-year APSIM modelling data indicated that among the various planting dates,
the most delayed planting reported the highest blue water footprints (715 m3/t) (Figure 4B).
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In comparison to PD4, wheat planting at early dates such as PD1, PD2 and PD3 required
292, 248, 90 m3 lesser water to produce one tonne of grain. In simple terms, PD1 had a
40% lesser blue water footprint than PD4. Kumar et al. [24] also reported similar water
productivity and resource use efficiency trends in wheat crop.

Green water footprint also followed a similar trend although the variations among
different treatments were relatively narrow (Figure 4C). The least value of green water
footprint was seen in PD1 (120 m3/t) < PD2 (129 m3/t) < PD3 (150 m3/t) and highest under
PD4 (172 m3/t).

Total water footprint in wheat was observed in the range of 422–715 m3/t (Figure 4D).
Similar to green and blue water footprint, the total water footprint was also highest in PD4
and lowest in PD1. Wheat planted at PD1 consumed only 422 m3 water, that is 10, 32, 40%
less than PD2, PD3 and PD4, respectively.

3.2. Yield under On-Farm Environments

Grain yield (2-year pooled mean) was found significantly affected by different wheat
cultivars (Figure 5A). The wheat variety HD 2967 out yielded (5.2 t/ha) than the other
two cultivars, whereas HD 3237 (4.9 t/ha) produced the least yield. The yield penalty
with HD 3237 and HD 3086 were 5.6% (0.3 t/ha) and 2.8% (0.15 t/ha). Straw yield under
different cultivars was statistically at par (Figure 5A). Significant variation in grain yield
was noticed under various planting periods. Figure 5A illustrated a declining trend between
grain yield and delayed sowing. Compared to PD1, 25%, 16% and 3.5% lesser yield was
produced at PD4, PD3 and PD2, respectively. The straw yield ranged between 6.0 and
7.0 t/ha among various planting dates. Sowing during the first fortnight of November
and the first fortnight of December, respectively, had the highest and lowest straw yields.
In comparison to PD1, PD2, PD3 and PD4 had 0.2, 0.7 and 1 t/ha lower value of straw
yield. The interaction effect was found to be significant for both grain and straw yields.
Among the various treatment combinations, HD 2967 planting at PD1 had maximum grain
(Figure 5B) and straw yields (Figure 5C). Whereas, HD 3237 with PD4 had the least grain
yield and HD 2967 with PD4 had the least straw yield. It is evident from (Figure 5) that
compared to the other two cultivars, HD 2967 performed well at all planting periods in
terms of grain yield. Harvest indexes differ significantly both by cultivars and sowing
dates. Among the cultivars, HD 2967 had the maximum HI (44.5) while HD 3237 had the
least (43.2). A delay in wheat planting resulted in a decline in HI. Wheat planting during
the first fortnight of November converted the maximum amount of biomass into grain
yield whereas most delayed planting was found least effective in biomass conversion into
yield. Compared to PD1, maximum decline in HI was noticed at PD4 and least at PD2.
Among the varieties, the least decline was found in HD 2967 and most significant decline
was under HD 3237.

Early planted wheat has extended the life cycle that helps in greater biomass synthesis
and higher yield [14]. Comparatively lesser ambient temperatures during early seedling
stage could hampered the plant establishment and tillering under late-planted wheat [11].
Moreover, heat stress during the grain filling stage might had reduced growth period,
produced shriveled and smaller grain with little test weight consequently leading to lower
wheat yield [11,12]. Higher grain yield in timely planted wheat may be owing to more
accumulation of photo-thermal units, photosynthates and yield contributing characters in
wheat. Normal-sown wheat roughly takes 15 days more to be harvested than late-sown
crop (data not presented). Higher plant height, dry matter accumulation and extended
tillers under timely sowing dates can be a reason for higher yield under early-sown crop
(data not presented).

3.3. Simulated Grain Yield in Long-Term

The 22-year long modelling demonstrated that wheat sown at PD1 produced the
highest mean grain yield (5.7 t/ha) closely followed by PD2 (5.6 t/ha) (Table 2). However,
delay in wheat sowing beyond 30 November resulted in significant decline in yield and
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the lowest yield was observed at PD4 (4.5 t/ha). As compared to PD1 the per day yield
decline was 7.4, 29.2, 31.6 kg/ha for PD2, PD3, and PD4, respectively. Early planted wheat
has an extended life cycle that helps in greater biomass synthesis and higher yield [14].
Whereas, the increasing trend of maximum temperature during April-May could be the
basic reason for yield decline with delayed planting (Figure 1). Meena et al. [12] and
Dubey et al. [13] also reported that seasonal high mean temperature (+2.2 ◦C) in late-
planted wheat (December-sown) caused significant yield decline as compared to November
planting. Heat stress at the reproductive phase of wheat shortened the grain-filling duration
and thereby negatively influenced grain-filling rate and biomass partitioning to grain that
resulted into poor yield [14,17,25].
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Table 2. Simulated average wheat grain yield (22 years) and coefficient of variation (CV) under
different sowing dates.

Parameter
Planting Date #

PD1 PD2 PD3 PD4

Yield (t/ha) 5.72 5.60 4.84 4.58
Standard deviation over 22 years (t/ha) 0.18 0.19 0.24 0.29

CV (%) 3.07 3.32 4.90 6.31
# PD1 = 15 November; PD2 = 30 November; PD3 = 15 December; PD4 = 31 December.
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3.4. Seasonal Variation Effects in Simulated Yield

The yield data under PD4 treatment recorded the highest standard deviation (0.29 t/ha)
as well as coefficient of variation (6.3%) for 22-year seasonal variation of data. Whereas, the
PD1 and PD2 have lowest year-to-year yield deviation. Hence, early planting dates also
provided more stable yield compared to late planting. The cumulative probability curve
(Figure 6) at different sowing dates indicates that at 50% probability levels the highest and
lowest yields were obtained under PD1 and PD4, respectively. The yield gap between late-
and early-planted crops increased with decreasing probability. During most of the years,
yield performance of PD1 and PD2 was not much different. At a probability level of 0.8 and
above, the variations between PD2 and PD 3 was narrow, which shows that during the best
20% of the years of wheat cultivation, PD2 and PD3 produce similar yields, but during 80%
of the seasons PD2 will perform better. Time-series analysis of wheat yield as influenced by
diverse planting dates (Figure 7) also indicated a similar trend. The temporal variations
were maximum under late-planted wheat, whereas, the yield levels were quite stable under
timely planting.
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3.5. Net Returns at On-Farm Environments

Net returns varied between 949 and 1025 USD/ha among the wheat cultivars. The
highest net returns were obtained (1025 USD/ha) when HD 2967 was planted (Figure 8).
This cultivar had resulted in 76 and 38 USD/ha more net returns compared to HD 3237
and HD 3086. Among different planting periods, early planting of wheat in first fortnight
of November (1166 USD/ha) was found more profitable followed by PD2 (1110 USD/ha),
PD3 (910 USD/ha) and PD4 (761 USD/ha). Considerable economical loss was happened
when wheat was planted in December. Compared to PD1, 5%, 22%, 35% lesser net profit
was obtained at PD2, PD3 and PD4, respectively. Like net returns, B:C was also found
maximum with HD 2967 (1.8) followed by HD 3086 (1.73) and HD 3237 (1.66). The B:C
with different planting periods varied from 1.33 to 2.04. Least benefit per unit of cost
incurred was at PD4, which was 0.26, 0.61, 0.71 lesser than PD3, PD2 and PD1. The
higher values of net returns under PD1 were due to high yield and since the sowing time
is a non-monetary input, therefore the cost of cultivation remained the same under all
the treatments [4]. In the like manner, cost of cultivation remained same under all the
varieties and the highest yield performer variety gave maximum profits. The results are in
conformity with Bana et al. [26,27] and Pal et al. [28].
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Figure 8. Net returns and B:C (benefit:cost) ratio of wheat under diverse planting durations
in adaptive trials. PD1 = 1–15 November; PD2 = 16–30 November; PD3 = 1–15 December;
PD4 = 16–31 December.

3.6. Days Taken to Physiological Maturity (Simulated)

Sowing time plays a major role in deciding the phenological development and crop
duration. Delayed planting reduced the days taken to complete the crop life cycle, hence
forcing the maturity to commence early (Figure 9). The similar effect of delay planting
on wheat phenology was also reported by Arora and Gajri [29]; Ortiz et al. [25] and
Lobell et al. [30]. The longest crop period (130 days) was observed in PD1 which was
reduced to 117 days in PD4. Compared to PD1; PD2, PD3 and PD4 took 4, 8, and 13 days
lesser to commence to maturity, respectively. This may be due the speedup of crop devel-
opment rate owing to heat stress [31]. Lobell et al. [30] also found that higher temperature
during the reproductive phase of late-sown wheat had increased the grain filling rate that
shortened the crop duration.
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4. Conclusions

Under a changing scenario, planting of wheat during the first fortnight of November
results in maximum yield stability and profits and lower water footprints under on-farm
environments. As is evident from the calibration followed by validation with two years’
field trial, it can be concluded that the APSIM model performs well for wheat crop in
north Indian conditions. Model evaluation showed that it can be used for optimization of
sowing dates, irrigation strategies and other agronomic interventions to support and extend
field experiments. The long-term (22 years) APSIM simulation indicated that adjustment
in the wheat planting period could be an effective measure to enhance crop and water
productivity, and planting up to 15 November results in higher productivity with the least
blue water footprints. It was observed that a delay of every 15 days in wheat planting
reduces crop duration by 4–5 days and wheat sowing at the end of December caused 20%
yield decline as compared to 15 November planting. The temporal fluctuations in yields
were more if wheat is planted at the end of December with coefficient of variation as high as
6.3%. Furthermore, November planting reduces blue water requirement by around 20–25%
than December-end planting of wheat crop. Therefore, based on the present on-farm cum
simulation study, it can be recommended to plant wheat crop early in the season to achieve
higher yields and reduce water footprints. A delay up to 30 November may be acceptable,
but planting beyond that results in double burden by reducing both yields and water
productivity. If the fields are not vacated on time, either modification of the cropping
pattern by adopting short duration crops or cultivar of previous crops or adoption of newer
technologies such as zero tillage are suggested to avoid delay in wheat sowing.

Author Contributions: Conceptualization, R.S.B.; Data curation, S.D.B. and R.K.D.; Formal analysis,
S.D.B. and J.S.B.; Funding acquisition, R.S.B. and R.N.P.; Investigation, S.L.K.; Methodology, S.D.B.;
Project administration, R.N.P.; Writing—Original draft, S.D.B. and R.S.B.; Writing—review & editing,
R.L.C. and J.S.B. All authors have read and agreed to the published version of the manuscript.

Funding: Biotech Kisan project Department of Biotechnology, Govt. of India and Science & Engineering
Research Board, Department of Science & Technology, Govt. of India (Grant No. ECR/2017/002989).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Agronomy 2022, 12, 226 14 of 15

Acknowledgments: The authors duly acknowledge the support received from ICAR-Indian Agricul-
tural Research Institute, New Delhi; ICAR-Indian Statistical Agricultural Research Institute, New
Delhi and the Department of Biotechnology, Govt. of India for funding the adaptive trial under
Biotech-Kisan project. We also acknowledge the financial support received from SERB, Department
of Science and Technology, Govt. of India for carrying out APSIM modelling studies.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vinke, K.; Martín, M.; Adams, S.; Baarsch, F.; Bondeau, A.; Coumou, D.; Donner, R.V.; Menon, A.; Perrette, M.; Rehfeld, K.; et al.

Climatic risks and impacts in South Asia: Extremes of water scarcity and excess. Reg. Environ. Chang. 2017, 17, 1569–1583.
[CrossRef]

2. Central Water Commission (CWC). Guidelines for Improving Water Use Efficiency in Irrigation, Domestic & Industrial Sectors.
2014. Available online: http://mowr.gov.in/sites/default/files/Guidelines_for_improving_water_use_efficiency_1.pdf (accessed
on 30 July 2020).

3. Sharma, K.L.; Sharma, S.C.; Bawa, S.S.; Singh, S.; Chandrika, D.S.; Sharma, V.; Khokhar, A.; Grace, J.K.; Rao, C.S.;
Sankar, G.R.M.; et al. Combined effect of tillage and organic fertilization on soil quality key indicators and indices in alluvial
soils of Indo-Gangetic Plains under rainfed maize–wheat system. Arch. Agron. Soil Sci. 2015, 61, 313–327. [CrossRef]

4. Bana, R.S.; Sepat, S.; Rana, K.S.; Pooniya, V.; Choudhary, A.K. Moisture-stress management under limited and assured irrigation
regimes in wheat (Triticum aestivum): Effects on crop productivity, water use efficiency, grain quality, nutrient acquisition and soil
fertility. Indian J. Agric. Sci. 2018, 86, 1606–1612.

5. Rana, K.S.; Bana, R.S. Studies on aqua-fertilization with and without nitrogen in wheat (Triticum aestivum) under rainfed
conditions. Res. Crops 2012, 13, 453–455.

6. Kumar, V.; Bana, R.S.; Singh, T.; Louhar, G. Ecological weed management approaches for wheat under rice–wheat cropping
system. Environ. Sustain. 2021, 4, 51–61. [CrossRef]

7. Mishra, A.; Singh, R.; Raghuwanshi, N.S.; Chatterjee, C.; Froebrich, J. Spatial variability of climate change impacts on yield of rice
and wheat in the Indian Ganga Basin. Sci. Total Environ. 2013, 468, 5132–5138. [CrossRef] [PubMed]

8. Haris, A.V.; Abdul, S.; Biswas, V.; Chhabra, R.E.; Bhagwat, P.B. Impact of climate change on wheat and winter maize over a
sub-humid climatic environment. Curr. Sci. 2013, 104, 206–214.

9. Alexander, B.; Hayman, P.; Mc Donald, G.; Talukder, H.; Gil, A.S.M. Characterizing the risk of heat stress on wheat in South
Australia: Meteorology, climatology and the design of a field heating chamber. In Food Security from Sustainable Agriculture,
Proceedings of the 15th Agronomy Conference 2010, Lincoln, New Zealand, 15–18 November 2010; Dove, H., Ed.; Australian Society of
Agronomy Inc.: Warragul, Australia, 2010.

10. Joshi, A.K.; Mishra, B.; Chatrath, R.; Ferrara, G.O.; Singh, R.P. Wheat improvement in India: Present status, emerging challenges
and future prospects. Euphytica 2007, 157, 431–446. [CrossRef]

11. Suryavanshi, P.; Buttar, G.S. Mitigating terminal heat stress in wheat. Int. J. Bio-Resour. Stress Manag. 2016, 7, 142–150. [CrossRef]
12. Meena, R.K.; Parihar, S.S.; Singh, M.; Khanna, M. Influence of date of sowing and irrigation regimes on crop growth and yield of

wheat (Triticum aestivum) and its relationship with temperature in semi-arid region. Indian J. Agron. 2015, 60, 92–98.
13. Dubey, R.; Pathak, H.; Singh, S.; Chakravarti, B.; Thakur, A.K.; Fagodia, R.K. Impact of sowing dates on terminal heat tolerance of

different wheat (Triticum aestivum L.) cultivars. Natl. Acad. Sci. Lett. 2019, 42, 445–449. [CrossRef]
14. Pathania, R.; Prasad, R.; Rana, R.S.; Mishra, S.; Sharma, S. Growth and yield of wheat as influenced by dates of sowing and

varieties in north western Himalayas. J. Pharmacogn. Phytochem. 2018, 7, 517–520.
15. Poluektov, R.A.; Fintushal, S.M.; Oparina, I.V.; Shatskikh, D.V.; Terleev, V.V.; Zakharova, E.T. Agrotool—A system for crop

simulation. Arch. Agron. Soil Sci. 2002, 48, 609–635. [CrossRef]
16. Gaydon, D.S.; Balwinder-Singh, W.E.; Poultona, P.L.; Ahmad, B.; Ahmed, F.; Akhter, S.; Ali, I.; Amarasingha, R.; Chaki, A.K.;

Chen, C.; et al. Evaluation of the APSIM model in cropping systems of Asia. Field Crops Res. 2017, 204, 2–75. [CrossRef]
17. Vashisht, B.B.; Maharjan, B.; Jalota, S.K. Management practice to optimize wheat yield and water use in changing climate. Arch.

Agron. Soil Sci. 2019, 65, 1802–1819. [CrossRef]
18. Holzworth, D.P.; Huth, N.I.; deVoil, P.G.; Zurcher, E.J.; Herrmann, N.I.; McLean, G.; Chenu, K.; van Oosterom, E.J.; Snow, V.;

Murphy, C.; et al. APSIM—Evolution towards a new generation of agricultural systems simulation. Environ. Model. Softw. 2014,
62, 327–350. [CrossRef]

19. Balwinder-Singh; McDonald, A.J.; Kumar, V.; Poonia, S.P.; Srivashtava, A.K.; Malik, R.K. Taking the climate risk out of transplanted
and direct seeded rice: Insights from dynamic simulation in Eastern India. Field Crops Res. 2019, 239, 92–103. [CrossRef] [PubMed]

20. Balwinder-Singh; Gaydon, D.S.; Humphreys, E.; Eberbach, P.L. The effects of mulch and irrigation management on wheat in
Punjab, India—Evaluation of the APSIM model. Field Crops Res. 2011, 124, 1–13. [CrossRef]

21. Humphreys, E.; Gaydon, D.S. Options for increasing the productivity of the rice–wheat system of north-west India while reducing
groundwater depletion. Part 2. Is conservation agriculture the answer? Field Crops Res. 2015, 173, 81–94.

http://doi.org/10.1007/s10113-015-0924-9
http://mowr.gov.in/sites/default/files/Guidelines_for_improving_water_use_efficiency_1.pdf
http://doi.org/10.1080/03650340.2014.933319
http://doi.org/10.1007/s42398-020-00157-3
http://doi.org/10.1016/j.scitotenv.2013.05.080
http://www.ncbi.nlm.nih.gov/pubmed/23800620
http://doi.org/10.1007/s10681-007-9385-7
http://doi.org/10.23910/IJBSM/2016.7.1.1333f
http://doi.org/10.1007/s40009-019-0786-7
http://doi.org/10.1080/0365034021000041597
http://doi.org/10.1016/j.fcr.2016.12.015
http://doi.org/10.1080/03650340.2019.1578957
http://doi.org/10.1016/j.envsoft.2014.07.009
http://doi.org/10.1016/j.fcr.2019.05.014
http://www.ncbi.nlm.nih.gov/pubmed/31293292
http://doi.org/10.1016/j.fcr.2011.04.016


Agronomy 2022, 12, 226 15 of 15

22. Mohanty, M.; Sinha, N.K.; Somasundaram, J.; McDermid, S.S.; Patra, A.K.; Singh, M.; Dwivedi, A.K.; Reddy, S.; SrinivasRao, C.;
Prabhakar, M.; et al. Soil carbon sequestration potential in a Vertisol in central India—Results from a 43-year long-term experiment
and APSIM modeling. Agric. Syst. 2020, 184, e102906. [CrossRef]

23. Hoekstra, A.Y.; Chapagain, A.K. Water footprints of nations: Water use by people as a function of their consumption pattern.
Water Resour. Manag. 2007, 21, 35–48. [CrossRef]

24. Kumar, A.; Rana, K.S.; Choudhary, A.K.; Bana, R.S.; Pradhan, A. Effect of nutrient and moisture management practices on growth
and yield of pigeonpea in conservation agriculture based pigeonpea (Cajanus cajan)-wheat (Triticum aestivum) cropping system
under limited irrigation. Ann. Agric. Res. 2019, 40, 300–308.

25. Ortiz, R.; Sayre, K.D.; Govaerts, B.; Gupta, R.; Subbarao, G.V.; Ban, T.; Hodson, D.; Dixon, J.M.; Ortiz-Monasterio, J.I.; Reynolds, M.
Climate change: Can wheat beat the heat? Agric. Ecosyst. Environ. 2008, 126, 46–58. [CrossRef]

26. Bana, R.S.; Shivay, Y.S.; Sepat, S.; Rana, K.S.; Pooniya, V. Effect of summer forage crops and phosphogypsum-enriched urea on
productivity of basmati rice-wheat cropping system. Res. Crops 2013, 14, 649–653.

27. Bana, R.S.; Shivay, Y.S.; Tyagi, V.K. Effect of summer forage crops and phosphogypsum–enriched urea on soil quality, nitrogen-use
efficiency and quality of Basmati rice (Oryza sativa) and their residual effect on succeeding wheat (Triticum aestivum). Indian J.
Agric. Sci. 2015, 85, 531–538.

28. Pal, A.; Sepat, S.; Bana, R.S.; Singh, C.V.; Singh, A. Varieties and phosphorus fertilization effects on productivity and profitability
of direct-seeded upland rice (Oryza sativa) in Eastern India. Indian J. Agron. 2019, 61, 15–19.

29. Arora, V.K.; Gajri, P.R. Evaluation of crop growth-water balance model for analysing wheat responses to climate and water-limited
environments. Field Crops Res. 1998, 59, 213–224. [CrossRef]

30. Lobell, D.B.; Sibley, A.; Ortiz-Monasterio, J.I. Extreme heat effects on wheat senescence in India. Nat. Clim. Chang. 2012, 2,
186–189. [CrossRef]

31. Kamrani, M.; Hoseini, Y.; Ebadollahi, A. Evaluation for heat stress tolerance in durum wheat genotypes using stress tolerance
indices. Arch. Agron. Soil Sci. 2018, 64, 38–45. [CrossRef]

http://doi.org/10.1016/j.agsy.2020.102906
http://doi.org/10.1007/s11269-006-9039-x
http://doi.org/10.1016/j.agee.2008.01.019
http://doi.org/10.1016/S0378-4290(98)00124-5
http://doi.org/10.1038/nclimate1356
http://doi.org/10.1080/03650340.2017.1326104

	Introduction 
	Materials and Methods 
	Experimental Location 
	Treatment Details 
	Crop Management 
	Statistical Analysis 
	APSIM Model Calibration and Validation 
	Meteorological Data 
	Soil 
	Management 
	Model Parametrization 
	Scenario Simulation 


	Results and Discussion 
	Water Use Efficiency and Water Footprints 
	Yield under On-Farm Environments 
	Simulated Grain Yield in Long-Term 
	Seasonal Variation Effects in Simulated Yield 
	Net Returns at On-Farm Environments 
	Days Taken to Physiological Maturity (Simulated) 

	Conclusions 
	References

