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Abstract

CERES-Wheat model was used to simulate wheat yield with ensemble model data for three
time slices (2030–2050, 2050–2070 and 2070–2090) and four representative concentration
pathway (RCP) scenarios (2.6, 4.5, 6.0 and 8.5) for four agroclimatic zones (ACZs) of
Punjab. The study was conducted for wheat cultivars (HD2967 and PBW725) with two adap-
tation measures, i.e. shift in sowing dates and shift in sowing date plus additional nitrogen
doses. The results showed that 24th November was the optimized sowing date and the
yield were higher when supplemented with higher N doses (190 and 230 kg/ha). For the
three time slices under RCP2.6 scenario, an increase in yield with combined adaptation mea-
sures for four ACZs and respectively for cvs. HD2967 and PBW725 ranged 16–32 and 16–33%
(ACZII), 11–39 and 22–43% (ACZIII), 8–47 and 20–51% (ACZIV) and 15–32 and 22–42%
(ACZV). Similarly, under stabilization scenarios (RCP4.5 and 6.0) the yield increased with
combined adaptation measures and respectively for cvs. HD2967 and PBW725 ranged 15–
32 and 14–31% (ACZII), 10–40 and 19–52% (ACZIII), 5–44 and 7–53% (ACZIV) and 14–
32 and 20–42% (ACZV). The shortening of the maturity period for the two cultivars ranged
24–34 (ACZII), 21–36 (ACZIII), 9–19 (ACZIV) and 21–32 (ACZV) days under the future
scenarios. Under the RCP8.5 scenario, the wheat cultivars were unable to yield higher even
with combined adaptation measures during the end of 21st century. Thus, wheat would be
a sustainable crop option under climate change in the state, if the sowing date was shifted
to 24th November and supplemented with higher N dose.

Introduction

Global warming causes alterations in climate due to the natural and anthropogenic activities
(IPCC, 2007) which are major contributors to increasing levels of greenhouse gases (GHGs) in
the atmosphere. These high levels of GHGs in the atmosphere trap the outgoing longwave
radiations thereby causing an increase in the overall earth’s temperature (Brown, 1998). By
the end of 21st century, the concentration of GHGs is expected to increase about three
times the preindustrial period causing a 3–10°C rise in temperatures (Tisdell, 2008). This is
a matter of deep concern as there are many reported evidences of alterations in the weather
patterns induced by increased levels of GHGs during the 20th century (Meehl et al., 2005;
Hegerl et al., 2007). The simulations of the 21st century for four representative concentration
pathways (RCPs) (Taylor et al., 2012) and projections from 2100 to 2300 for their extensions
(van Vuuren et al., 2011) have been included in Coupled Model Inter-comparison Project
phase 5 (CMIP5). However, the challenges still remain in understanding the interactions
between the climate change, feedbacks from the atmospheric chemistry and transport pro-
cesses in the atmosphere. The 21st century RCP scenarios cover a wide range of factors in
making predictions and help understand the impact of anthropogenic forcings and the climate
system which has been simulated using different model representations (Nazarenko et al.,
2015). However, Schmidt et al. (2014) reported that these future simulations of meteorological
parameters depend on the climate model and how it reproduces the information provided for
preindustrial, historical and current processes.

Wheat is the staple food for the majority of the Indian population, and the country is the
second largest producer in the world, contributing 13% to the global wheat supply (Zaveri and
Lobell, 2019). It is highly sensitive to temperature increase; Lobell et al. (2011) have reported a
5.5% decrease in wheat yield during the past 30 years (1980–2010) due to a decadal tempera-
ture increase of 0.13°C. With further predicted rise in temperatures, many studies have
reported a decline in wheat production in the world (Asseng et al., 2015) and in various coun-
tries like Egypt (Mohammad Ali et al., 2020), Iran (Eyshi Rezaie and Bannayan, 2012;
Paymard et al., 2019), Russia and India (Zhao et al., 2017). These studies have mainly used
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climate model projections as input in crop simulation models or
statistical crop models which help in assessing the climate change
impact on global and regional crop productivity. These impacts
have led to experiments on adaptation measures which would
be able to minimize the climate change effects. The adaptations
can be done by taking various agronomic measures such as chan-
ging planting dates, choice of crop cultivars, crop rotations, irriga-
tion, fertilization and tillage practices.

Global circulation models (GCMs) provide accurate predic-
tions for future climate change and these data can be efficiently
used in crop simulation models to analyse the climate change
impact and what optimization can be taken into account under
future conditions to recover yield losses. The increasing concen-
tration of GHGs leads to changes in the climatic factors under
the future scenarios (Aggarwal, 2003) which is a cause of concern
as these changes directly or indirectly impact the food production
systems (Krupa, 2003). Thus, these concerns have been taken into
account by the policy makers and researchers (Mall et al., 2006;
Lobell et al., 2011) as they threaten food security of developing
countries like India where climate is the major factor affecting
agricultural production (Kumar and Parikh, 2001; Dubey and
Sharma, 2018). These problems are inherent in Indian conditions
where majority of population depends on rainfed agriculture
(Mendelsohn et al., 2006) which has less adaptive capacity and
technological advancement (Birthal et al., 2014). The lower crop
yield in India maybe attributed to aberrant rainfall conditions
and lack of irrigation facilities (Pal and Mitra, 2018) on which
48% of the cultivated area depends (Government of India,
2013). In the last few decades, India has observed a temperature
upsurge of 0.3–0.8°C per decade (Goswami et al., 2006) and dur-
ing 2100 the temperature is projected to rise by 2–4°C with higher
and erratic rainfall during rainy season (Kumar, 2009).
Chaturvedi et al. (2012) reported an increase in projected rainfall
by 6–14% during the end century (2080) with increased intensity
and skewed distribution.

In India, wheat is grown during winter season with its sowing
commencing in November and harvesting completed in April.
Since 85% of the wheat cultivated area is irrigated, rainfall does
not significantly impact the grain yield. However, an increase in
temperature supplemented by increase in CO2 concentrations
leads to an increase in straw yield, leaf area duration, number of
ears/m2 and kernel weight (Mohsen and Yamada, 1991;
Rawson, 1995; Pleijel et al., 2000; Wang et al., 2011). Many studies
have reported that wheat crop is extremely sensitive to tempera-
tures above 34°C since it causes accelerated senescence (Ferris
et al., 1998; Asseng et al., 2011; Lobell et al., 2011). The entire
growth period of wheat crop requires an optimum temperature
of 17–23°C with maximum temperatures not higher than 37°C
(Porter and Gawith, 1999). As per the IPCC (2007), the minimum
temperature is expected to increase by 0.5°C during winters which
would decrease wheat productivity in India by 0.45 tons/ha
(Easterling et al., 2007). Under future climatic scenarios of
India, Guiteras (2009) reported reduction in wheat yield by
4–9% during the early century (2010–2039) and by 25% during
the late century (2070–2099) without any adaptation measures.
Lianga et al. (2018) used SPACSYS model to simulate wheat
yield under different climate change scenarios (RCP 2.6, RCP
4.5, RCP 6.0 and RCP 8.5) of northern China and observed a
decline in average wheat yield by 3.8% in comparison to the base-
line. Daloz et al. (2021) used regional climate model (Weather
Research and Forecasting model) to simulate climate change
impact on wheat yield in the Indo-Gangetic region (Punjab,

Haryana, Uttar Pradesh and Bihar) and reported yield losses
between 1 and 8% with climate change alone while these losses
increased under the RCP 8.5 when limitations on irrigation
amount were analysed. The long dry spells just after early planting
(Stern et al., 1982; Sivakumar, 1988) cause crop failure but late
planting results in shorter growing season which leads to reduced
crop productivity (Laux et al., 2008). The decision when to plant
is a challenging task for the farmers as it affects cost of inputs and
perceived economic losses due to climate hazards.

The above review emphasized the fact that climatic factors
have a direct adverse impact on crop productivity causing signifi-
cant loss to the food production. However, significant differences
have been reported on regional basis which highlight the need for
regional studies to be carried out especially in a climatically
diverse variable and populous country like India. Though many
beneficial technologies have been introduced to nullify the climate
change impact but these technologies might be a failure itself or a
failure in their delivery mechanisms (Cooper et al., 2008; Renkow
and Byerlee, 2010). As these technologies are region specific, the
regional prejudice is the major issue that should be taken into
consideration while framing suitable farming practices to mitigate
climate change (Antwi-Agyei et al., 2013).

A regional study on projected climate changes by
Prabhjyot-Kaur et al. (2020) has reported changes in temperature
during wheat season in Punjab. They concluded an increase in
maximum temperature during the wheat season from the baseline
(25.0°C) by 0.5 (RCP 2.6), 0.8(RCP 4.5), 0.5 (RCP 6.0) and 1.0°C
(RCP 8.5) during 2020–2049 but a decrease by −1.6(RCP 2.6),
−0.3(RCP 4.5) and −0.1(RCP 6.0) and increase by 1.0°C (RCP
8.5) during 2066–2095. On the other hand, minimum temperature
was predicted to increase from the baseline (10.0°C) by 2.5 (RCP
2.6), 2.9 (RCP 4.5), 2.5 (RCP 6.0) and 3.1°C (RCP 8.5) during
2020–2049 and by 2.7(RCP 2.6), 4.0 (RCP 4.5), 4.2(RCP 6.0) and
6.4°C (RCP 8.5) during 2066–2095. This would imply a decline
in the diurnal range of temperature which is not favourable for
net photosynthetic accumulation. Hence it becomes imperative to
evaluate the effect of these climatic changes on wheat crop in
Punjab state of India. So the present study investigated the adapta-
tion strategies/suitable management practices (sowing dates, culti-
vars and nitrogen management) for wheat crop under future
climatic conditions of the four agroclimatic zones (ACZs) in
Punjab state under four RCPs scenarios (RCP 2.6, 4.5, 6.0 and 8.5).

Material and methods

Study area

The study area, the state of Punjab lies in the north-western India
and has a latitudinal and longitudinal extent of 29033” to 32034”N
and 73053” to 76056”E, respectively (Fig. 1). The state is subdi-
vided into six ACZs, i.e. north eastern regions (ACZ I and II) hav-
ing sub-mountain and undulating plain region (covering 18.5% of
available land area and having rainfall >800–900 mm), central and
western plain region (ACZ III and IV – covering 55% of available
land area and having rainfall 500–800 mm) and south western
region (ACZ V – covering 20% of available land area and with
rainfall <200 mm). The sixth ACZ comprises of flood plain region
for four major rivers (Ghaggar, Sutlej, Beas and Ravi) with a land
area of 7% (Anonymous, 2021). In the present study, four ACZs
of Punjab encompassing seven locations were considered for the
study which covers the major wheat-growing areas of the state.
These zones were ACZII (Ballowal Saunkhri), ACZIII (Ludhiana,
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Amritsar and Patiala), ACZIV (Bathinda) and ACZV (Abohar and
Faridkot) where the average baseline yield of wheat was simulated
as 4528, 4548, 3360 and 4611 kg/ha, respectively. The average max-
imum/minimum temperature and rainfall during the wheat season
respectively at Ballowal Saunkhri are 25.6/10.0°C and 159mm,
Ludhiana 24.6/10.0°C and 126mm, Amritsar 24.9/8.4°C and 144

mm, Patiala 25.4/11.1°C and 125mm, Bathinda 25.8/9.9°C and
90mm, Abohar 24.6/11.0°C and 68mm and at Faridkot are 24.5/
13.7°C and 87mm (Prabhjyot-Kaur et al., 2016). Amongst the
four ACZs, the highest maximum (25.8°C) and minimum (13.7°
C) temperatures are reported for ACZIV (Bathinda) and ACZV
(Faridkot), respectively. Currently, the sowing of wheat crop starts

Figure 1. Location map of study area.
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from last week October and extends up to mid-December.
However, first fortnight of November is considered as optimum
sowing period for wheat in Punjab state.

Crop modelling

The temperature and rainfall data as projected by the Ensemble
model were downloaded (http://gismap.ciat.cgiar.org/MarkSim
GCM/) and bias corrected as per procedures described by Kaur
et al. (2020) for the four emission-based scenarios (RCPs 2.6, 4.5,
6.0 and 8.5). The bias-corrected weather parameters from 2030
to 2090 were used as input to the calibrated and evaluated
(Prabhjyot-Kaur et al., 2022) CERES-Wheat model embedded in
the Decision Support System for Agrotechnology Transfer
(DSSAT V 4.7.5) (Hoogenboom et al., 2019), to simulate crop
yield for two commonly sown high-yielding wheat cultivars
HD2967 (plant height 101 cm matures in 157 days with average
yield of 5350 kg/ha) and PBW725 (plant height 105 cm matures
in 154 days with average yield of 5725 kg/ha). The model was
run for baseline period of 11 years (2010–2021) considering opti-
mized sowing date (24 November) and currently recommended
nitrogen dose (125 kg/ha) to simulate the baseline crop duration
and yield. During the baseline period simulations, the model was
run with the actual carbon dioxide data recorded at the Mauna
Loa, Hawaii observatory. But when the wheat yield was simulated
under four RCP scenarios, the additional fertilization effect of car-
bon dioxide was not considered in the study. The per cent devia-
tions in yield (Eqn 1) and growth duration (Eqn 2) of wheat

cultivars for the three future time slices; 2030–2050: early century
(EC), 2050–2070: mid-century (MC) and 2070–90: late century
(LC) for optimized sowing date and different doses of nitrogen appli-
cation (150, 190 and 230 kg/ha) were assessed from the baseline as:

Deviation % = Predicted− Baseline
Baseline

× 100 (1)

Deviation = Predicted –Baseline (2)

Results

Agroclimatic zone II (Ballowal Saunkhri)

At Ballowal Saunkhri, the optimized sowing date for the cultivars
HD2967 and PBW725 was 24 November where higher yield with
supplemented N doses was simulated than the baseline yield
under the four RCP scenarios during the three time slices though
the days to maturity decreased by 22–34 days.

The yield of cv. HD2967 increased from the baseline (4663 kg/ha)
with optimized sowing date under the RCPs 2.6, 4.5 and 6.0 scen-
arios during EC by 9, 10 and 10%, respectively, MC by 11, 10 and
11%, respectively and LC by 10, 8 and 8%, respectively. When the
optimized sowing date was supplemented with three N doses, the
yield of cv. HD2967 for the three scenarios increased during EC
by 16–29, 18–30 and 20–31%, respectively, MC by 19–32, 17–29
and 19–32%, respectively and LC by 18–30, 15–28 and 16–29%,
respectively (Fig. 2). Similarly, the yield of cv. PBW725 increased

Figure 2. Wheat yield trend of cv. HD2967 under baseline, optimized sowing date and optimized sowing date supplemented with higher N-doses under the RCP 2.6,
4.5, 6.0 and 8.5 scenarios during (a) EC (early century), (b) MC (mid-century) and (c) LC (late century). ODOS, optimized date of sowing; ON, optimized nitrogen
doses.
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from the baseline (4393 kg/ha) with optimized sowing dates under
the RCP 2.6, 4.5 and 6.0 scenarios during EC by 9, 10 and 10%,
respectively, MC by 9, 9 and 8%, respectively and LC by 7, 7 and
4%, respectively. When the optimized sowing date was supplemen-
ted with three N doses, then the increase in yield of cv. PBW725 for
the three scenarios during EC ranged from 18 to 33, 19 to 30 and
19 to 31%, respectively, MC by 18 to 30, 17 to 30 and 18 to 31%,
respectively and LC by 16 to 32, 15 to 28 and 14 to 28%, respect-
ively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cvs. HD2967 and
cv. PBW725 increased with optimized sowing date during EC by
9 and 8%, respectively and MC by 5 and 2%, respectively and
decreased during LC by 7 and 13%, respectively (Figs 2 and 3).
When the optimized sowing date was supplemented with three
N doses, the yield of cv. HD2967 and cv. PBW725 deviated
from the baseline yield during EC by 17–29 and 16–29%, respect-
ively, MC between 12–25 and 10–23%, respectively and LC
between 0.3–15 and −4 to 12%, respectively.

Under the RCP 2.6, 4.5, 6.0 and 8.5 scenarios the days to
maturity for cv. HD2967 decreased from the baseline (171 days)
by 24, 24 ± 2, 24 ± 3 and 25 ± 8 days, respectively (Fig. 4) and
for cv. PBW725 from the baseline (167 days) by 22 ± 1, 23 ± 2,
23 ± 3 and 23 ± 9 days, respectively (Fig. 5).

Agroclimatic zone III (Ludhiana, Amritsar and Patiala)

Ludhiana
At Ludhiana, the optimized sowing date for the cultivars HD2967
and PBW725 under four RCP scenarios and three time periods

was 24 November where the yield increased from the baseline
with supplemented N doses while the days to maturity days
shortened by 21–33 days.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 increased from its baseline (4840 kg/ha) with optimized
sowing date during EC by 6, 7 and 9%, respectively, MC by 6, 6
and 5%, respectively and LC by 6, 5 and 2%, respectively. When
the optimized sowing date was supplemented with three N doses,
the yield of cv. HD2967 for the three scenarios increased during
EC by 14–28, 24–29 and 25–31%, respectively, MC by 14–28,
21–25 and 22–27%, respectively and LC by 14–28, 21–26 and
19–24%, respectively (Fig. 2). Similarly, the yield of cv. PBW725
under the RCP 2.6, 4.5 and 6.0 scenarios increased from its baseline
yield (4418 kg/ha) with optimized sowing date during EC by 9, 9
and 15%, respectively, MC by 9, 7 and 8%, respectively and LC
by 8, 6 and 5%, respectively. When the optimized sowing date
was supplemented with three N doses, the yield of cv. PBW725
for the three scenarios increased during EC by 24–39, 26–31 and
32–36%, respectively, MC by 22–37, 24–29 and 25–29%, respect-
ively and LC by 22–36, 25–30 and 23–29%, respectively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cvs. HD2967 and
PBW725 increased with optimized sowing date during EC by 4
and 8%, respectively and MC by 2 and 3%, respectively, but
decreased during LC by 8% each (Figs 2 and 3). When the opti-
mized sowing date was supplemented with three N doses, the
increase in yield of cvs. HD2967 and PBW725 during EC ranged
from 21 to 27 and 27 to 34%, respectively, MC from 17 to 23
and 20 to 27%, respectively and LC from 9 to 14 and 10 to 17%,
respectively.

Figure 3. Wheat yield trend of cv.PBW725 under baseline, optimized sowing date and optimized sowing date supplemented with higher N-doses under the RCP 2.6,
4.5, 6.0 and 8.5 scenarios during (a) EC (early century), (b) MC (mid-century) and (c) LC (late century). ODOS, optimized date of sowing; ON, optimized nitrogen
doses.
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Under the RCPs 2.6, 4.5, 6.0 and 8.5, the days to maturity for
cv. HD2967 shortened from the baseline (170 days) by 22 + 1, 24
± 3, 21 ± 5 and 22 ± 11 days, respectively (Fig. 4) and for cv.
PBW725 from the baseline (168 days) by 21 ± 2, 23 + 3, 23 ± 3,
21 ± 5 and 22 ± 12 days, respectively (Fig. 5).

Amritsar
At Amritsar, the optimized sowing date for cvs. HD2967 and
PBW725 for the four RCP scenarios and three time slices was
24 November where an increase in yield from the baseline was
observed with supplemented N doses, while the days to maturity
shortened by 25–36 days.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 increased from its baseline (5219 kg/ha) with optimized
sowing date during EC by 2, 7 and 2%, respectively, MC by 3, 4
and 3%, respectively and LC by 4, 3 and 3%, respectively.
When the optimized sowing date was supplemented with three
N doses, the yield of cv. HD2967 for the three scenarios increased
during EC by 11–22, 14–24 and 10–22%, respectively, MC by 12–
24, 12–23 and 11–22%, respectively and LC by 12–23, 11–23 and
11–23%, respectively (Fig. 2). Similarly, the yield of cv. PBW725
was increased with optimized sowing date from its baseline
(4594 kg/ha) under the RCP 2.6, 4.5 and 6.0 scenarios during
EC by 12, 15 and 14%, respectively, MC by 14, 14 and 11%,

respectively and LC by 16, 12 and 11%, respectively. When the
optimized sowing date was supplemented with three N doses,
the yield of cv. PBW725 for the three RCPs increased during
EC by 22–34, 24–35 and 24–35%, respectively, MC by 23–33,
23–35 and 19–31%, respectively and LC by 25–36, 21–34 and
19–31%, respectively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cvs. HD2967 and
PBW725 with optimized sowing date increased from their base-
line yield during EC by 4 and 11%, respectively and MC by 2
and 9%, respectively, but decreased during LC by 9 and 7%,
respectively. When the optimized sowing date was supplemented
with three N doses, the yield of cvs. HD2967 and PBW725 during
EC increased by 12–23 and 21–34%, respectively, MC by 10–22
and 18–30%, respectively and LC by −0.4 to 14 and 3–20%,
respectively.

Under the RCP 2.6, 4.5, 6.0 and 8.5 scenarios, the days to
maturity for cv. HD2967 decreased from baseline (177 days) by
26 + 1, 28 ± 1, 26 ± 3 and 28 ± 6 days, respectively (Fig. 4) and
for cv. PBW725 from baseline (173 days) by 21 ± 1, 26 + 1, 25
± 2 and 26 ± 8 days, respectively (Fig. 5).

Patiala
At Patiala, the optimized sowing date for cvs. HD2967 and
PBW725 under the four RCP scenarios and three time slices

Figure 4. Deviation of maturity days in cv. HD2967 under the four RCP scenarios in different agroclimatic zones (ACZs) of Punjab during three time slices (a) EC:
2030–50; (b) MC: 2050–70 and (c) LC: 2070–90.

Figure 5. Deviation of maturity days in cv. PBW725 under the four RCP scenarios in different agroclimatic zones (AZs) of Punjab during three time slices (a) EC:
2030–50; (b) MC: 2050–70 and (c) LC: 2070–90.
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was 24 November where the yield increased from the baseline
yield with supplemented N doses while the days to maturity
decreased by 21–32 days.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 increased from its baseline yield (4300 kg/ha) with opti-
mized sowing date during EC by 18, 15 and 16%, respectively, MC
by 15, 14 and 17%, respectively and LC by 14, 15 and 13%,
respectively. When the optimized sowing date was supplemented
with three N doses, the yield of cv. HD2967 under the three RCP
scenarios increased during EC by 27–39, 26–40 and 25–39%,
respectively, MC by 24–38, 24–38 and 25–40%, respectively and
LC by 23–37, 23–37 and 22–36%, respectively (Fig. 2).
Similarly, the yield of cv. PBW725 increased from its baseline
yield (3917 kg/ha) under the RCP 2.6, 4.5 and 6.0 scenarios
with optimized sowing date during EC by 19, 17 and 17%,
respectively, MC by 15, 18 and 20%, respectively and LC by 16,
17 and 15%, respectively. When the optimized sowing date was
supplemented with three N doses, the yield of cv. PBW725
under the three RCP scenarios increased during EC by 30–43,
29–52 and 27–42%, respectively, MC by 25–40, 29–49 and 30–
45%, respectively and LC by 27–42, 27–50 and 26–41%, respect-
ively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cvs. HD2967 and
PBW725 with optimized sowing date increased during EC by 15
and 19%, respectively and MC by 7 and 6%, respectively, but
decreased during LC by 2 and 4%, respectively (Figs 2 and 3).
When the optimized sowing date was supplemented with three
N doses, the yield of cvs. HD2967 and PBW725 increased during
EC by 24–38 and 29–44%, respectively, MC by 17–32% and 18–
36%, respectively and LC by 7–22% and 6–25%, respectively.

For RCPs 2.6, 4.5, 6.0 and 8.5, the days to maturity for cv.
HD2967 (Fig. 4) decreased by 23, 22 ± 3, 23 ± 3 and 23 ± 9
days, respectively and for cv. PBW725 (Fig. 5) by 21, 21 ± 3, 21
± 2 and 21 ± 9 days, respectively.

Agroclimatic zone IV (Bathinda)

At Bathinda, the optimized sowing date (24 November) for the
two wheat cultivars did not increase yield from the baseline
yield unless supplemented with the three doses of N. The crop
maturity shortened by 9–19 days for both the cultivars.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 decreased from its baseline (3397 kg/ha) with optimized
sowing date during EC by 13, 13 and 11%, respectively, MC by 12,
22 and 10%, respectively and LC by 9, 13 and 14%, respectively.
But when the optimized sowing date was supplemented with
three N doses, the yield of cv. HD2967 for three RCPs increased
during EC by 8–41, 11–42 and 10–43%, respectively, MC by 10–
44, 10–43 and 12–44%, respectively and LC by 12–47, 5–38 and
7–39%, respectively (Fig. 2).

The yield of cv. PBW725 under the RCP 2.6, 4.5 and 6.0 scen-
arios decreased with optimized sowing date from its baseline
(3322 kg/ha) during EC by 0.5, 7 and 1%, respectively, MC by
2, 12 and 6%, respectively and LC by 0, 3 and 8%, respectively.
When the optimized sowing date was supplemented with three
N doses, the yield of cv. PBW725 for the three RCPs increased
during EC by 21–49, 23–52 and 22–53%, respectively, MC by
20–49,15–48 and 17–46%, respectively and LC by 22–51, 7–38
and 14–45%, respectively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cv. HD2967
(Fig. 2) and cv. PBW725 (Fig. 3) with optimized sowing date
either increased or decreased during EC by −4 and 0.7%,

respectively, MC by −5 and −3%, respectively and LC by −9
and −13%, respectively. When the optimized sowing date was
supplemented with three N doses, the yield of cvs. HD2967 and
PBW725 increased during EC by 18–49% and 23–50%, respect-
ively, MC by 16–47% and 18–47%, respectively and LC by 11–
37% and 7–31%, respectively.

Days to maturity of cv. HD2967 from the baseline (168 days)
for the four RCPs decreased by 9 ± 1, 11 ± 4, 9 ± 3 and 12 ± 7
days, respectively and for cv. PBW725 from the baseline (156
days) by 21 ± 1, 12 + 3, 9 ± 3 and 12 ± 7 days, respectively (Figs
4 and 5).

Agroclimatic zone V (Abohar and Faridkot)

Abohar
The optimized sowing date for cvs. HD2967 and PBW725 at
Abohar was 24 November where an increase in wheat yield
from the baseline was simulated, which further improved when
optimized sowing date was supplemented with three N doses,
though the growth duration decreased by 22–32 days.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 increased from its baseline (4898 kg/ha) with optimized
sowing date during EC by 8, 10 and 9%, respectively, MC by 9, 9
and 5%, respectively and LC by 8, 9 and 5%, respectively. When
the optimized sowing date was supplemented with three N doses,
the increase in yield of cv. HD2967 for the three RCPs during EC
ranged from 17 to 29, 18 to 29 and 17 to 29%, respectively, MC by
17 to 30, 16 to 27 and 14 to 26%, respectively and LC by 16 to 30,
16 to 28 and 14 to 27%, respectively (Fig. 2).

The yield of cv. PBW725 increased from its baseline (4324 kg/ha)
under the three RCP 2.6, 4.5 and 6.0 scenarios with optimized sow-
ing date during EC by 18, 17 and 18%, respectively, MC by 14, 17
and 10%, respectively and LC by 13, 16 and 11%, respectively.
When the optimized sowing date was supplemented with three N
doses, the increase in yield of cv. PBW725 for the three RCPs during
EC ranged from 27 to 39, 25 to 36and 28 to 40%, respectively, MC
by 23 to 36, 25 to 36 and 20 to 33%, respectively and LC by 22 to 35,
25 to 37 and 21 to 34%, respectively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cvs. HD2967 and
PBW725 with optimized sowing date increased during EC by 5
and 10%, respectively but decreased during MC by 3 and 0.7%,
respectively and LC by 4 and 1%, respectively (Figs 2 and 3).
Further, when supplemented with three N doses, the yield of
cvs. HD2967 and PBW725 increased during EC by 17–27% and
22–33%, respectively, MC by 13–25% and 18–32%, respectively
and LC by 3–10% and 4–21%, respectively.

Maturity duration under the RCP 2.6, 4.5, 6.0 and 8.5 scen-
arios for cv. HD2967 from baseline (172 days) decreased by 22,
23 ± 2, 22 ± 3 and 24 ± 7 days and for cv. PBW725 from baseline
(170 days) by 22 ± 1, 24 ± 1, 22 ± 3 and 25 ± 7 days, respectively
(Figs 4 and 5).

Faridkot
The optimized sowing date for cvs. HD2967 and PBW725 at
Faridkot was 24 November when an increase in yield was
observed from the baseline, though the days to maturity decreased
by 21–31 days.

Under the RCP 2.6, 4.5 and 6.0 scenarios, the yield of cv.
HD2967 increased from its baseline (4790 kg/ha) with optimized
sowing date during EC by 9, 11 and 6%, respectively, MC by 9, 11
and 8%, respectively and LC by 11, 11 and 8%, respectively. The
optimized sowing date together with three N doses increased the

The Journal of Agricultural Science 483

https://doi.org/10.1017/S0021859623000436 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859623000436


yield of cv. HD2967 for the three RCPs during EC by 20–32, 16–
30 and 19–30%, respectively, MC by 15–29, 18–31 and 18–31%,
respectively and LC by 20–32, 19–32 and 18–31%, respectively
(Fig. 2).

The yield of cv. PBW725 increased from its baseline (4344
kg/ha) under the RCP 2.6, 4.5 and 6.0 scenarios with optimized
sowing date during EC by 20, 18 and 17%, respectively, MC by
15, 18 and 19%, respectively and LC by 19, 18 and 15%,
respectively. When the optimized sowing date was supplemen-
ted with three N doses, then the increase in yield of cv.
PBW725 during EC ranged from 29 to 42, 28 to 42 and 26
to 39%, respectively, MC from 25 to 39, 27 to 41 and 28 to
41%, respectively and LC from 28 to 41, 27 to 40 and 24 to
37%, respectively (Fig. 3).

In case of the RCP 8.5 scenario, the yield of cv. HD2967 with
optimized sowing date deviated from the baseline yield during
EC, MC and LC by 10, 7 and −9%, respectively but when supple-
mented with three N doses the increase in yield ranged from 17 to
30, 16 to 29 and 3 to 16%, respectively (Fig. 2). Similarly for cv.
PBW725, the deviation in yield from the baseline with optimized
sowing date during EC, MC and LC were 16, 12 and −6%,
respectively. Together with supplementary N doses, the increase
in yield ranged from 26 to 40, 34 to 35 and 19 to 30% for the
three time slices, respectively (Fig. 3).

Maturity duration under the RCP 2.6, 4.5, 6.0 and 8.5 scen-
arios for cv. HD2967 (Fig. 4) from baseline (171 days) was
decreased by 21, 21 ± 3, 21 ± 3 and 22 ± 9 days and for cv.
PBW725 (Fig. 5) from baseline (169 days) by 21, 21 ± 3, 22 ± 3
and 22 ± 9 days, respectively.

Discussion

Wheat crop is a cool season crop and is highly vulnerable to the
rise in temperature. Punjab, Haryana, Uttar Pradesh and Bihar are
the major wheat-producing states in the Indo Gangetic plains
(IGP) of India, so climate change-induced temperature increase
will affect their yield and ultimately total production. Therefore,
it is important to develop adaptation strategies to climate change
so as to increase and sustain wheat production in India. So to
assess the effect of projected climate change under four RCP
(2.6, 4.5, 6.0 and 8.5) scenarios and evaluate the suitable adapta-
tion measures for wheat crop in Punjab, a calibrated and evalu-
ated CERES-Wheat (V4.7.5) model was used. The study area
included the four ACZs and the future three time slices consid-
ered were EC: 2030–2050, MC: 2050–2070 and LC: 2070–2090
in Punjab. The adaptation measures included optimized sowing
date and its supplementation with higher N doses, i.e. 150, 190
and 230 kg/ha. The deviations in wheat yield and days to maturity
from the baseline period during three time slices were studied.

The simulation study showed that simple shifting of sowing
date for wheat to 24 November in Punjab state was the most suit-
able measure to nullify the impact of climate change for three cli-
matic zones (ACZs II, III and IV). Only in the ACZIV, higher
yield was achieved when the optimized sowing date (24
November) was supplemented with higher N doses. When both
the adaptation measures were considered, wheat cultivars gave
higher yield than the baseline yield during EC, MC and LC
under the RCP 2.6, 4.5 and 6.0 emission scenarios, but under
the RCP 8.5 emission scenario none of the cultivar could perform
well during the LC. The maximum shortening in crop growth
period was observed under the high emission (RCP 8.5) scenario.
Between the two cultivars, cvs. HD2967 and PBW725, not much

difference in yield was simulated and both were found to be suit-
able under future climate scenarios.

Climate change effect on crop yield

Under climate change, the crop yield is affected due to decline in
both total biomass production and harvest index. Biomass pro-
duction is reduced due to shortening of life cycle and overall
decrease in net photosynthesis during crop growth period;
whereas harvest index is reduced due to poor seed set and grain
filling. In a recent study, Schierhorn et al. (2021) reported that
wheat crop stages are highly sensitive to climatic parameters
and their extremes especially the heat waves. Daloz et al. (2021)
reported a decrease in yield of wheat by 1–8%, if only climate
change is considered. But if the limitations on water availability
for irrigation are also considered, then yield losses between 4
and 36% are estimated. For the future time periods, Kumar
et al. (2014) have reported decrease in yield of wheat in India
between 6–23 and 15–25% during 2050s and 2080s, respectively.

The climate data predictions by GCMs can be used as an input
in crop models for evaluating the adaptive strategies for sustaining
crop production levels. Earlier studies have shown that the sub-
grid scale features like clouds, topography sometimes cannot be
properly modelled by the GCMs due to their coarse spatial reso-
lution and so the predicted climate parameters have an inherent
bias which needs to be corrected before using it in impact analysis
studies (Christensen et al., 2008; Haerter et al., 2011). In concur-
rence with these observations, a regional study by Kaur et al.
(2022) reported that the GCMs available at http://gismap.ciat.
cgiar.org/MarkSimGCM/ overestimated the annual maximum
temperature in the range 1.76–2.73°C while the minimum tem-
perature was both underestimated (0–0.6°C) and overestimated
(0–0.2°C). The rainfall was overestimated in the range 635–997
mm for Punjab state. Therefore, in the present study, bias-
corrected data of ensemble model (Kaur et al., 2020) was used
as an input in CERES-Wheat model to analyse the effect of opti-
mized farming practices (sowing window and N fertilizer) during
the three future time slices; EC: 2030–2050, MC: 2050–2070 and
LC: 2070–2090.

Adaptive strategies

Shifting sowing time of a crop is one of the most easily adaptable
strategies. However, whether to sow early or late to adapt to cli-
mate change at a given site would depend on the current climatic
conditions and future changes in climate. For example, Lhomme
et al. (2009) used the weather data simulated by ARPEGE-Climate
model for A1B scenario for two stations of Tunisia (Jendouba and
Kairouan) and reported that it would be profitable to sow the
wheat crop 1 month earlier because the start of the autumn
would provide favourable water conditions for the crop. In the
present study, however, instead of current practice of normal sow-
ing window (first to third week November), 24 November was
simulated to be the suitable sowing date under the climate change
scenarios at seven locations within the selected ACZs.

Though the geographical area of Punjab state is only 50 362
km2, the geographical characteristics are very typical. On north
eastern parts are the sub-mountainous terrains of Shivaliks
while on south western side it shares the soil types highly influ-
enced by sand dunes of Rajasthan state. The central parts of the
state have fertile soils of the IGP. Hence, the yield of wheat and
the adaptation measures were evaluated in four diverse ACZs of
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the state. In the neighbouring state of Uttar Pradesh, Patel et al.
(2022) reported wide variations in the impact of climate change
on wheat under the RCP scenarios at the different ACZs of the
state. In their study, the crop growth duration of wheat was shor-
tened by 1–17 days across the ACZs affecting overall crop growth.
In the present simulation study too, a shortening of the growth
period for wheat cultivars was observed. During the three time
periods and four RCP scenarios, the shortening of crop duration
ranged between 24 and 34 days in ACZII, 21 and 36 days in
ACZIII, 9 and 19 days in ACZIV and 21 and 32 days in ACZV
of Punjab state. However, the decline in wheat yield could be
countered with a simple adaptation of sowing date. The lowest
baseline yield was simulated at Bathinda station, wherein the pre-
sent time normal maximum temperature is highest
(Prabhjyot-Kaur et al., 2016) and so the decline in yield could
not be nullified by shifting of sowing date alone.

Patel et al. (2022) also reported decrease in wheat yield in the
different ACZs of Uttar Pradesh. During the 2050s, the wheat
yield is predicted to decrease up to 20 and 30% under the RCP
4.5 and RCP 8.5, respectively. The loss in wheat yield is further
projected to increase up to 41% under the RCP 8.5 scenario dur-
ing 2080s and so adaptation measures need to be adopted to sus-
tain the productivity levels of wheat in the region. Dubey et al.
(2020) employed INFOCROP model to simulate the effect of ter-
minal heat stress in wheat. They reported a reduction in wheat
yield by 11.1% during 2050 scenarios in the IGP of India. This
reduction in yield may be checked with a combination of adapta-
tion options, i.e.10 days earlier sowing from recommended plant-
ing with additional nitrogen fertilizer (30 kg N/ha) and a
supplemental irrigation at the grain filling stage. Another study
by Ishtiaque et al. (2022) also reported that later sown wheat in
IGP of India suffered from terminal heat stress, leading to loss
in yield. A very simple adaptation of earlier sowing of wheat
could check this loss in yield.

In the present simulation study, shifting of sowing of wheat to
24 November was able to increase the wheat yield in ACZII,
ACZIII and ACZV. However, in ACZIV (Bathinda), the wheat
yield increased only when the additional dose of nitrogen fertil-
izer was also applied. Under the RCP 2.6, 4.5 and 6.0 emission
scenarios and across the three time slices, the per cent increases
in yield of a given cultivar with combined adaptation measures
were more or less similar at a given location in an ACZ, except
for the Bathinda site. However, under the RCP 8.5 (high emis-
sion) scenario, the increase in wheat yield of a cultivar at a
given location in an ACZ was much lower in three time slices
and especially in MC and LC. These responses in yield to adap-
tation measures at a given location for the cultivars correlate
very well with the increases in both maximum and minimum
temperatures under the four RCP scenarios and time periods as
reported earlier for Punjab state by Prabhjyot-Kaur et al.
(2020). The increases in crop yield due to combined adaptation
measures in different ACZs were inversely related to the baseline
yield at a location, i.e. lower the baseline yield higher the per cent
increase in yield and vice-versa, indicating the potential to
enhance yield at a location under climate change.

Conclusion

In Indian Punjab, the wheat yield is expected to decrease under
the predicted climate change scenarios. The results of the present
simulation study using CERES-Wheat model showed that the
wheat crop could perform well under future climate scenarios at

different locations of Punjab, if adaptation measures like shift in
sowing dates, change in N doses and selection of cultivar were
done appropriately. Thus, the above study holds the importance
for a country like India where wheat is a staple food for majority
of population and the state of Punjab is known as the food bowl of
India. The current agricultural practices might fail under the
future weather conditions, so suitable adaptation measures need
to be decided to prevent food scarcity.
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