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Accumulation of greenhouse gases (GHGs) in the
atmosphere has exposed us to the potential warming
and its adverse effects on agriculture. The present
study deals with the impact of climate change on win-
ter wheat and maize using the Infocrop model. Simu-
lation studies were performed for different time-
periods using HADCM3 factors at four centres located
in three different agroecological zones, with prevalent
management practices. The results showed that under
changed climate, wheat yield decreased whereas the
yield of winter maize increased due to warmer winters
and enhanced CO, compared to baseline. Duration of
both the crops has decreased owing to the higher tem-
peratures during the growing period. The increase in
yield of winter maize points to the suitability of the
region for its cultivation in future. Further, increase
in maize cultivation in locations with poor wheat yield
could well be considered as an adaptation option.
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ANTHROPOGENIC activities have caused accumulation of
greenhouse gases (GHGS) in the atmosphere, leading to
the potential hazards of climate change looming over us.
The atmospheric concentration of carbon dioxide (CO,)
has increased from the pre-industrial levels of 280 to
379 ppm in 2005 (ref. 1). High CO, and other GHGs tend
to warm up the atmosphere, besides affecting other mete-
orological variables. Agriculture sector, whether in deve-
loping or developed countries, depends on climate and
climatic resources®, leading to the development of spe-
cial consideration for this sector to study the impacts of
climate change. The Intergovernmental Panel on Climate
Change (IPCC) and other researchers have stressed the
need to study the impacts on agricultural production at
local, regional, national and on global scales to capture
the local conditions*™. Projecting future crop yields has
significant uncertainty due to changed fertilizer and water
application strategies, occurrence of extreme climatic
events, changes in pest and disease occurrence®**!. Deci-
sion support systems (DSS) or crop models provide a
way, where the relative effects of these variables on crop
growth and yield can be studied in particular combina-

*For correspondence. (e-mail: abdulharis123@rediffmail.com)
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tions on regional basis. Early simulation studies on the
impacts of climate change gave prime importance to the
expected increase in CO, levels only, whereas recent
studies have suggested that agricultural production is also
affected by weather variables'®**, Most crops grown un-
der enriched CO, environment showed increased growth
and yield®™®, Enhanced CO, affects the growth and
physiology of crops, enhancing photosynthesis and water-
use efficiency’’ . Elevated CO, besides affecting the
crop also affects the environment, which in turn may
have either beneficial or damaging effect on agricultural
production®2®, Changes in temperature play a crucial
role in determining crop productivity®®. Small changes in
growing season temperature over the years appear to be
the key aspect of weather affecting yearly wheat yield
fluctuations®. Enhancement in wheat yield under enhan-
ced CO; and no change in temperature have been repor-
ted®. Yield of cereals has been reported to decrease for
different future scenarios'®*2**, Decline in potential yield
of wheat and rice is linked to negative trend in solar
radiation and an increase in minimum temperature in the
Indo-Gangetic Plains of India®®. FAO and IPCC have
estimated a drop in cereal production for India by 125 mt
and an overall increase of 2°C in temperature may lead to
almost 8% loss in farm level net revenue and around 5%
in GDP*, Differences in physiology of C3 and C4 plants
make C4 plants more efficient photosynthetically than
C3, especially when the level of CO; is high®’. Response
of C3 and C4 crops to elevated CO, levels when exposed
frequently to water stress or changes in climatic factors
such as temperature or rainfall may provide inconsistent
results because of the feedback between hydrology and
nutrient relations®*,

Bihar (middle Gangetic Plains of India, with dry sub-
humid climatic conditions) is a low productivity region in
eastern India with high potential for better agricultural
production with suitable agronomic interventions. Wheat
and maize are the main cereal crops of winter season in
Bihar, covering a total area of about 2.28 million ha
(m ha), out of which wheat is grown in approximately
2.07 m ha. Wheat stands the second position after rice
with 32% of gross cropped area (GCA) in Bihar and
maize crop covers 6% of GCA. In 2006, wheat and maize
had a total production of 4.1 and 0.5 million tonnes res-
pectively (source: State Agriculture Department, Bihar).
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Figure 1.

Maize cultivation in Bihar is done throughout the year
owing to its adaptability to a range of temperatures. The
present study deals with the impact assessment of climate
change on the winter season crops for Bihar. Timely
assessment of the effects of climate change on agriculture
might help adopt suitable farming techniques to maxi-
mize agricultural production in this low-productivity,
high-potential region. The study provides insights into
possible changes in the cropping pattern and adaptation
options for future.

Material and methods
Study area

Bihar lies in the alluvial plains of India. The state is situ-
ated between 24°N and 27°N, 83°E and 88°E with a
height of 52.73 m amsl, having a total geographical area
of 9.36 m ha with cultivable land of 0.58 lakh ha and a
normal rainfall of 1176.4 mm. It is divided into three
agro-ecological zones: zone | (north west alluvial plains),
zone 1l (north east alluvial plains) and zone 111 (south Bi-
har alluvial plains). Zone Il is further subdivided into
categories A and B. GCA is maximum (30.07 lakh ha) for
zone | and minimum (6.21 lakh ha) for zone IIIB and
irrigated area ranges from 3.68 to 18.41 lakh ha. Zone 1l
receives highest annual rainfall (1387 mm) and is coldest
among the three zones (average temperature: 21.3°C).
Zone 11l receives least rainfall (1104 mm) and is the
warmest (average temperature: 22.45°C). Average mini-
mum temperature (7.7°C) is least for zone 1*. For this
study four stations were selected (Figure 1), representing
different zones (Pusa, zone I; Madhepura, zone II;
Sabour, zone I11A and Patna, zone I11B).
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Geographical location of the study area.

Experimental data

Daily data for air temperature and rainfall from four repre-
sentative centres were collected for the period 1961-1990
(except for Sabour 1972-1990). Missing values of solar ra-
diation, vapour pressure and wind speed were worked out
by the methods laid down in a FAO paper®. Meteorologi-
cal, crop and soil data used for the simulation studies were
collected from Rajendra Agricultural University (RAU),
Pusa; Bihar Agriculture College, Sabour; Krishi Vigyan
Kendra, Madhepura; ICAR-Research Complex for Eastern
Region, Patna and RAU Rice Research Station, Patna.

IPCC describes future scenarios for the period 2010-
2039, 2040-2069 and 2070-2099 referred to as 2020s,
2050s and 2080s respectively. The General Circulation
Model (GCM) used in this study is the output of UK Had-
ley Center for Climate Prediction and Research model,
ver. 3 (HADCM3) for the A2 scenarios. (The A2 scenario
describes a heterogeneous world with a focus on self-
reliance and preservation of local identities. Fertility pat-
terns across regions converge very slowly, which results
in continuously increasing population.) The 30 year aver-
aged monthly changes obtained from Data Distribution
Centers (DDC) of IPCC were incorporated into individual
years according to egs (1) and (2) given below. The out-
puts of minimum and maximum temperature and rainfall
were used to generate future scenarios and solar radiation
was then calculated from the temperature values.

Expected changes in temperature = Baseline tempera-
ture + Expected change in temperature obtained

from HADCM3 outputs. €))

Expected changes in precipitation = Baseline daily
rainfall x (1+ % change in rainfall). 2
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Table 1.

Generic coefficients used for the simulation

Parameters and practices used for simulation

Maize var. Gangall

Wheat var. HD2733 Wheat var. HUW468 Wheat var. RW346

Thermal time (°C days)

Sowing to germination 85 70 84 70

Germination to 50% flowering 1050 850 1025 875

50% flowering to physiological maturity 480 450 487 380
Radiation use efficiency (g/MJ/day) 3.26 2.8 2.8 2.8
Specific leaf area (dm?/mg) 0.0015 0.0022 0.002 0.00199
Potential storage organ weight (mg/grain) 165 37.8 37.7 37.7
Date of sowing 18 November 2000 19 November 2000 20 November 2000 20 November 2003
Seed rate (kg/ha) 20 100 100 100

Table 2. Validation results for wheat and maize crops nToLT
i - max min _
Cocfficient of RMSE  MAE Thermal time = Z( 5 Base temperaturej, (3)
Crop efficiency (%) (kg/ha)  (kg/ha) R? i=1
w:ea: EE‘GV\;S"'fgs) gi lgg-j 1;"3 8;3 where Tpax is the maximum temperature, Tin the mini-
eal - . . .

Wheat (HD-2733) 86 106.7 3 0.91 mum tempe_rature and base temperature is the crop and
Winter maize (Ganga-11) 70 2935 238 091  stage-specific base temperature.

RMSE, Root mean square error; MAE, Mean absolute error.

Crop model used

The generic crop model InfoCrop ver. beta developed at
IARI, Pusa* was used. Infocrop is a DSS, designed to
simulate the effects of weather, soil, agronomic manage-
ment (including planting, nitrogen, residues and irriga-
tion) and major pests on crop growth and yield. The
model is designed to use a minimum set of soil (soil type,
pH, organic matter, bulk density, etc.), weather, genetic
and management information (sowing date, sowing depth,
transplanting date, irrigation, fertilizer, etc.). It integrates
on a daily basis and therefore requires daily weather data
(maximum temperature, minimum temperature, rainfall,
solar radiation, vapour pressure and wind speed). The
model calculates the crop development phases and mor-
phological development as a function of temperature, day
length and genetic characteristics.

Calibration, validation and simulation for selected
locations

The model had been calibrated by comparing the simu-
lated yield with the observed yield for three years. Cali-
bration in the case of maize for var. Gangall for Pusa
and for three different varieties of wheat, viz. HUW468,
HD2733 and RW346 for three different locations, viz.
Pusa, Patna and Sabour respectively, was done according
to crop yield data availability. Crop specific thermal time
is calculated according to eq. (3)*'. Generic coefficients
arrived after calibration are presented in Table 1. The
results of validation are presented in Table 2. The coeffi-
cient of efficiency is calculated according to eq. (4)
below*®.
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where O is the observed yield, P the yield predicted by
the model and N the number of observations.

After calibration, the model was run for the baseline
and scenarios based on the practices used for validation
purposes. Figure 2 depicts the overall methodology in the
form of a flow diagram.

Variables considered in the study include: (i) climate
(temperature, rainfall, solar radiation and vapour pres-
sure); (ii) soil variables; (iii) CO, fertilization effect;
(iv) irrigation and (v) fertilizer. We did not study the
following: (i) pests and diseases; (ii) water availability
for irrigation; (iii) socio-economic factors and (iv) possi-
ble improvement of crop varieties in future.

Sensitivity analysis

The widely accepted approach to analyse possible effects
of different climatic parameters on crop growth and yield
is by specifying the incremental changes to climatic para-
meters and applying these changes uniformly to baseline/
normal climate*. Sensitivity analysis was performed for
all the three varieties of wheat and winter maize to know
the role of projected changes of mean, maximum and
minimum temperature in various combinations at current
and projected levels of CO, on potential yield. The study
was done by increasing the maximum, minimum and both
maximum and minimum temperatures (mean) from 1°C
to 4°C. Potential yields of wheat and winter maize were
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Figure 2.

first simulated at 370 ppm of CO, (current level) for the
baseline period (1961-1990). Further the maximum,
minimum and daily mean temperatures were increased
gradually from 1°C to 4°C, as incremental variable
scenarios have the capacity of capturing a wide range of
possible changes in the near future. In the next cycle CO,
level was increased to 682 ppm along with changes in
temperature as before.

Results and discussion

Variability of climatic parameters of selected
stations during winter season

Analysis of weather data showed inter-annual variation
in weather variables. Rainfall ranged between 7 and
221.6 mm, 5.8 and 124.1 mm, 33.2 and 276.5 mm and
11.8 and 216 mm for Pusa, Patna, Madhepura and Sabour
respectively. Rainfall had a decreasing trend in zones |
and Il by 0.46 and 0.42 mm/yr respectively, and an
increase by 0.97 and 0.38 mm/yr for zones I1IA and 11IB
respectively.

The range of minimum and maximum temperature was
highest for zone | and lowest for zone I1I1B. The lowest
minimum temperature was found in zone Il (10.17°C).
Minimum temperature increased significantly at rates of
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Flow diagram depicting the methodology used.

0.03 and 0.04°C/year for zones | and Ill1A respectively,
whereas for zone Il significant decrease in minimum
temperature was observed at the rate of 0.09°C/year. No
significant change in maximum temperature was obser-
ved in any of the four zones. The results point towards
gradual warming up of winter nights with time. Changes
in minimum temperature have a profound effect on crop
productivity and increase in minimum temperature leads
to increased respiration rate and its decrease increases the
crop duration and yield®.

Sensitivity analysis

Yield of wheat decreased from the current levels on in-
creasing the mean, maximum and minimum temperatures
at 370 ppm CO,. On increasing CO, concentration from
370 to 682 ppm, the potential yield increased from base-
line potential yield which decreased on increasing the
temperature (Figure 3).

Sensitivity analysis for winter maize revealed that on
increasing minimum temperature during the growing
period, average potential yield also increased. An increase
of 3°C in minimum temperature resulted in an enhance-
ment of almost 2% from the baseline average potential
yield. When CO, level was increased to 682 ppm, the
yield also increased concurrently — least with increase of
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Figure 3.  Sensitivity analysis of (a) winter maize, and wheat at (b) Pusa, (c) Patna and (d) Sabour by varying the temperature from 1°C to 4°C for

370 and 682 ppm CO, compared with the baseline.

4°C in mean temperature (2%) and most with an increase
of 4°C in minimum temperature (15%). Sensitivity analy-
sis for wheat at different locations and cultivars indicates
a decline in yield with increasing temperature, irrespec-
tive of location, cultivar and soil type. Wheat is a major
winter crop in this region and with the winters getting
warmer the pressure of maintaining food security would
be high with decreasing wheat production potential.

Impacts of climate change on wheat and
winter maize

Impact of climate change on wheat and winter maize was
simulated using factors for HADCM3 A2 scenario and
concomitant CO, increase.

Scenario of increase in atmospheric CO, concentration:
With the current cultivars, cultivation and management
practices, the impacts of climate change on three varieties
of wheat, namely HD 2733, HUW 468 and RW 346 and
one variety of maize, i.e. Ganga-11 under A2 scenario
were studied at the selected centres (Table 3). All the
results are compared with the yields between A2 climate
change scenario time slices, i.e. 2020, 2050 and 2080 and
baseline (1961-1990).

Simulated yield of wheat (HUW 468) decreased from
the baseline in 2050 and 2080 to 3.6% and 14.1% respec-
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tively, for Pusa. At Madhepura, decline in yield from the
baseline was by 5% during 2020 and 13% and 21% for
2050 and 2080 respectively. Patna and Sabour showed
decrease in simulated yield around 40% for 2080s (Table
3). With increased CO, (decrease in crop duration), total
dry matter (TDM) and days to anthesis for all stations
from the baseline to 2080 was observed. Crop duration
showed maximum decline at Madhepura by 26 days.
Number of grains increased marginally for Pusa and
Patna during 2020; otherwise a decrease was noted for
other time periods from the baseline (Table 4). Zones |
and Il showed lesser decline in the number of grains and
more or less constant weight of grains than zone III.
However, zone Il showed decrease in both number and
weight of grains during different time-periods, thus indi-
cating suitability of North Bihar (zones | and II) for
wheat cultivation.

Simulated yield of winter maize showed an increase
from the baseline. This increase was in the range 8.4-
18.2%, 14.1-25.4% and 23.6-76.7% for 2020, 2050 and
2080 respectively. Maximum increase was observed in
Sabour for all the three time-periods (Table 3). Maize
with increased CO, and consequent rise in temperature
showed a decrease in duration and days to anthesis from
the baseline. TDM, grain weight and grain number showed
an increase from the baseline to 2080. The decrease in
duration is probably well compensated by increased
growth rate with better temperature regimes resulting in
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Table 3. Impact of climate change on percentage change in yield of winter maize and wheat
Winter maize Wheat
2020 2050 2080 2020 2050 2080

Pusa

Elevated CO, 10.7 18.7 37.4 2.7 -3.6 -14.1

Constant CO, 7.2 13.1 7.8 0.3 -9.6 -23.3
Madhepura

Elevated CO, 8.8 16.9 23.6 -5.0 -13.0 -21.0

Constant CO, 8.1 11.1 5.3 -7.0 -20.0 -31.0
Patna

Elevated CO, 8.4 14.1 28.5 -39 -18.9 -39.5

Constant CO, 8.4 14 13.2 -8.1 -26.7 -49.9
Sabour

Elevated CO, 18.2 25.4 76.7 -11.1 -22.3 -38.4

Constant CO, 16 19.4 35.9 -12.1 —24.7 -42.9

Table 4. Simulated impact of climate change on growth parameters of wheat
Duration Maximum CGR Maximum LAI TDM Weight of grains
(days) (kg/ha/day) (kg/hal/day) (kg/ha) No. of grains/ha (9/1000 grains)

Pusa

Baseline 123 257 3.66 13,796 114,699,833 37.306

2020 117 249 3.54 13,197 116,578,283 37.471

2050 108 246 3.34 12,106 107,897,132 37.7

2080 100 273 3.05 11,238 96,575,358 377
Madhepura

Baseline 111 284 3.58 13,510 136,776,467 35

2020 100 293 3.49 12,394 120,584,333 38

2050 91 290 3.39 11,178 107,761,030 38

2080 85 272 3.16 10,455 98,064,733 38
Patna

Baseline 97 134 2.88 5,399 37,508,229 36

2020 92 130 2.93 5,186 42,182,533 38

2050 87 128 2.71 4,526 37,961,153 34

2080 79 122 2.26 3,803 29,137,213 30
Sabour

Baseline 107 229 341 10,883 108,409,826 33

2020 100 209 3.30 9,742 92,359,979 34.6

2050 92 197 3.08 8,570 84,163,695 31.2

2080 86 188 2.83 7,642 71,424,974 29.8

CGR, Crop growth rate; LAI, leaf area index; TDM, Total dry matter.

increased number of grains and grain weight leading to
overall increase in biomass (Table 5). Increase in grain
number and TDM is an indicator of increased net photo-
synthesis, as the net rate of photosynthesis is more in full
sunlight and also photo-respiratory losses are almost neg-
ligible in case of C4 plants compared to C3 plants™.

Scenario without change in CO, concentration: Simu-
lated growth parameters showed decreasing trend for
wheat crop when observed with enhanced CO, (Table 3).
Reduction in simulated yield of wheat without change in
CO, was higher compared to simulation with elevated
CO, for all stations and scenarios. For 2020, difference in
reduction percentage between simulated yield with and
without elevated CO, was less compared to 2050s and
2080s, considering that increase in CO, had a beneficial
effect on the yield for the 2080 scenario.
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For maize, the number of grains increased from the
baseline to 2080 (Table 5). Increase in yield was obser-
ved with or without elevated CO, but it was more pro-
nounced with CO, enhancement. Yield for 2020 and 2050
time-periods remained close, but the difference between
the increase percentages for 2080 showed a marked dif-
ference, with and without CO, enhancement.

Maize planted in winter season in Bihar encounters low
temperatures during December and January, thus experi-
encing a phase where plant growth remains retarded.
Cultivation of maize requires temperatures in the range
10-30°C for its growth®*>* and plentiful supply of
water. Growth and yield of maize is limited by cold sen-
sitivity as manifested by retardation of growth at low
temperature as well as by leaf necrosis and plant death at
temperatures below 10°C (ref. 55). Increase in yield of
winter maize could thus be attributed to favourable
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Table 5. Simulated impact of climate change on growth parameters of maize
Duration Post-anthesis Maximum CGR  Maximum LAl TDM Grain weight No. of grains
(days) duration (kg/ha/day) (kg/hal/day) (kg/ha) (g/100 grains) (grains/ha)

Pusa

Baseline 157 26 216 2.58 13,544 114.3 34,108,353

2020 152 26 223 2.62 13,582 115.6 36,404,873

2050 143 25 244 2.58 13,475 114.3 38,772,077

2080 135 26 284 2.52 14,262 122.8 39,685,550
Madhepura

Baseline 159 28 238 2.77 15,555 120.1 39,556,007

2020 154 27 249 2.80 15,639 121.7 41,386,080

2050 145 27 291 2.81 15,608 121.2 43,266,460

2080 135 27 340 2.53 16,392 124.3 44,248,780
Patna

Baseline 150 22 351 4.79 16,556 90.8 43,590,337

2020 146 22 347 4.75 16,785 94.7 45,289,700

2050 138 22 411 4.65 16,383 93.9 46,697,863

2080 128 23 524 454 17,365 100.2 49,212,777
Sabour

Baseline 150 21 195 2.56 11,468 82.34 29,869,011

2020 145 21 201 2.66 11,720 84.63 31,259,789

2050 137 22 237 2.65 11,604 86.25 35,699,926

2080 130 23 246 2.56 12,597 101.5 37,796,805
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Figure 4. Weekly mean (a) minimum and (b) maximum temperature for the baseline, 2020, 2050 and 2080 during winter season.

temperature encountered during December—January reported here provides information about the impact of

(Figure 4), thus resulting in better crop performance dur-
ing future time-periods.

Simulation studies performed without increasing CO,
also showed increases in yield from the baseline for all
the time-periods, indicating that increase is not just
dependent on elevated CO, but also on higher winter tem-
peratures. Increased CO, concentration is making the
condition more congenial for crop development. Thus,
the increase in yield of winter maize may be attributed to
an increase in source, i.e. net photosynthesis.

Conclusion

Though the results showed spatial variations in the yield
of maize and wheat, the increase in winter maize yield
and decline in wheat yield were the general features
observed for future scenarios. The modelling study
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climate change over locations representing different agro-
ecological zones of Bihar. The study indicates losses in
the yield of wheat with subsequent rise in temperature.
Enhanced CO, was also unable to counter balance the de-
cline in wheat yield. However, the percentage decline
was less in zones I and Il compared to zone 11l (Table 4).
Moreover, there can be a decline in wheat grain quality
when grown in higher atmospheric concentration of CO,
(ref. 56). The increase in yield of winter maize indicated
favourable changes in climate for its growth and suitabi-
lity of the region for its cultivation. The results point to-
wards possible decline of rice—wheat cropping sequence,
which is predominant in the region. Weather conditions
under future scenarios being favourable for winter maize,
may result in gradual replacement of wheat by winter
maize crop in regions unfavourable to wheat cultivation
in Bihar. Adaptation options, such as intensification of
maize cultivation in locations of low wheat productivity
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and adopting new agronomic practices and delineating
favourable areas for wheat production, need to be looked
into for sustainability of food security in this region.
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