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Abstract Cotton production is most vulnerable to climate change particularly in
Pakistan, and sustainable cotton yield is critical to accomplish the future demand of
the country. Climate change has negative impact on cotton production in major parts
of the cotton-growing regions. It hampers not only the yield but also quality of fiber
and has negative impact on socioeconomic conditions of farmers. Climate, crop, and
economic multidisciplinary modeling approach are being used to assess the impact
of climate change and development of adaptation strategies for sustainable cotton
production. Climate change scenarios revealed the increase in both maximum and
minimum temperature and uncertain rainfall patterns throughout the world and
especially in dry and arid areas of the world like Pakistan. Rainfall would increase
and decrease as projected by multi-GCMs and RCPs, and it is fact that these changes
in climate would lead to negative effect on cotton crop production, and sustainable
cotton production in the future is under threat due to climate variablity. Generally,
mostly general circulation model (GCM) scenario projected the reduction in cotton
yield as compared with the baseline during both timer periods and RCPs tested.
Adaptation strategies can minimize the negative impact of climate change. So,
changes in crop management practices (sowing, planting density, irrigation, and
plant protection) may be good adaptation strategies for sustainable cotton production
under changing climate scenarios of the world. Climate resilient cotton production
system has potential to minimize the negative impacts of climate change on cotton
crop by developing heat and drought resilient germplasm, mitigation technology to
reduce GHG emission, and application of decision support system (DSS) and use of
ICT-based technologies for sustainable cotton crop production. It is time to adopt
climate, energy, and water smart cotton production technologies and practices for
sustainable cotton production in the future.
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ICT Information and communication technologies
IPM Integrated pest management
RCPs Representative concentration pathways
SR Solar radiation

22.1 Introduction

22.1.1 Significance of Cotton Crop

Cotton, being a queen of the fiber, enjoys itself a predominant position among all other
cash crops in the world (Usman et al. 2009; Ahmad et al. 2014, 2017a, 2018; Abbas
and Ahmad 2018; Ahmad and Raza 2014; Ali et al. 2011, 2013a, b, 2014a, b). Cotton
is the mostly used fiber across the globe and had significant contribution in textile
industry of the world; therefore, its demand and consumption has been projected to
increase then its production (USDA 2018). It can provide not only fiber for the textile
industry but also contributes a major role in oil industries by providing oil-rich seed
and protein. Total global cotton production worldwide in 2018 was 124 million bales.
The United States, China, India, and Pakistan were the largest producers across the
world and contribute more than half of the total production volume. Among the top
exporter the United States was ranked first, exported 15.5 million bales around the
world. Cotton production varied across the world due to differences in production
potential mainly due to environmental and climatic factors (Fig. 22.1). Cotton pro-
duction supports the world largest fiber and textile industry which includes textile
mills, spindles, looms, knitwear units, garment units, ginners, and oil expellers. It is by
all measures the world’s most important economic sector with enormous forward and

Fig. 22.1 Cotton production and areas across the world; regions have differences in production
potential due to variations in environmental and climatic conditions
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backward linkages. Cotton yarn production from fiber is clustered in major cotton-
growing countries including the USA, China, Pakistan, India, and Russia (3/4 yarn
production is done in less developing countries of the world); yarn production in
different regions and countries can be seen in the map of yarn production (Fig. 22.2).
It is estimated in the 94th annual report “Cotton Outlook” of USDA that world’s
cotton production will decline in 2018–2019 by 3.6% due to yield decline in cotton-
producing countries (USDA 2018).

Cotton is already occupying about less than 3% of world’s agricultural land
which is 36% of 10.3 billion hectare land suitable for agriculture on planet earth.
Thus, according to an estimate, if the area occupied under cotton is 2.5% of total
arable land, then it will be contributing 0.1–0.3% of global greenhouse gas emission
(Cotton incorporated 2009; ITC 2011). It indicates that cotton is not the principal
source of greenhouse gas emission. However, in-depth analysis of cotton production
suggests that cotton at same time is a contributor and victim of global warming and
climate change (ITC 2011; Amin et al. 2017, 2018; Khan et al. 2004; Rahman et al.
2018; Tariq et al. 2017, 2018). For instance, according to the estimates of different
case studies, production-related GHG emission was estimated about 0.38–0.92 tons
of carbon dioxide (CO2) equivalents per bale of cotton. On the other hand, only
ozone pollution out of several other environmental constraints for cotton was found
to cause 23% yield loss in upland cotton (Grantz 2003).

Pakistan stands at fourth, third, and second position in terms of cotton production,
largest producer of yarn, and largest exporter, respectively, across the world. It is fifth
largest consumer of cotton yarn. Cotton and cotton products pay 1.6% in GDP while
55% contribution is country earning with respect to foreign exchange (GOP 2018).
Cotton crop is being cultivated on an area of 3 million hectares which covers almost
15% area of the total area cultivated while almost 1.3 million farmers out of 5 million
total farmers grow cotton crop. Cotton crop-growing areas and production in Pakistan
(Punjab and Sindh) can be seen in cotton production map of Pakistan (Fig. 22.3) while
Punjab is the major cotton-producing (74.7%) province in Pakistan. Cotton produc-
tion is highly variable over the past years due to climatic variability, high climate
extremes, weaker adaptive capacity of cotton growers to these climate extremes, high
insect pest infestation, poor cropmanagement practices, and policy challenges (Ashraf
and Iftikhar 2013; Batool and Saeed 2017). Recently during 2015–2016 cotton
production was roughly dropped by 38% in Punjab than the last years (6.3 million
bales only as compared with the 10.3 million bales); it was mainly due to erratic and
intense rainfall during monsoon, weed infestation, high insect pest infestation, and
low-quality cotton seed (GOP 2016). Province-wise area and production of cotton
crop is highlighted in the map (Fig. 22.3). Cotton crop being an ancient crop has a
long history of its cultivation across the world. After wheat crop, it is the second
largest cash crop on area basis in the country. It provides raw material for textile
industry and it is an important source of foreign exchange earnings (GOP 2018).

Although Pakistan ranked fourth position in terms of cotton production in the
world, still cotton crop is climate sensitive and suffered most due to environmental
and climatic factors in the country. As it is depicted from several studies that cotton
is the most vulnerable crop and its production would be reduced due to climate
change (Rahman et al. 2018), it is clearly depicted from the ground facts that its
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production is variable among different years due to climate variability in the country.
Future climate scenarios projected an increase in maximum and minimum temper-
ature, rainfall variability, prevailing drought conditions, irrigation water shortage at
farmer’s field, and higher frequency and intensity of extreme weather events would
severely damage the crop growth and a serious threat to sustainable cotton produc-
tion (Ahmad et al. 2015; IPCC 2013a, b). Furthermore, future projections indicated
that average increase in temperature in Pakistan is higher than the predictable global
average temperature so cotton crop being grown during the summer is most vulner-
able to climate change in Pakistan.

Cotton production depends on environmental and climatic conditions of the region.
Crop growth and development of crops is weather dependent and temperature has a
significant role in crop development as it is also the most limiting crop-reducing factor
especially in crop production (Hoogenboom 2000; Rahman et al. 2016). Cotton
production was recorded highest during the years of 1991, 2004, and 2011 in the
country while few years were known for the lower cotton production especially 1976,
1983, 1993, and 2015. Generally cotton crop has challenges for sustainable produc-
tion due to changing in climatic conditions and especially due to climatic extremes.
Major issues and challenges are becoming worse due to lacking in capacity of cotton
growers to adopt the latest technologies and modern production practices as majority
of the cotton growers in the country are still adopting conventional crop management
practices and technologies (Makhdum et al. 2011; Zulfiqar et al. 2017). Higher
fertilizer dose is being used at cotton field which leads to greenhouse gas (GHG)
emission and especially contributes to CO2 emission and global warming (Rasul et al.
2016). Conventional tillage practices are still being used at farmer field which also
lead to more GHG emission. Lower use efficiency of water, fertilizer, radiation, and
pesticides is the major challenge in current cotton cropping system and conventional
cotton production leads to higher cost of production and lower resource use

Fig. 22.3 Cotton areas and production in Pakistan (Punjab and Sindh); Punjab is the major cotton-
producing province in Pakistan. District-wise area and production are highlighted in the map
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efficiencies (Raza and Ahmad 2015; Zulfiqar et al. 2017). Cotton production system is
badly affected by climate change and is most vulnerable to climate extremes due to
weaker adaptive capacity. Situation becomes worse as excessive irrigation water is
being used along with intensive pesticide and fertilizer application to cotton crop in
current cropping system (Rasul et al. 2012; Nazli et al. 2012; Zulfiqar et al. 2017).
Current cropping system is most vulnerable to climate change especially in Pakistan
and sustainable crop production is crucial to fulfill the future demand of the country
(Rahman et al. 2018; Zhu et al. 2013).

22.1.2 Climate Change and Cotton Production

Changing climate is likely to upsurge the susceptibility of agriculture especially the
cropping system (Ahmad et al. 2015) due to unexpected and extreme changes in
climate especially increase in temperature and variability in rainfall patterns in the
world (Rosenzweig et al. 2014; IPCC 2014a, b). There is explicit change in weather
pattern of Pakistan (Ahmad et al. 2015). These changes have been amplified from
last decades due to more emission of greenhouse gasses. Mean temperature is
increasing 0.2–0.6 �C per decade in Pakistan (Ahmad et al. 2015) and night
temperature is increasing more than day temperature. Climate change and variability
has a severe impact on crop production and could also be the reason for shift in
cropping system in different regions of the Punjab province (Ahmad et al. 2019).
Climate being a critical factor in crop productivity across the globe as it effects the
growth, development, phenological phases, and cotton yield, it has a significant role
than other factors that contribute for crop production (Bradow and Davidonis 2000).
Increase in temperature at any cotton growth phase may lead to a negative impact on
cotton productivity, while cotton being a C3 crop can get benefits from elevated CO2

as fertilization.
However, combined effect of elevated temperature and CO2 might have adverse

effect on cotton production as elevated temperature has a prominent role (Singh et al.
2007). Expected variation in climate especially elevated temperature is estimated to
have harmful effects on cotton crop and especially to cotton production (Ahmad
et al. 2015; Rahman et al. 2016, 2017, 2018). Night temperature and especially
elevated night temperature is more harmful for cotton crop as the specific difference
between day and night temperature is crucial for optimum cotton production (Singh
et al. 2007). Temperature and rainfall patterns affect the crop choice in different
zones (Ghazala and Rasul 2009) and for sustainable cotton production, current
spatial and temporal changes in rainfall and temperature need to be considered.

Climate change and variability has a severe impact on cotton production and is
the major cause of shift in sowing time of cotton crop (Rahman et al. 2018).
Variability in rainfall pattern and fluctuation in temperature have a negative impact
on cotton crop growth, development, and production (Bange and Milroy 2004).
Cotton crop is specific for temperature requirements at different growth phases
(Ahmad et al. 2017a), physiological process, growth development and yield is
dependent on climatic conditions (Singh et al. 2007). Temperature variation above
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and below normal conditions had a significant negative impact on cotton growth and
ultimately cotton yield (Luo et al. 2014). Temperature stress at any crop growth
phase leads to variability in cotton yield; higher day temperature followed by high
night temperature may aggravate the harmful effect on cotton growth and yield. High
temperature than normal leads to shorten growth phases, resulting in stunted growth
and smaller boll which ultimately lead to lower cotton production (Reddy and Zhao
2005). Cotton yield was decreased up to 51% by increasing temperature from 28 to
32 �C in Indian Punjab which was assessed with the aid of crop models; cotton crop
was severely damaged from sowing to anthesis phase (Wajid et al. 2014). Increase in
summer temperature especially when exceeds to 45 �C in Punjab and Sindh prov-
inces lead to sever reduction in seed cotton yield as boll development phases are
most sensitive to heat stress (Rahman et al. 2004, 2018). As temperature is a critical
factor in cotton production, especially boll setting and boll development phases are
damaged significantly when maximum temperature during the day exceeds to 30 �C
for only a period of 13 h (Reddy et al. 2002). Quality of cotton fiber is also affected
by environmental factors and especially temperature and rainfall (Reddy et al. 2007).
All quality parameters are negatively affected by environmental factors especially
temperature and erratic and intense rainfall.

Elevated CO2 alone has a positive impact on cotton crop growth, development,
and yield due to CO2 fertilization being a C3 plant (Reddy et al. 2004). Increase in
seed cotton yield of 5.5% by doubling the CO2 at current temperature but 56% yield
decrease only due to increase in maximum temperature while 28% reduction in seed
cotton yield observed by the increment in minimum (night) temperature (Jalota et al.
2006). Elevated CO2 has a positive effect on growth, development, biomass accu-
mulation, and ultimately cotton yield because elevated CO2 enhances photosynthesis
efficiency by reducing stomatal conductance and transpiration (Reddy et al. 2007;
Luo et al. 2016). As it is evident from various studies that interactive effect of
increase in temperature, elevated CO2, and variable rainfall patterns might possibly
offset the optimistic effect of doubled concentration of carbon dioxide (Williams
et al. 2015; Rahman et al. 2018). Intensive cotton production plans by changing in
current production and cropping system through adopting the adaptation technolo-
gies/strategies could have potential to reduce the adverse effect of climate variability
and sustainable cotton production would only be possible.

22.1.3 Climate of Cotton Zones in Pakistan

Climate is a prime factor that exerts major influence on vegetation, soil type, and
water resources. Climate is the major driving force for crop production while cotton
crop is very specific to its environmental requirements. Climate of cotton zone in
Pakistan lies in arid to semiarid region in both provinces Sindh and Punjab. Cotton
crop is suitable to this climatic region as it requires normally 4–5 months of uniform
high temperature (28–43 �C) while optimum air temperature for its proper vegetative
growth and development required 21–29 �C and reproductive growth phases
required 27–31 �C temperature ranges (Singh et al. 2007; Bange et al. 2008; Rahman
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et al. 2018). Cotton crop requires minimum rainfall during its early growing periods
while dry months are desirable for good-quality cotton production (Bange et al.
2008). Excessive and erratic rainfall at later growth stages/phases causes damages to
crop and especially reproductive growth phases are severely damaged to excessive
rainfall (Singh et al. 2007; Rahman et al. 2018). Drought conditions are already
prevailed in this climatic zone while climatic conditions become worse in the future
due to climate change and climate shift in the region. Irrigation water availability is
more threaten and exacerbated in the cotton region due to being arid climate and
cotton crop water requirement depends on irrigation water supply. Irrigation water
availability in the cotton zones through the Indus basin would be unpredictable due
to climatic variability in the country (IPCC 2014a, b). In the past few decades, cotton
zone has experienced severe droughts and followed by devastating floods especially
flood in 2010 which have contributed to low crop yield and especially the cotton
crop being the main crop of this zone. Moreover, the mean temperature across the
country has already been increased by 0.65 �C in the past 30 years (Ahmad et al.
2015). Future projections of climate change in cotton zone of Punjab showed the
expected changes and increase of 1.2–1.8 �C during near term while higher increase
(2.2–3.1 �C) of mean temperature is expected during second time period which is
known as mid-century (2040–2069) under emission scenarios of RCP 4.5. Bigger
changes and higher variations in climatic variables are expected under the GHG
emission scenarios of RCP 8.5, as results showed that increase in mean temperature
of 1.4–2.2 �C and 3.0–3.9 �C is projected for the time periods of near term and
mid-century, respectively. Similarly, changes and variation in rainfall are projected
ranged from �8% to 15% during the time period of near term and �5% to 17%
change is projected under RCP 4.5 scenario during mid-century time period, while
bigger changes and higher variations are projected for RCP 8.5, as it is expected that
�8% to 22% and �2% to 20% ranges are anticipated for the time periods of near
term and mid-century, respectively. Results of future projections about cotton yield
and production revealed the reduction in seed cotton yield of 8% till 2039 while 20%
decrease on an average basis is expected by 2069 under the lower emission scenario
of RCP 4.5 as compared with the baseline yield. More variability is expected as
likely higher increase in temperature and rainfall variability projected under RCP 8.5
scenario, results revealed that a reduction of 12% and 30% in mean seed yield on an
average basis under RCP 8.5 (Rahman et al. 2018). Temperatures are also expected
to increase more in winter than in summer which is more dangerous to crops and heat
waves during cotton season are the threats to sustainable cotton production. Rainfall
projections are more uncertain and less clear due to uncertainties in the model
structure (Collins et al. 2013; Rahman et al. 2018). Impact of climate change on
cotton yield may vary across different regions in the country and it will be significant
without proper adaptation technologies/strategies for cotton crop.

Future projections across Pakistan (a) and especially in Punjab (b) and cotton
zones represent the increase in the average annual mean temperature (Fig. 22.4), by
2050, revealed the threat to sustainable cotton production in the country. Similarly
projected changes in annual precipitation across Pakistan (a) and Punjab (b) by 2050
represented the variability in rainfall and uncertainty especially in cotton zone.
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Generally maps depict both increase and decrease in annual rainfall across Pakistan
and Punjab (Fig. 22.5). Variation in maximum and minimum temperature and ranges
of Punjab in Kharif season (30-year mean), both temperature ranges are quite high in
cotton zone 37–40 �C and 25–29 �C (Fig. 22.6). Similarly, rainfall variability is
depicted clearly from the map while rainfall amount is less than 350 mm as it is in
arid region (Fig. 22.7).

Fig. 22.4 Projected changes in temperature across Pakistan (a) and Punjab (b) by 2050 represent
the increase in the average annual mean temperature especially cotton zone in Pakistan

Fig. 22.5 Projected changes in annual precipitation across Pakistan (a) and Punjab (b) by 2050
represent the variability in rainfall and uncertainty especially in cotton zone. Generally maps depict
both increase and decrease in annual rainfall across Pakistan
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Fig. 22.6 Maximum and minimum temperature variation of Punjab in Kharif season (30-year
mean); both temperature ranges are quite high in cotton zone

Fig. 22.7 Average (2000–2017) seasonal rainfall distribution across the Punjab during cotton
growing seasons
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22.1.4 Agrometeorology and Climate Norms for Cotton Crop

Cotton crop is very specific in terms of agrometeorology; specific ranges of weather
variables are required for successful cotton production. Although all-weather vari-
ables are crucial and play an important role in cotton production, temperature and
rainfall variability have significant contribution in successful cotton production. As
temperature is considered as the most critical factor for cotton growth and develop-
ment, optimum temperature of 33 �C is required for efficient growth and develop-
ment as it is the temperature that promotes the photosynthesis and ultimately cotton
growth. Although increasing temperature above optimum leads to lower growth,
temperature above 36 �C significantly reduced the flower and boll retention (Singh
et al. 2007). Optimum thermal range of 23–32 �C is considered as most suitable for
physiological process occurring in cotton plants and this optimum thermal range is
also considered as optimal range for growth and development of cotton (Cottee et al.
2010). Temperature has a major role to determine the phenological phases especially
initiation and ending of different growth phases and generally whole growth of
cotton crop is totally dependent on temperature for being thermo period sensitive
(Luo et al. 2014). Cotton crop is very specific for temperature ranges, as it requires
uniformly high temperature of 28–43 �C for 4–5 months during its crop growth
period. Vegetative growth period required mean air temperature of 21–29 �C while
reproductive phases also required very specific for temperature; optimum air tem-
perature for majority of reproductive phases is 27–32 �C (Reddy et al. 2007). Cotton
requires 8–9 mean hours daily for optimum growth and development and mean
relative humidity almost about 70%, while during boll development relative humid-
ity should be less than 70% and minimum 8 sunshine hours per day are required for
the development of a good fiber (Reddy et al. 2004). Optimum temperature for
majority of physiological growth and development phases is ranged 25–33 �C;
however as temperature increased more than 33 �C, all physiological processes
especially photosynthesis in cotton are being reduced and generally cotton growth
and development badly affected when temperature increased from 42 �C (Singh et al.
2007). A temperature of 33 �C is reported as optimal temperature for efficient growth
and development of cotton plants while above 36 �C temperature is reported as
detrimental for reproductive phases which especially cause significant reduction in
flower and boll retention (Reddy et al. 2004). Minimum temperature below 15 �C
retards the crop growth and reduces the square formation and boll development
(Bange and Milroy 2004).

Cotton crop is specific for its temperature ranges for the initiation and competition
of each phase and crop requires specific thermal time (Reddy et al. 2007) and critical
growth phases of cotton crop are adversely affected by climate extremes especially
high temperature stress at reproductive phases (Rahman et al. 2016). Cotton is
photoperiod-sensitive crop while it is perennial and indeterminate in terms of
morphology (Bange et al. 2008). Accumulated degree days above a specific tem-
perature threshold are deliberated as a good appraisal to see the temperature effect on
specific growth phases of cotton crop (Wajid et al. 2014; Rahman et al. 2016).
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Sowing time of cotton crop and even each growth phase initiation and completion
total depends on temperature. Temperature is a critical factor that defines the sowing
of a crop while climatic attributes describe the optimum sowing time in any region
and it is crucial for the sustainable cotton production specially the current environ-
mental and climatic challenges to achieve the potential (Singh et al. 2007). Cotton
crop seedlings are also temperature sensitive as cold temperature stress results in
poor crop stand and delay in developmental and phenological phases, poor physio-
logical growth attributes, and less productivity (Constable and Bange 2006; Conaty
et al. 2012). Cold shock due to chilling temperature at early growth phases leads to
slow down the growth process and late developmental phases showed that temper-
ature has a significant role at any stage of cotton crop development. A significant
difference in day and night temperature is also crucial for optimum cotton growth
and lower night (>20 �C) temperature particularly during boll development phases
leads to stunted boll growth and poor cotton yield (Bange and Milroy 2004). Studies
on sowing time and cotton crop performance at different growth phases are well
documented in Rahman et al. (2016). Sowing of cotton crop at optimum time can
only harvest peak solar radiation and optimal cotton crop norms can be exposed for
better production, while late sowing has to face the sub- and super-optimal climatic
conditions at critical growth phases especially heat stress and drought conditions
prevails at reproductive phases leads to flower and boll shedding and ultimately
lower cotton production (Arshad et al. 2007; Rahman et al. 2004, 2016, 2017, 2018).
Late sowing has also faced the high-temperature stress while optimal temperature
ranges for physiological and metabolic processes from 23 to 32 �C, and super-
optimal temperature leads to short reproductive phases than the early or normal
sowing and ultimately resulted in poor production (Pettigrew and Johnson 2005;
Conaty et al. 2012). Sowing at right time produced more yield due to better boll
retention and more growing period for reproductive phases and timely completion of
each phenophase (Rahman et al. 2016).

Although cotton crop requires irrigation amount of 650–750 mm depending on
sowing time, as early sowing cotton needs more irrigation water, cotton crop
requires minimum rainfall and it is adopted in arid climatic zones just like arid
region of Punjab and Sindh provinces. Heavy rainfall especially erratic and intense is
more dangerous to cotton crop during either vegetative or reproductive phases. Dry
growing season is good for the production of quality fiber as rainfall during later
growth phases may cause squares and boll shedding while opened boll is danger-
ously affected by erratic and intense rainfall especially in terms of cotton quality
(Vara Prasad et al. 2005; Singh et al. 2007). High rainfall leads to high humidity
which provides the favorable climatic conditions for many of the insect pest and
diseases. Excessive rainfall promotes the top growth, more biomass, and lower yield
as it is an indeterminate crop so balanced fertilizer and irrigation management are
crucial. Best suitable areas for cotton on the basis of environmental conditions like
soil (texture, EC, and fertility), climate (minimum and maximum temperature and
rainfall), and irrigation water availability and moisture index were assessed and
found that cotton crop is most suitable in the lower areas of Punjab province like
Khanewal, Vehari, Multan, Muzaffargarh, Bahawalpur, Bahawalnagar, etc.
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(Figs. 22.8 and 22.9). Area’s of Indus River, the Indus basin and delta, and northern
and southern irrigated plains where cotton is the main and dominant crop while
recently developed AEZs showed that highest yield areas in cotton zone are arid
irrigated zone (AEZs-II), cotton-sugarcane zone (III), and cotton mix cropping zone
(VII) in Punjab-Pakistan. These zones are found in four divisions (Sahiwal, Multan,
D.G. Khan, and Bahawalpur). The soil in these AEZ is sandy loamy and the
temperature for crop production ranges from maximum 30.7 �C to minimum
17.7 �C. Based on economic suitability, Rajanpur is highly suitable for cotton
production with a net return of Rs. 13,487 per hectare, followed by Rahim Yar
Khan and Bahawalpur with net returns of Rs. 13,089 and Rs. 12,905 per hectare,
respectively.

Fig. 22.8 Map of Punjab represents the suitability areas for cotton crop; there are two major zones
that belong to cotton crop. There are 14 agroecological zones in Punjab which are recently redefined
by UAF, PMAS Arid Agriculture University, MNS-UAM, and FAO-Pakistan (Source:
FAO-Pakistan)
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22.2 Climate Change Scenarios for Cotton Season in
Pakistan

22.2.1 General Circulation Models (GCMs)
and Representative Concentration Pathways (RCPs)

Representative concentration pathways (RCPs) basically represent the concentration
of greenhouse gasses as it is adopted in fifth assessment report by IPCC. Two

Fig. 22.9 Cotton crop suitability map in Punjab on the basis of crop norms especially maximum
temperature, minimum temperature, rainfall, soil texture, soil EC, and moisture index. Crop
suitability map represents that south Punjab is only suitable for cotton crop in Punjab; South Punjab
is the main contributor region in cotton production (Source: FAO-Pakistan)
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concentration pathways (RCP 4.5 and RCP 8.5) of greenhouse gases were adopted in
this study; basically these RCPs depend on the prediction data of how much
greenhouse gases are emitted from all sources/contributor throughout the years in
the future. RCPs represent the radioactive forcing values due to GHGs in the year
2100 (2.6, 4.5, 6.0, and 8.5 W m�2, respectively) relative to pre-industrial levels
(Van Vuuren et al. 2011). RCPs represent the possible changes in GHG emissions
and concentration in the atmosphere as a result of anthropogenic activities. RCP 4.5
is a mild behavior scenario of GHG emission and it is projected that emission will be
at peak around 2040 and then it will decline while RCP 8.5 scenario represents the
continued emission of GHGs and its radioactive forcing throughout the twenty first
century (IPCC 2014a, b). Generally, RCPs also depend on certain assumptions about
socioeconomic scenarios which provide flexible description of future scenarios.

22.2.2 Methodology for Climate Change Scenario Generation

Measured historic weather data (1980–2010) of weather variables, i.e., rainfall,
relative humidity, both minimum and maximum temperature, solar radiation (SR),
vapor pressure, and surface wind, was used for the generation of multi-GCM
(29) future data for different time periods [near term (2010–2039) and mid-century
(2040–2069)] in multiple combination with RCPs (4.5 and 8.5) by adopting the
protocols mentioned in Ruane et al. (2015b). Historic weather data was declared as
baseline in this study. Delta scenario method was adopted, while “R” software was
used to run the scripts for the generation of future climate scenarios by adopting the
methodology proposed by AgMIP (2013a, b) and Ruane et al. (2013). Data of
climate change scenarios for future time periods by using two RCPs of 4.5 and 8.5
with latest and available 29 GCMs were downscaled for cotton zone in Pakistan.
Standard procedure and protocols were adopted as described in Ruane et al. (2015a).
CO2 concentration of 390 ppm was adopted and used as baseline in this study while
for future climate CO2 was used as follows: during near term 423 and 432 ppm for
RCP 4.5 and RCP 8.5, respectively, and during mid-century time period 499 and
571 ppm for RCP 4.5 and RCP 8.5, respectively (Rosenzweig et al. 2014). Com-
prehensive explanation about RCPs, GCMs, and CO2 concentrations can be seen in
AgMIP (2014) and Rahman et al. (2018).

22.2.3 Climate Change Scenarios in Near Term (2010–2039)
and Mid-century (2040–2069)

22.2.3.1 Future Climate Scenarios During Near Term (2010–2039)

General circulation models (GCMs) were categorized into different groups (hot dry,
hot wet, moderate, moderate dry, cool dry, cool wet, moderate wet, very hot, and dry
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scenarios) due to variation in mean temperature and rainfall during cotton growing
season. Classification of GCMs generally represents the behavior of each GCM on
the basis of changes and variation in temperature and precipitation. Baseline sea-
sonal mean temperature (April to October) and rainfall are 31.92 �C and 165 mm,
respectively, while changes are computed as variation and differences between
baseline and future temperature and precipitation. Generally, there would be increase
in seasonal mean temperature and variability in precipitation patterns that are
projected by all GCMs and RCPs during all-studied time periods in the cotton
zone of Pakistan. Mean ensemble of 29 GCMs showed that RCP 4.5 scenario is
relatively moderate while RCP 8.5 scenario showed harsh behavior as higher
increase in seasonal mean temperature of 2.01 and 3.86 �C (relative to baseline) is
projected than RCP 4.5 (1.80 and 3.41 �C) for the time period of 2040 and 2069,
respectively (Figs. 22.10 and 22.11). Mean increase of 4.3% and reduction of 3.9%
relative to baseline is projected in seasonal rainfall during cotton growing season for
RCP 4.5 scenario for the time period of 2040 and 2069, respectively (Fig. 22.12).
Likewise, mean ensemble of 29 GCMs showed the reduction of 5% and 7% for the
time period of 2040 and 2069, respectively, in emission scenario of RCP 8.5; largely
RCP 8.5 scenario is related with significant variation both in precipitation and
temperature than RCP 4.5 scenario (Fig. 22.13).

Different GCMs showed variation due to differences in behavior while GCMs
have been categorized into different groups on the basis of variation in temperature
and precipitation. Generally smaller changes relative to baseline during cotton
growing season would range from 0.65 �C (HADGEM2-CC) to 3.46 �C (MIROC-
ESM), during near-term time period, whereas the significant higher deviation/
changes are observed in INMCM4 (1.82 �C) and MIROC-ESM (5.89 �C) under
RCP 4.5 emission scenario than baseline for mid-century time periods (Fig. 22.10).
Changes in mean seasonal temperature ranged from 0.72 �C (HADGEM2-ES) to
2.82 �C (MIROC-ESM) in near-term time period while higher changes ranged from
2.40 �C (INMCM4) to 6.06 �C (MIROC-ESM) in RCP 8.5 till 2069 time period
(Fig. 22.11). Major and significant changes/variation under RCP 8.5 scenario
revealed the harsh behavior. Individual response of GCM and division into different
categories on the basis of variation and deviation from baseline can be observed in
Figs. 22.10 and 22.11 with respect to changes in mean seasonal temperature. It is
projected clearly from the response of each GCM that there would be more increase
in minimum temperature as compared with the maximum temperature for the studied
time periods which is more detrimental to cotton growth and development and
especially cotton production.

Maximum consensus of GCMs about changes in seasonal temperature, mild
scenarios, worse and worst scenarios, and hotter GCMs is deliberated in details in
Figs. 22.10 and 22.11. Results of GCMs for maximum consensus under RCP 4.5
projected that there would be an increase in seasonal average temperature of
1.4–1.86 �C and 2.8–3.4 �C for 2040 and 2069 time spans, respectively
(Fig. 22.10). MIROC-ESM found the hottest one among all GCMs under studied
time periods (2040 and 2069 time spans) for the RCP 4.5 emission scenario.
Similarly, maximum consensus about increase in mean maximum temperature in
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RCP 8.5 scenario would range from 1.5 to 2 �C and 3.3 to 4.1 �C relative to baseline
for 2040 and 2069 time spans, respectively (Fig. 22.11).

Climate scenarios about precipitation revealed that seasonal changes and varia-
tion in rainfall patterns during cotton season are more uncertain. Results of maxi-
mum consensuses for rainfall showed the smaller increase in rainfall amount relative
to baseline. Changes in rainfall would range from 0% to 10% and�10% to 8.5% for
2040 and 2069 time periods under RCP 4.5 (Fig. 22.12). Mostly, climate models
revealed the trend of increasing rainfall while fewer models showed the decreasing
tendency of rainfall in under RCP 4.5 scenario during cotton growing season but it
seems most uncertain patterns. Significant reduction in rainfall amount is clearly
depicted under RCP 8.5 scenario for both time periods; it is projected that change in
rainfall would range from �9% to 8% and �18% to 11% for the time periods of
2040 and 2069, respectively (Fig. 22.13).

There are few GCMs as well that are declared as drier than seasonal baseline but
highest reduction is observed for the GFDL-ESM2G under both emission scenarios
(RCP 4.5 and RCP 8.5) in both time periods of 2050 and 2069. There are few GCMs
like IPSL-CM5B-LR that was found wet and hot in both timer periods and RCPs as
compared with other GCMs. There are some worst-case scenarios as well where
higher increase in temperature and reduction in precipitation are projected. Further-
more few models were also found wetter and much wetter and some may declare as
dry and drier but one thing is common among all GCMs and studied RCP scenarios
that rainfall patterns are more uncertain and cotton crop is very specific for its
irrigation water demand. Some GCMs showed less uncertain and showed stable
behavior during both time periods under both RCPs, namely, CCSM4, HadGEM2-
CC, HadGEM2-ES, INMCM4, CanESM2, CNRM-CM5, ACCESS1-0, BNU-ESM,
and MIROC5. These GCMs are recommended and can be applied for the assessment
of climate change impacts for other crops in Pakistan. Generally climate models are
uncertain, climate change impact assessment studies about crops especially for
cotton crop should rely on more than one climate models as uncertainties are
common in emission scenarios (Rahman et al. 2018). It is recommended across the
globe about modeling studies to use multi-models for climate change as it can
provide more consistent result about decision management especially in agriculture
sector as it is more risky than others (Asseng et al. 2013; Rosenzweig et al. 2014;
Rahman et al. 2018).

22.3 Impact of Climate Change on Cotton Production

22.3.1 Climate Change Impact Assessment for Cotton Crop
During Near Term (2010–2039)

Cotton crop is very sensitive for its climatic requirements and slight variation may
lead to changes in growth and development and ultimately lead to reduction in
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production. Weather variables especially temperature and rainfall have a significant
role for cotton production and variation or change in these factors may lead to severe
reduction in cotton production. High temperature above normal which is required for
optimum growth and development of cotton crop speeds up the phenological phases
and had a negative impact on vegetative and especially reproductive growth phases
of cotton and ultimately reduces the cotton production. Sustainable cotton produc-
tion becomes more sensitive especially in arid climate where rainfall variability and
high temperature are already a severe threat to cotton crop. Generally, mostly GCM
scenario projected the reduction in cotton yield as compared with the baseline during
both time periods and RCPs tested.

Seed cotton yield would reduce but an important contribution of variation existed
in yield (�2.7% to �49%) among studied GCMs under RCP 4.5 during near term;
similarly yield reduction ranges from �3% to �32% under scenario of RCP 8.5
during near term although less uncertainty was found among GCMs under RCP 8.5
scenario. Generally, less seed cotton yield reduction is observed under RCP 4.5 but
few GCMs are more uncertain (Figs. 22.14 and 22.15). Although all GCMs showed
the reduction in cotton crop yield in Pakistan during near term, there are few worse-
case scenarios as well that showed the higher reduction in cotton yield because those
are found hotter and variable in term of rainfall. Drier GCMs and hottest at the same
time are found worst-case scenarios for cotton production as heat and drought
conditions are more detrimental to cotton crop. Overall mean ensemble of
29 GCMs showed the reduction of 10% and 17% in seed cotton yield in Pakistan
under GHG emission scenarios of RCP 4.5 and RCP 8.5, respectively, during near
term. More reduction in cotton yield is expected due to higher increase in mean
seasonal temperature and significant amount of rainfall variability during cotton
growing season in Pakistan. Drier conditions with below potential evapotranspira-
tion and especially high night temperature lead to more reduction in cotton yield in
worst-case scenarios of GCMs during near term (Figs. 22.14 and 22.15).

Fig. 22.14 Mean seed cotton yield of cultivars and yield gained/lost as compared with baseline
(historic) simulated by CSM-CROPGRO-Cotton based on 29 GCMs under RCP 4.5 for near term
of the twenty first century (2010–2039). Black dots at both ends of box plots represent the lowest
and highest SCY points in different growing years. Changes in mean seed cotton yield (%) of each
GCM depict by the bar graphs against each GCM
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22.3.2 Climate Change Impact Assessment for Cotton Crop
During Mid-century (2040–2069)

Significantly higher losses of cotton yield are projected for the time period of
2040–2060 for both RCP 4.5 and RCP 8.5 but especially higher reduction is
expected in RCP 8.5 due to worst scenarios of increasing temperature both maxi-
mum and due to more increase in minimum temperature accompanied by higher
rainfall variability and especially the drier conditions during cotton growth espe-
cially at reproductive phases. It is projected that there would be a decrease of 25%
and 39% (mean ensemble of 29 GCMs) in cotton yield under RCP 4.5 and RCP 8.5,
respectively, during mid-century as compared with the seasonal average baseline
cotton yield (3919 kg ha�1). Variation in the yield of cotton crop would range from
�5% to �57% and �7% to �72% under RCP 4.5 and 8.5 scenarios, respectively,
during mid-century in Pakistan (Figs. 22.16 and 22.17). Major reduction in cotton
yield is attributed for the same GCMs as observed during the near-term time period
for both RCP 4.5 and RCP 8.5 emission scenarios. Similar causes as mentioned and
discussed in previous section like higher increase in night temperature accompanied
with drier conditions, heat stress during reproductive growth phases of cotton, and
rainfall variability may be the significant contributor in lower cotton yield produc-
tion under future climate scenarios of Pakistan.

More seed cotton yield reduction is projected for CMCC-CMS, IPSL-CM5B-LR,
GISS-E2-H, GFDL-ESM2M, and GFDL-ESM2G and GFDL-ESM2M and GFDL-
ESM2G are hotter and drier while HADGEM2-ES and HADGEM2-CC are milder
and wet which leads to lower reduction in cotton yield. High variation was found
among GCMs for cotton yield but normally ten GCMs, including MIROC-ESM,
GFDL-ESM2G, GFDL-ESM2M, IPSL-CM5A-LR, CMCC-CMS, GFDL-CM,
CSIRO-MK3-6-0, MPI-ESM-MR, CANESM2, and IPSL-CM5A-MR, projected
significant variation in climatic variables especially temperature and rainfall, while
mild behavior is projected by the four GCMs, namely, HADGEM2-CC, INMCM4,

Fig. 22.15 Mean seed cotton yield of cultivars and yield gained/lost as compared with baseline
(historic) simulated by CSM-CROPGRO-Cotton based on 29 GCMs under RCP 8.5 for near term
of the twenty first century (2010–2039). Black dots at both ends of box plots represent the lowest
and highest SCY points in different growing years. Changes in mean seed cotton yield (%) of each
GCM depict by the bar graphs against each GCM

470 M. H. ur. Rahman et al.



HADGEM2-ES, and CNRM-CM5, than all other studied GCMs and generally
speaking changes overall are moderate (Figs. 22.14, 22.15, 22.16, and 22.17). Few
GCMs are found hotter and drier as well like GFDL-ESM2G and GFDL-ESM2M
but few others (HADGEM2-ES, HADGEM2-CC, and INMCM4) are, although hot,
have wet conditions during cotton growing seasons which lead to lower reduction of
cotton yield in these GCMs during both studied time periods.

22.4 Adaptation Technology Development for Sustainable
Cotton Production Under Climate Change Scenarios

Climate change has negative effects on growth and yield of cotton. Extreme tem-
peratures and uncertain rainfall patterns decrease the seed cotton yield by reducing
the length of growing periods. To ensure the high yield under changing climate,

Fig. 22.16 Mean seed cotton yield of cultivars and yield lost as compared with baseline (historic)
simulated by CSM-CROPGRO-Cotton based on 29 GCMs under RCP 4.5 for mid of the twenty
first century (2040–2069). Black dots at both ends of box plots represent the lowest and highest
SCY points in different growing years. Changes in mean seed cotton yield (%) of each GCM depict
by the bar graphs against each GCM

Fig. 22.17 Mean seed cotton yield of cultivars and yield lost as compared with baseline (historic)
simulated by CSM-CROPGRO-Cotton based on 29 GCMs under RCP 8.5 for mid of the twenty
first century (2040–2069). Black dots at both ends of box plots represent the lowest and highest
SCY points in different growing years. Changes in mean seed cotton yield (%) of each GCM depict
by the bar graphs against each GCM
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adaptation measures are necessary to address the current and future threats of climate
change. Crop management options, development of climate resilient cultivars, and
ICT-based technologies could have potential as adaptation strategies in context of
changing climate.

22.4.1 Management Strategies

Modification in production technology of cotton is important for confronting the risk
associated with climate change. Different management strategies as shown in
Table 22.1 could be useful for mitigating the negative effects of climate change on
cotton.

Adjustment of sowing dates is very important and associated with growing
season length. Too early and late sowing of cotton reduced the yield by increasing
the chances of inset attack due to unfavorable weather conditions. Late sowing delay
flowering and boll development which occur in cooler environment that leads to
decrease in the yield (Braunack et al. 2012). Sowing of cotton crop at optimum time
increased the yield by increasing growing season length. The number of plants m�2

is very less than the recommended at farm field level; few plants are unable to
germinate that causes the reduction in yield. High plant population also decreases the
yield due to decrease in boll size and increases fruit shedding. So, maintenance of
optimum plant population increased the yield.

Application of slow release (coated) and balanced use of fertilizers (NPK)
increased the efficiency and meet the nutritional requirement of crop that lead to
increase in the yield. Future scenarios of irrigation water showed that per capita
availability of water would be reduced in the future due to climate change and less
water would be available for crop production (Ahmad et al. 2019). Efficient methods
such as drip irrigation in cotton reduced the losses and provide water directly to root

Table 22.1 Crop management strategies as adaptation for cotton under climate change

Adaptations References

Adjustment of sowing dates Huang (2016)

Optimum plant population Wrather et al. (2008)

Precise application of nutrients (balanced use of fertilizers, slow
released fertilizers)

Wrather et al. (2008)

Efficient water technologies (drip irrigation) Bhaskar et al. (2005)

Integrated pest and disease management Hillocks (2005)

Drainage of water during excess rainfall Manik et al. (2019)

Reducing post-harvest losses (mechanical picking) Muthamilselvan et al.
(2007)
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zone of crop which prevent from drought or severe water stress. Insect pest and
disease attack on cotton causes the huge reduction in yield of cotton.

Integrated pest management (IPM) eliminated the use of pesticides and mini-
mized the toxicity of chemical due to the use of cultural and biological methods for
pest control. Insect pest and disease will become more problematic due to climate
change (Petzoldt and Seaman 2006). IPM would be useful strategy for control of
insets pest and diseases. Some practices adopted in IPM method are timely removal
of weeds and removal of alternate host plants and cotton sticks from the field.
Animals like sheep and goats are allowed to feed after last picking. Bee vectoring
technology (BVT) is part of IPM which is a biological control of pest and leads to
heather and stronger plants (Arora et al. 2011). As far as water is concerned, cotton is
sensitive to stagnant water. Excess water promotes the fruit shedding in cotton due to
inadequate aeration in the root zone. Removal of excess water from the field by
making drain at low end of the field is a useful strategy for cotton especially during
monsoon season (Muthamilselvan et al. 2007; Perumal et al. 2006). Cotton is an
indeterminate crop and picking of cotton is done 3–5 times at final stages. Manual
picking of cotton is labor intensive and cost accounts for 30–35% of total cultivation.
It also increased the post-harvest losses due to picking of immature boll. Mechanical
picking of cotton reduced the total cost and post-harvest losses.

22.4.2 Heat and Drought Resilient Germplasm Development

Heat and drought stress caused the physiological and chemical changes in cotton
which affected the growth and yield. Generally, heat and drought conditions
restricted the root growth, plant height, boll development, and fiber quality. How-
ever, photosynthetic activity, stomatal conductance, and water potential are also
decreased (Chastain et al. 2016). Therefore, it is necessary to develop heat- and
drought-tolerant mechanism in cotton to avoid multiple stresses and to survive under
harsh environment.

Future rise in temperature would reduce the phenological events such as days to
flowering and maturity. Regaining the phenological event under high temperature
through breeding could be best strategy in developing heat-tolerant cultivars
(Ahmad et al. 2017a). For example, a study was conducted for the development of
climate resilient cultivars of cotton in Pakistan using Decision Support System for
Agrotechnology Transfer (DSSAT). Future rise in maximum temperature of 3.6 �C
and minimum temperature of 3.8 �C was used in a model. Impact of rise in
temperature decreased the days to anthesis by 10%, maturity by 20%, and yield by
60%. Genetic coefficients of cotton in DSSAT were adjusted to regain the phenology
and yield. The time required for the cultivar to reach a final pod was decreased by
30% and fraction of daily growth which is portioned to seed and shell was increased
by 10%. Other phenology-related traits were also adjusted to get the climate resilient
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cultivar of cotton (Ahmad et al. 2017b). Drought-tolerant cultivars could be devel-
oped through selection of potential traits, which can enhance the performance under
water deficit condition. Several traits exist that are associated with drought tolerance
such as leaf conductance, leaf water potential, rolling, osmotic adjustment, and
extraction of soil water (Turner 1979; Woodfin et al. 1979). However, plant breeder
can use different techniques for the evaluation of these traits to develop drought-
tolerant cultivars. The development of heat and drought tolerant can offset the yield
losses and sustain the productivity under changing climate scenarios.

22.4.3 Application of Decision Support System
for Sustainable Cotton Production

Decision support system (DSS) is computer-based system that helps in decision-
making. DSS addresses the issues related to efficient agronomic practices, conser-
vation, nutrient management, insect pest, and disease management which would be
useful in adapting the environmental vulnerabilities. Nutrients could be managed
through DSS. Fertilizers are very expensive and huge losses were observed during
application at farm level, which reduced the yield. In the future due to rise in
temperature, fertilizer losses would be increased through volatilization. So DSS
has been designed for the recommendation of optimum doses of fertilizer to crops.
For example, CROPGRO simulates the yield of cotton by the integrating soil, water,
genetics, and environment system (Hoogenboom 2000; Rahman et al. 2017). It helps
in simulating the nitrogen balance and optimization of fertilizer in cotton (Wang
et al. 2013). Haifa Nutri-Net is another DSS that assists the growers in nutrient and
irrigation management under changing climate (Achilea et al. 2005). Planning Land
Applications of Nutrients for Efficiency and the Environment (PLANET) is another
system which provides the best management practices for crops and recommends the
fertilizer application based on previous crop (Gibbons et al. 2005).

Insects and pests can be managed through DSS to increase the production under
changing climate. For example, CLIMEX model is used to examine the insect and
pest distribution. It has been used by more than 20 countries for insect and pest
management (Walker and White 2001). Another model SOPRA is also used for
monitoring and management of pest population (Mir and Quadri 2009). DSS has
been used for water management and timely estimation of drought for cotton (Loi
and Tangtham 2005). For climate change adaptations, climate forecasting is neces-
sary because it provides the scientific bases. Decision Support System for
Agrotechnology Transfer (DSSAT) has been designed to assess the climate impacts
(Jones et al. 2000); another model on geographical information system (GIS) and
remote sensing based has been developed to estimate the risk associated with
climate. Forecasting of climate based on DSS helps in adjustment of crops in
different climatic conditions.
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22.4.4 Use of ICT for Better Cotton Production Under
Climate Change

Information and communication technologies (ICT) play a key role for adapting
climate change. The main steps for the development of adaptations through ICT are
given in Fig. 22.18. Similar steps were described by Sala (2009). The first step of
adaptation is the observation on how the climatic variations are occurring on a
specific site. Observation could be carried out by different tools like sensor-based
networks and remote sensing techniques. The collected data on climatic impacts on
cotton are stored and digitized for communication of different institutes. After the
data is analyzed for planning, for this purpose computer-based models are used for
decision-making. GIS can facilitate in development of adaptation measures based on
observation for stakeholders. The developed adaptation is implemented to farmers
for decision-making as shown in step 3 in Fig. 22.18. The tools useful for imple-
mentation and management are forecasting and early warning system. Capacity

Fig. 22.18 ICT-based steps
for the development of
adaptation strategies for
sustainable cotton
production to mitigate the
negative impact of climate
change
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building on climate adaptation can be employed for the awareness of farmers in
cotton zones. Training, seminars, and workshops could be conducted using ad hoc
on and offline system. The final step is networking in which data is stored and retried
for comparing the information with other knowledge partner in different areas for
precise decision. The final stage of adaptation through ICT is monitoring and
evaluation, which could be done using GIS tools. It allows geo-reference informa-
tion and support for monitoring and evaluation of developed adaptations strategies.

22.4.5 Potential Options of Climate Resilient Cotton
Production

These are the few options that may have potential to develop climate resilient cotton
production:

1. Improving resource use efficiency (water, fertilizers, agrochemicals).
2. Changing from conventional to good agricultural practices.
3. Carbon sequestration as a climate change mitigation strategy.
4. Breeding heat and drought climate resilient varieties with high resource use

efficiency.
5. Optimizing sowing dates to harvest the maximum solar radiation and optimum

climate norms.
6. Reduced tillage operations for the low emission of GHGs.
7. Prolonging soil cover to control weeds and enhance water use efficiency and

water productivity.
8. Increasing plant density.
9. Introduction of carbon pricing policy.

10. Developing energy efficient technologies.
11. Improving soil organic matter.
12. Promotion of biodiversity.
13. Improvement in agriculture extension services (farmer education).
14. Climate smart village development for the promotion of climate resilient

cropping system.

22.4.6 Strategies/Technologies for Climate Smart Cotton
Production

Climate smart technologies and practices are the need of the time to develop climate
smart cotton production system as climate smart agriculture (CSA) tackles with three
important pillars as: (1) sustainably increasing agricultural productivity and income
to meet national food security, (2) adapting and building resilience in agricultural
systems to climate change, and (3) reducing and/or removing greenhouse gas
emissions or increasing carbon sequestration (FAO 2013, 2017). Practices and
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technologies in agriculture are deliberated as smart especially in terms of climate that
have potential and assist to achieve at least one component of CSA. Climate smart
agriculture system generally improves the resource use efficiency and increased
resilience and productivity by reducing greenhouse gas emissions. Climate smart
cotton production system has technologies and strategies to increase sustainable
cotton production, farm income, and livelihood, improves water and fertilizer use
efficiency and develops resilience to climate variability, and generally lowers the
emission of GHG emission due to different poor management practices (FAO 2010,
2012, 2016). Vulnerability of cotton production system due to climate extremes can
be minimized significantly by adopting CSA technologies and practices and hence it
revealed the potential (FAO 2010). Few studies on climate smart cotton showed that
new practices and technologies and especially adaption in current cotton system will
strengthen the sustainable cotton production by improving resource use efficiency
(Ashraf and Iftikhar 2013; Pasha 2015; Imran et al. 2018; Rahman et al. 2018).

Carbon, energy, water, and knowledge smart climate agricultural technologies
and practices are now being adopted and need to be adopt for cotton production
system as well because cotton is most sensitive to any stress (Imran et al. 2018). CSA
practices and technologies are also being adopted by even small landholders (Khatri-
Chhetri et al. 2017) in Punjab especially in cotton belt which will improve cotton
production, WUE, and NUE and ultimately improve the efficiency of key inputs in
cotton-based cropping system. Cotton production can be improved by adopting CSA
practices like sowing on raised bed or ridges as has potential to save water and high
efficiency and it enhances nutrients uptake and transport (Khatri-Chhetri et al. 2016;
Imran et al. 2018). Sowing on beds also ensures good crop stand and optimum plant
population as planting density is the key contributor in cotton yield. It also improves
germination and crop stand under unfavorable environmental conditions and it also
saves crop for waterlogging situation in case of erratic and intense rainfall during
monsoon. Climate resilient genotype development which can withstand at high
temperature and drought conditions is also among top agenda of CSA, as climate
smart varieties have potential to minimize the negative impact of climate change and
survive even under unfavorable climatic conditions (Rane and Nagarajan 2004).
Currently genotypes being cultivated at farmer’s field have lack of sustainability and
most vulnerable to climate extremes and only survive for few years and lose
potential quickly and cause cotton yield stagnation (Rahman et al. 2016). Water-
saving technologies especially high irrigation efficiency system have potential and
especially drip irrigation is being adopted as CSA practice for cotton crop to save
irrigation water by reducing surface water losses and it has also potential to improve
nutrient use efficiency (Watto and Mugera 2015; Dağdelen et al. 2009; Manpreet
et al. 2007). Cotton crop yield is improved by adopting drip irrigation through saving
water and good crop stand which ultimately lead to better crop production by
avoiding environmental stress. It has been observed that application of climate
smart practices and technologies considerably reduces the adverse effects of climate
change and improves cotton yield and production and ultimately better livelihood of
farmers at grassroots scale. There is a need of the time to adopt climate smart cotton
production system for the sustainable cotton production under climate change
scenarios.
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22.5 Conclusions

Current agriculture production systems are most vulnerable to climate change;
climate extremes and climate variability are threats to sustainable crop production
across the world to fulfill the needs of ever-increasing population. Food and fiber
security is under threat due to environmental challenges and especially current
cotton-based cropping system and cotton crop is most sensitive to climate extremes
and environmental stress. Cotton crop is a significant cash crop, it has a prominent
role in cropping system and support the GDP. Climate change is expected to enhance
the vulnerability of cotton crop as there is significant shift in seasons and increase in
the number of climate extreme events across the world. Climate change scenarios
revealed the increase in both maximum and minimum temperature and uncertain
rainfall patterns throughout the world and especially in dry and arid areas of the
world. Rainfall would increase and decrease as projected by multi-GCMs and RCPs
and it is fact that these changes in climate would lead to negative effect on cotton
crop production and sustainable cotton production in the future is under threat.
Weather plays a crucial role as it determines the initiation and ending period of
phenological stages during crop growing cycle. Climate change has a negative
impact on cotton production in major parts of the cotton-growing regions. It not
only hampers the yield but quality of fiber and has a negative impact on socioeco-
nomic conditions of farmers. Climate, crop, and economic multidisciplinary model-
ing approach are being used to assess the impact of climate change and adaptation
strategy development for sustainable cotton production. Changes in crop manage-
ment practices (sowing, planting density, irrigation, plant protection) may be good
adaptation strategies for sustainable cotton production under changing climate
scenarios of the world. Climate resilient cotton production system has potential to
cope with the negative impacts on cotton crop by developing heat and drought
resilient germplasm, mitigation technology to reduce GHG emission, and applica-
tion of decision support system and use of ICT-based technologies for sustainable
cotton crop production. It is time to adopt climate, energy, and water smart cotton
production technologies and practices for sustainable cotton production in the future.
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