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Abstract

Dryland agricultural system is under threat due to climate extremes and unsustainable management. Understanding of climate
change impact is important to design adaptation options for dry land agricultural systems. Thus, the present review was
conducted with the objectives to identify gaps and suggest technology-based intervention that can support dry land farming
under changing climate. Careful management of the available agricultural resources in the region is a current need, as it
will play crucial role in the coming decades to ensure food security, reduce poverty, hunger, and malnutrition. Technology
based regional collaborative interventions among Universities, Institutions, Growers, Companies etc. for water conservation,
supplemental irrigation, foliar sprays, integrated nutrient management, resilient crops-based cropping systems, artificial
intelligence, and precision agriculture (modeling and remote sensing) are needed to support agriculture of the region. Dif-
ferent process-based models have been used in different regions around the world to quantify the impacts of climate change
at field, regional, and national scales to design management options for dryland cropping systems. Modeling include water
and nutrient management, ideotype designing, modification in tillage practices, application of cover crops, insect, and dis-
ease management. However, diversification in the mixed and integrated crop and livestock farming system is needed to have
profitable, sustainable business. The main focus in this work is to recommend different agro-adaptation measures to be part
of policies for sustainable agricultural production systems in future.
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Introduction

A farming system (FS) is an organised way of operating a
piece of land to grow crops and raise livestock or both. It
includes everything on farm and outside the farm related to
farm operations. FS could be categorized into (i) extensive
and intensive FS; (ii) subsistence and commercial FS; (iii)
dry and irrigated FS; (iv) individual and multiple FS and
(v) arable farming, livestock rearing and mixed farming.
All of these categories might require similar development
strategies and interventions to have sustainable outcomes
(Byerlee & Husain, 2008). Thus, FS is an approach of
developing farm strategies based on principles of produc-
tivity, profitability, stability and sustainability. Farming
systems research (FSR) is an important area to be con-
sidered for the improvement of agriculture as whole. The
three main elements of FSR as proposed by Simmonds,
(2008) are (i) FSR sensu stricto (FS deep analysis as they
exist); (ii) On farm research with farming systems perspec-
tive [OFR/FSP] and (iii) New farming systems develop-
ment (NFSD) as shown in Fig. 1. However, component
four needs to have new farming systems (NFS) under addi-
tional management and climate change scenarios. Systems
modeling has been used in FSR, and include linear sta-
tistical modeling, mechanistic modeling, and integrated,
bioeconomic or socio-ecological models (Feola et al.,
2012; Rupnik et al., 2018). Since FSR is an interdiscipli-
nary approach, its application to simulation models can
be adopted to address trans-disciplinary tasks. In the past,
different methods and approaches of decision support sys-
tems were used to answer why and how questions that
include probabilistic and optimization models (Hindsborg
& Kristensen, 2019), supervised learning models (Wit-
ten & Frank, 2002), Bayesian models (Wang et al., 2012),
time series analysis (Michel & Makowski, 2013) and
genetic programming (Samadianfard et al., 2022). Silva
and Giller, (2021) reported about what crop models can
and can’t (yet) do. They explored current trends in crop
modeling after reviewing research presented in the 2nd
International Crop Modeling Symposium (iCropM2020).
Most of the focus of the presented work was on climate
change, adaptation and impact assessment, and much less
on food security or policy. Similarly, more attention was
on field level work with less attention on farming sys-
tems investigations. There were few contributions related
to model improvement with little work about nutrient
limitations, pest or disease impacts. Crops models can be
used to devise hypotheses and drive new experiments to
fulfill above mentioned gaps. Furthermore, outcomes of
the models should be provided to policy makers so that
intended purposes can be achieved. Finally they reported
the importance of cross-scale and interdisciplinary efforts
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Fig. 1 The four main elements of framing systems research (FSR) (A
FSR sensu stricto, B On farm farming system research, C New farm-
ing systems development (NFSD) and D Systems Modelling [ Modi-
fied from Simmonds, (2008)]

with direct engagement of stakeholders to address the
grand challenges faced by food and agricultural systems
in the coming century.

South Asia is one of the important dry land agricultural
regions in the world. It covers about 3% of the world’s land
area and is home to a quarter of the world’s population. Cli-
mate change in the form of rise in temperature is hitting the
region very hard. According to the World Bank, average
annual temperature of the region will increase between 1.5
to 3 °C (hotspot) by 2050 in comparison to 1981-2010 if no
action is taken to minimize C emissions (Hoegh-Guldberg
et al., 2018). This could put half of the world’s population
in trouble this hotspot could lead to lower crop yield and
declined crop productivity (Ainsworth & Ort, 2010). Thus,
sustainability as a component of FSR is needed to mitigate
climate change (van Zonneveld et al., 2020) through build-
ing strong, resilient system by considering different factors
(Fig. 2) (van Zonneveld et al., 2020). Interactive studies of
these components, with the consideration of farmers, as a
basic foundation is important for designing a logical frame-
work for FSR (Fig. 3). Hence, key characteristics of FSR
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are systems thinking, and interdisciplinary and participatory
approaches, and these characteristics are missing in most of
the South Asian developing countries (Ogada et al., 2020).

Changes in the climatic variables (e.g. temperature and
rainfall) have been observed at shorter time frames e.g.
month, a season, or a year, as well as on longer time span,
i.e., decadal for South Asian countries (Sivakumar & Stefan-
ski, 2011). This variability for the shorter time span is called
climate variability, however, for longer time spans it is called
climate change. Both are big concerns across the globe as
well as for South Asian countries (Arora, 2019). Extreme
climate events at the time of wheat harvesting resulted in
huge damage to the major staple crop of the region as well
as to other crops (Ye et al., 2020). However, no adaptation
options are currently available to give relief to the farmers.
The Intergovernmental Panel on Climate Change (IPCC)

S A

defines climate change as any change in climate over time
due to human activity or natural variability. It has been
proven that most of the changes in climatic parameters are
mainly due to human activities on shorter time scale. As
increasing concentrations of greenhouse gases (GHGs)
trap extra heat in the earth's atmosphere, higher tempera-
ture results which is called global warming or enhanced
greenhouse effect. This enhanced effect leads to changes
in the distribution of rainfall, storm intensity, changed pat-
tern of atmospheric circulation and higher temperature at
the land/sea surfaces. Most of the earlier researchers have
linked these physical and biological system changes to
warming temperature (Rosenzweig et al., 2008). The IPCC
in their reports predicted 1.8—4.0 °C increased temperature
in 2090-2099 depending upon which scenario of future
GHGs emissions was used to drive climate models (IPCC,
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2007). GRID-Arendal (http://www.grida.no/about), which
was established in 1989 to support environmentally sustain-
able development in collaboration with UN, suggested ways
to control global warming.

The temperature increase impacts would be more severe
for smallholder and subsistence farmers due to their lack
of adaptive capacity particularly in the Indo-Gangetic Plain
(Kumar et al., 2020). Since these extreme climatic events
will significanly impact food production, food security in the
future will become an increasingly critical issue (Shi et al.,
2021). Food security is a great challenge facing humankind
(Porter et al., 2014). United Nations, in their Sustainable
Development Goals (SDGs) put food security first (Tambu-
rino et al., 2020). SDGs replaced Millennium Development
Goal Target 1C with an emphasis not only on hunger, but
also on sustainability and nutrition (Pedercini et al., 2020;
Qu et al., 2020). SDG 2 deals with zero hunger. Thus to
achieve food security, improved nutrition and promote sus-
tainable agriculture, application of a FS approach is essential
(Allen et al., 2019; Eyhorn et al., 2019). This could be chal-
lenging due to rising food demand, changing climate and
degraded resources (Mall et al., 2017). Godfray et al., (2010)
reported a serious situation with billions of people suffering
from nutritional deficiencies and malnutrition. Sustainable,
climate-resilient farming systems are needed for nutritional
quality and food security as mentioned in SDG (Altieri et al.,
2015). This is quite a big challenge as the number of chroni-
cally undernourished people is rapidly increasing (Witten
& Frank, 2002). Food security is a massive problem and it
is worsened by climate change. Schmidhuber and Tubiello,
(2007) concluded that the overall impact of climate change
on food security will differ across regions and over time.
They further reported that climate change will adversely
affect food security and it will increase the dependency of
developing countries on imports. Furthermore, Tesfaye,
(2021) reported that climate change will threaten food secu-
rity in the hottest wheat growing regions of world. Thus
technological options are needed to mitigate climate change
impact on food security. These options include soil and crop
innovation and agricultural land reclamation (Horton et al.,
2021). Similarly, recognizing the FS trajectory is necessary
if future food needs are to be met. Sustainable intensifica-
tion (SI) could be an option as it provides more output from
the same area of land while minimizing negative impacts to
the environment (Pretty et al., 2011). The main aim of SI
is to increase yield without adverse environmental impacts
and the cultivation of more land, or increased production
from existing farmland, while minimizing environmental
pressure.

South Asia, which has 20% of the world’s population,
faces severe challenges in agriculture mainly due to climate
variability (Sivakumar & Stefanski, 2011). It had been docu-
mented earlier that extreme climate events in the form of
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heat and drought will create food security issues (Tesfaye,
2021). Most South Asian regions have witnessed variabil-
ity in temperature and rainfall that manifested in frequent
heat waves, droughts and floods leading to great damage to
agriculture (Almazroui et al., 2020). Similarly, the world’s
largest river systems (Indus, Ganga and Brahmaputra) are
in this region with maximum land usage for agriculture.
Thus, people’s livelihoods depend upon management of
available natural resources, i.e., soil and water. However,
sustainability of these resources is threatened by extreme
climate events (Ali et al., 2019). Likewise, due to the high
population pressure and poor management water resources
are becoming stressed (Birendra et al., 2021). Since most
of the land (about 60% of the cropped area) in this region is
rainfed, the agriculturally based economy of these countries
is heavily dependent upon summer rainfall, i.e., monsoons
(Arshad et al., 2018; van Ogtrop et al., 2014). This region
is a paradox as it enjoys high economic growth but suffers
from food and nutritional insecurity, extreme poverty, dete-
rioration of natural resources and climate change (Stephens
et al., 2018). The management of available natural resources
in dryland areas is urgent, as it will play a crucial role in the
coming decades to ensure food security and reduction in
poverty (Baig et al., 2013). Thus, our focus is to review gaps,
and to suggest technology based collaborative intervention
such as water conservation, supplemental irrigation, foliar
sprays, integrated nutrient management, resilient crops and
cropping systems and precision agriculture (modeling and
remote sensing) that can support agriculture of the South
Asian region under changing climate.

Gaps in Dryland Farming Systems

Regions where the ratio between evaporation and evapo-
transpiration is less than 0.65 are called dryland. Dryland
farming is a special case of rainfed agriculture. Dryland
farming has been practiced primarily in arid and semiarid
regions where annual rainfall is about 20-35% of potential
evapotranspiration. Moisture stress is the main factor limit-
ing yield in this region.

1. Hence, successful management of dryland framing
system depends upon (i) retention of precipitation on
land; (ii) reduction in evaporation and (iii) utilization
of drought tolerant crops. This is possible through SI
which is described as raising yields without additional
land conversion and without harming the environment
(Cassman & Grassini, 2020). Pervez Bharucha et al.,
(2021) produced 100 questions through a horizon scan-
ning method that point to the gaps in dryland farming.
These were further categorized into four sections i.e. (i)
natural resource inputs; (ii) crop and livestock produc-
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tion; (iii) agricultural development and policy and (iv)
markets and consumption. This important work identi-
fied major gaps that need to be filled to have SI in dry-
land framing systems. Furthermore, crops grown under
dryland conditions have a larger yield gap that could be
narrowed with optimal rotations (Hochman et al., 2020)
and through the use of recommended management prac-
tices e.g. improved cultivars, site specific nutrient man-
agements through use of precision agriculture and water
harvesting. Therefore, in order to design appropriate
research and hypotheses we need to use process-based
models which can easily test what-if scenarios. Effect of
climate change

Variation in climatic conditions is one of the red-hot sub-
jects in every discipline and it can be quantified by using
models as mentioned above. Climatic variability and change
is affecting food production at local, regional and continental
levels, therefore, influencing the lives of all human beings,
plants and livestock systems (Williams et al., 2020; Ahmed
2020). Flora and fauna are particularly influenced by climate
change because of life-threatening variability in maximum
and minimum air temperature and precipitation patterns in
all cropping systems (Challinor et al., 2014; Hutchings et al.,
2020). Worldwide, the thermal trend is the greatest ecologi-
cal challenge in the current century. For example it leads to
enhanced mean air temperature in major cropping systems
(Ali et al., 2019). The impact of high temperature (HT),
drought (D), or elevated CO, [eCO,] is discussed further in
the following sections.

Overview of Responses to High Temperature (HT),
Drought (D), or elevated CO, [eCO,]

The influence of climatic variables (e.g. air temperature,
precipitation and [eCO,]) on cropping systems is com-
plicated. These variables play a significant part in rainfed
cropping systems (Williams et al., 2020). Warming stress
conditions cause decreases in crop productivity (Zampieri
et al., 2020). Higher air temperature stress from sowing to
maturity restricts crop growth and shortens the crop cycle
(Hatfield & Dold, 2018). Higher temperature than optimum
hastens anthesis and induces floral aberrations (e.g., sta-
men hypoplasia and pistil hyperplasia), which negatively
impacts proper reproductive accomplishment in cereal crops.
Furthermore, very poor dehiscence of anthers, poor pollen
grain formation and reduced viability of pollen are recog-
nized as primary causes of stress-induced unproductiveness
and kernel abortion in maize and wheat (He et al., 2018).
During the grain filling period, higher air temperature stress
negatively influences grain quality. Too little water has a
greater negative influence than high-rainfall events in vari-
ous cropping systems (Jalota et al., 2013). Serious water

shortage during kernel filling resulted in earlier senescence
and a shorter grain filling period as well as lower green flag-
leaf area perseverance in cereal crops (Asseng et al., 2019).
Meanwhile, [eCO,] has shown a positive effect on crop bio-
mass production but higher concentrations of CO, lead to
elevation of tissue temperature. However, interactive effects
of these climatic variables on crop production might be dif-
ferent (Rajwade et al., 2015).

High Temperature and Drought Interaction

High air temperature and drought stress are now frequent
events. In most cropping systems, drought has been intensi-
fied due to higher air temperature stress (Hogy et al., 2013).
Mittler, (2006) documented the effect of multiple abiotic
stresses e.g. combination of HT and D stress on crops under
field conditions. The combined impact of HT and D stress
on crops like barley and wheat was found to be more severe
as compared to a single stress (Shah & Paulsen, 2003). Rang
et al., (2011) reported that HT and D interact and it has been
seen in most parts of Europe where the interaction resulted
in decreased productivity of wheat and maize (Ciais et al.,
2005). In Asia HT and D stress was seen during the critical
developmental stages of rice which resulted in major losses
in the rice based cropping systems (Wassmann et al., 2009).
Zhang and Huang, (2012) documented yield reduction in
three major cereals i.e. rice, wheat and maize, in the north-
ern part of China due to HT and D stress. The combined
detrimental effect of HT and D on cereal, i.e., rice, sorghum,
wheat, barley, and maize, was more severe as compared to
individual HT or D impact (Cotter et al., 2020). Cohen et al.,
(2020) conducted meta-analysis of HT and D stress on crop
yield and yield components. They concluded that a signifi-
cant decrease in crop yield was due to the combined impact
of HT and D on harvest index, life cycle, seed number, seed
size and seed composition. The consequences of drought
are amplified at higher temperature than lower air tempera-
ture, worldwide. The synergistic interactions of higher tem-
perature and drought showed a decreased production more
through the mutual stresses than by either stress alone, and
that much of the influence was on physiological processes in
crop plants in arid environments (Amarasingha et al., 2015).

Interactive Impact of High Temperature and Drought
on Water Use Efficiency Water use efficiency (WUE) is the
ratio of the unit crop dry matter produced per unit of water
used. Blum, (2009) reported that WUE increases under D
while it decreases under HT stress. Rollins et al., (2013)
recorded a 45% decrease in WUE of grain yield (g grain
L) in barley due to HT x D stress while Shah and Paulsen,
(2003) reported, —34 to+24% change in WUE (g grain
L~!) in wheat. Future climate change might increase the fre-
quency and intensity of extreme events like drought which
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will limit crop growth and yields. Increasing WUE and yield
per unit of water is one of the most important challenge in
dryland farming (Yulianti et al., 2016). Higher air tempera-
ture and drought stress interaction might reduce WUE, as
warming trend will lead to higher evapotranspiration (ET)
in the future. Furthermore, the interaction will also increase
crop water demand in dry and windy situations as compared
to humid and cool climatic circumstances (Porter, 2005).
In South Asia, lower WUE and productivity in most of the
cropping systems are mainly because of extreme climatic
shocks. This will further lead to problems related to food
security, as climate change induced crop productivity will
negatively impact food production and prices in all south
Asian countries (Thompson et al., 2017). Similarly, water
stress significantly impacts physiological mechanisms of
crops grown in dryland cropping systems. Their results
showed that interactive stress resulted in 60-92% reduction
in photosynthesis as compared to non-stressed conditions.
Additionally, 28% rise in WUE was indicated under drought
stress at middle/suboptimal level, however, it was reduced
by 35% at high temperature (Kaur et al., 2012). Williams
et al., (2020) studied crop yield, WUE, precipitation capture
and soil water storage in a dryland cropping system under a
given set of crop sequence treatments. WUE was calculated
by using following formulae:
CY

WUE= ——+
HHP + 0, M

where CY =Crop yield, HHP + 6, = Crop water use i.e.
HHP = Sum of the precipitation that fell between harvests.
(HHP) and 6, = Soil water depletion in mm of soil water
depleted between seeding and harvest.

Additionally, precipitation use efficiency (PUE) from
seeding to harvest was calculated as:

CY

PUEgryp = STHP (2)

where STHP = Amount of precipitation from date of sewing
to harvest.

However, PUE over the year (PUEyp) could be calcu-
lated by using the following formula:

CY

PUEqyp = P (3)

where CYP = Crop year precipitation in mm.
Soil water use efficiency (SWUE) can be calculated as
used by Williams et al., (2020):

CcY

edepletion

SWUE =

“

where 0 eion= Soil water depletion (mm) between seeding
and harvest of a crop.
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The work of Williams et al., (2020) suggested that in
order to increase WUE, PUE, SWUE and crop productivity
we should increase diversification and improve conservation
of water under low rainfall dryland conditions. Furthermore,
they also suggested the use of higher yielding, drought toler-
ant crop varieties to improve climatic and economic resil-
ience in dryland cropping systems.

Interactive Impact of High Temperature and Drought
on Nitrogen Use Efficiency Nitrogen (N) is very important
for all type of farming systems but its losses in the form of
volatilization and leaching are big environmental concerns
(Hutchings et al., 2020). Ammonia (NH;) emissions and
nitrate (NO;™) pollution are big threats to the environment
and to human health, and their primary source is the agricul-
tural sector (Schullehner et al., 2018). Meanwhile, livestock
production has a large environmental footprint (Leip et al.,
2015). Environmental performance of crop production sys-
tems can be monitored by nitrogen use efficiency (NUE),
which is a very useful indicator (Antille & Moody, 2021).
Nitrogen use efficiency is negatively affected under higher
temperature and drought conditions (Hutchings et al., 2020).
NUE can be calculated as proposed by Rahimizadeh et al.,
(2010):

Gy
NUE = ®)

supply

where Gy=Grain yield and N, = Soil N content at sow-

suppl.
ing +total N fertilizer applied. o
Cammarano et al., (2020) concluded that negative
impacts of rainfall and temperature on crop production could
be offset by applying additional water and nitrogen. Nitrogen
leaching and NUE strongly correlated as higher leaching
results to lower NUE. Webber et al., (2015) simulated water
and N-water limited yield across Europe and concluded
that future N fertilization rates need to be assessed through
integrated approaches. Fagodiya et al., (2017) reported the
alteration of global N cycle due to global warming and
climate change. They concluded that N fertilizer acts as a
source of global warming (due to N,O emission) as well as
cooling [NH; (Reduced N compounds) and NOX (oxidized
N compounds)]. Thus, they recommended that both warm-
ing and cooling effects should be studied in the future. The
impact of climate change on crop duration/yields, water/N
balance and NUE in a rice—wheat cropping system was stud-
ied by Jalota et al., (2013) using the CropSyst model. The
results showed that around 20 and 29% of applied N goes
to gaseous loss while 10 and 0% to leaching, 69 and 72% to
nitrogen uptake and 0 and 2% to immobilization in rice and
wheat crops, respectively. This confirms the earlier findings
where they reported 17-28% gaseous loss (Reddy & Patrick,
1975), 60-77% as N uptake (Aulakh et al., 2000) and 9-36%
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as leaching linked with the percolation rate of water in soil
(Vlek et al., 1980).

Interactive Impact of High Temperature and Drought
on Agronomic Efficiency: Yield and Yield Components Crop
yield components and yield depend on air temperature dur-
ing the crop growing season. An increase in air tempera-
ture can have positive or negative effects on agronomic effi-
ciency and crop water need (Rajwade et al., 2015). It has
been reported that HT can cause earlier crop maturity due
to fast completion of different phenological stages (Hyles
et al., 2020). Earlier maturity results in a reduction in crop
yield and quality (Hogy et al., 2013). Zhao et al., (2017)
evaluated the impact of global temperature increase on
the production of four major crops i.e. wheat, rice, maize,
and soybean. They concluded that each degree-Celsius
increase in global mean temperature would, on average,
reduce global yields of wheat by 6.0%, rice by 3.2%, maize
by 7.4%, and soybean by 3.1%. They reported this impact
without adjustments for CO, fertilization, effective adap-
tation, and genetic improvement. Heat and water stress in
combination have significant strong impacts on crop yield,
and this combination prevails in dryland agriculture nowa-
days. Ostmeyer et al., (2020) reviewed the impacts of heat,
drought, and their interaction with nutrients on crop physi-
ology, grain yield and quality of crops. They concluded that
drought stress impacts can be ameliorated by the use of
nutrients. Knox et al., (2012) studied the projected impacts
of climate change on the yield of eight major crops in Africa
and South Asia. They reported that overall yield change
for all crops in each region was — 8% by 2050. However,
they estimated — 17%, — 5%, — 15% and — 10% mean yield
change across Africa for wheat, maize, sorghum and mil-
let respectively. The yield change in South Asia was —16%
(maize) and — 11% (sorghum). They recommended that the
deleterious effect of climate change could be mitigated by
adaptation options such as shifting planting dates, modify-
ing crop rotations, development of new crop varieties and
expansion of irrigation infrastructure. However, these adap-
tations require investments in resource poor countries.

High Temperature and Elevated CO, Interaction

Carbon dioxide affects crop physiological processes directly
or indirectly. The direct effect include photosynthesis and
stomatal physiology (Kadam et al., 2014). Allen, (1994)
elaborated the direct effects of CO, on crops and indirect
effects of CO, through possible climate change. Elevated
CO, has shown a positive effect on growth and development,
which was greater during earlier growth stages as compared
to later growth stages. It is now well known that increased
CO, concentrations result in greater production of carbo-
hydrates and biomass (Thompson et al., 2017). Similarly,

enhanced yield and crop productivity have been reported due
to higher photosynthesis under [eCO,] in many crop species
(Bocianowski et al., 2018). However, Mittler et al., (2012)
reported negative impact on crop yield under increased tem-
perature because of [eCO,]. An average 3 to 5 °C rise in
temperature has been documented due to the doubling of
CO, concentration (Arora & Kumar, 2018). The interactive
effect of temperature and [eCO,] results in the partial clo-
sure of stomata which could reduce transpiration and lead
to changes in leaf temperature in all cropping systems. Win-
slow et al., (2003) documented that [eCO,] benefits can be
offset by higher temperature since a rise in temperature can
cause shortening of crop growing period. The interactive
effect of high temperature and [eCO,] on WUE, nitrogen
use efficiency and agronomic efficiency has been highlighted
further in this section.

Interactive Impact of High Temperature and Elevated CO,
on Water Use Efficiency The intearctive effect of high
tempearture and [eCO,] on WUE is shown in Fig. 4. The
increase or decrease in WUE will be due to direct or indirect
effects of these two variables on physiological, biochemical
and crop growth traits. Similarly, these two variables have
linkage with RuBiSCO (Ribulose-1,5-bisphosphate car-
boxylase/oxygenase) either through carboxylation or pho-
torespiration. RuBiSCO is an enzyme involved in the first
major step of carbon fixation. It catalyzes the carboxylation
of RuBP (Ribulose-1,5-bisphosphate). Higher tempearture
results in photorespiration by promoting oxygenation reac-
tions as compared to [eCO,] where carboxylation increases
(Ainsworth et al., 2020). Higher WUE due to [eCO,] could
be because of decreased stomatal conductance and density
which will not be the case under higher tempearture (Maes-
tre et al., 2012; Olivoto et al., 2017). Polley, (2002) reported
that [eCO,] could counteract the higher tempearture effect
on evapotranspiration.

Interactive Impact of High Temperature and Elevated CO,
on Nitrogen Use Efficiency Nitrogen use efficiency of agri-
cultural crops at local, regional and continental levels is
negatively influenced by the interactive effects of [eCO,]
and other climatic variables. The role of CO, is very cru-
cial in crop physiology, by affecting photosynthesis, crop
growth and yield (Wei et al., 2018). It has been documented
that stomatal activity, biomass production and WUE are
highly correlated. However, [eCO,] leads to lower nutrient
uptake, particularly N, because of restricted root nutrient
uptake and a dilution effect (Myers et al., 2014). Li et al.,
(2019) reported higher photosynthetic rate and lower chlo-
rophyll content in the flag leaf of wheat under [eCO,] as
compared to ambient CO,. Additionally, higher N fertiliza-
tion resulted in a higher grain number per spike in [eCO,].
Thus, high temperature and [eCO,] have negative impacts
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Fig.4 Elevated CO, and
temperature interactive effect
on WUE (Upward arrows show
higher impact while downward
arrows show lower impact)

Elevated CO:z
[eCO2]

|

|

Temperature I

/Stomatal conductance and resistance

. A
Net photosynthesis

Transpiration rate ¥

A
Leaf area

B
N

Crop growth, dry matter and vield

Qiochemical and Molecular responses 4
o

Crop water status v \
Crop phenology v
\ ¥ n
. Transpiration rate
= RuBiSCO [=o3 P !
Net photosynthesis o
A Leaf area v
I
) Crop growth, dry matter and yieldv
Biochemical and Molecular responses 4

on nitrogen use efficiency, which can cause poor grain qual-
ity in the future (Jobe et al., 2020).

Interactive Impact of High Temperature and Elevated CO,
on Agronomic Efficiency: Yield and Yield Components High
temperature with [eCO,] resulted in higher yield and yield
components (Challinor et al., 2014). Some positive and
some negative effects of a combination of high temperature
and [eCO,] on canopy photosynthesis (umol m~2 s7!), leaf
photosynthesis (pmol m~2 s, WUE (mmol mol™") and
photosynthetic WUE was reported in earlier work (Prasad &
Jagadish, 2015). However, the interactive effect of high tem-
perature and [eCO,] have shown positive effects on wheat
grain yield (+6% to+40%) as well as rice yield (+69%)
(Rakshit et al., 2012). The interactive effect of high temper-
ature and [eCO,] on the grain weight of crops remained neg-
ative (Bocianowski et al., 2018). Roy et al., (2012) reported
spikelet sterility in rice due to the interactive effect of high
temperature and [eCO,] which is the major cause of yield
reduction.

Elevated CO, and Drought Interaction

Elevated CO, and drought increases WUE from leaf level
to ecosystem level in C; as well as in C4 plants (Kumar
et al., 2019). Synergistic responses have been observed
between [eCO,] and drought for WUE among most plants
(Noor et al., 2003). In C; plants [eCO,] increases WUE
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WUE 1,

through fixation of carbon and decreased transpiration.
However, in C, plants increased WUE is mainly due to the
decreased transpiration rate. Conley et al., (2001) docu-
mented increased WUE in sorghum by 16 and 17% and
47% to 52% for C, cherry under irrigated and dry conditions
respectively. This was mainly due to a decrease in evapo-
transpiration (Hussain et al., 2013). In sugarcane, a C, plant,
stomatal conductance (g,) and WUE under severe drought
and ambient CO, decreased by 95% and 93% respectively
in comparison with control. However, under drought stress
and [eCO,] the drop in g, and WUE was 80% and 26% of the
controls values respectively (Vu & Allen, 2009). Wall et al.,
(2011) reported drought avoidance in barley due to [eCO,].
It causes 34% reduction in g, and conservation of water for a
longer period under water stress conditions. Another impor-
tant adaptation feature is an increase in stomatal size and a
decrease in stomatal density due to [eCO,] and moderate
water stress (Fig. 5).

Dryland Cropping System and Soil

Dryland agriculture accounts for 80% of the world’s culti-
vated land and contributes to 60% of the total crop produc-
tion (UNESCO, 2009). Low crop productivity in rainfed
agricultural systems is mostly due to poor soil fertility.
The impact of climatic variables (temperature, precipita-
tion and [eCO,]) on the soil of rainfed cropping system
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Fig.5 Elevated CO, and drought interactive effect on WUE

is evident at different degrees and levels. Generally, the
main question researchers look for is what the impact of
global warming on the amount of carbon in the soil will
be. Under current cultural practices, e.g. chisel and deep
ploughing in rainfed cropping systems there is chance of
increase CO, emissions from soils (Farina et al., 2011).
Similarly, due to increased global warming and drought
in the future, there is a possibility of more loss of soil
organic carbon (SOC) because of higher soil respiration as
shown in Fig. 6. Crowther et al., (2016) quantified global
SOC losses in response to warming. They reported more
soil carbon losses at higher latitude. However, they found
a positive association between HT and SOC loss. Gener-
ally, higher temperature and [eCO,] could promote crop
productivity and SOC. However, higher temperature pro-
motes soil organic matter decomposition and loss of SOC.
A positive interaction between HT and [eCO,] for crop
growth, yield and SOC has been reported (Kimball, 2011).
Pugnaire et al., (2019) reviewed plant soil feedback inter-
actions under climate change. Climate change affects the
plants’ inputs to soil through litter and rhizodeposits. They
reported that drought led to the provision of low-quality
litter, low nutrient content to soil and lower decomposi-
tion rate.

Productivity“ ¥
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v ¥ P4 show negative effect

Soil water

v / ?+ = Drought effect upward arrow is

positive while downward arrows
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Soil is home to millions of fungi, billions of bacteria
and other microorganisms, and extreme climate events are
showing detrimental effects to these organisms. Since these
microorganisms play an important role in C and nutrient
cycling, their absence or deficiency can cause poor soil fer-
tility and productivity (Pugnaire et al., 2019). It has been
well documented that long term warming causes changes in
microbe communities (Cavicchioli et al., 2019). Bintanja,
(2018) reported that a 5 °C increase in temperature shifted
the ratio of bacteria to fungi causing alteration in the respira-
tion rate of the soil microbial community. Temperature and
respiration are strongly correlated, thus the role of elevated
temperature and microbial metabolism recently attracted
attention in research (Gao et al., 2018). Intensive agricul-
ture in dry land farming systems is the main cause of loss of
belowground biodiversity, leading to poor soil health. This
loss will be more severe under changing climate as climate
change has direct and indirect impacts on soil communi-
ties (Dubey et al., 2019). Therefore, it is important to adopt
sustainable management practices so that we can promote a
healthy soil microbiome in dry land cropping systems.

Carbon sequestration in rainfed cropping systems could
be increased by adoption of practices like diversified crop-
ping systems, cover crops, crop residue incorporation,
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minimum tillage, no tillage, balanced fertilization and
application of organic fertilizer (farmyard manure and green
manure) (Newbold et al., 2015). Lal, (2004) further reported
that with an addition of 1 ton of carbon to the soil carbon
pool in degraded croplands, the yield of crop might increase
by 20-40 kg ha~! for wheat, 10-20 kg ha™! for maize and
0.5-1 kg ha™! for cowpeas. Thus, C sequestration has great
potential to enhance food security and offset fossil fuel emis-
sions (0.4—1.2 giga tons C year™!).

Overview of Responses to Biotic Stresses
Human activities and natural events are accelerating changes
in the global environment. The changes include increas-

ing GHGs that result in increased global temperature and
changes in water availability in coming years. These changes
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have also shown profound effects on biotic stresses such as
disease prevalence and development, insect pest attacks and
weeds abundance. Weeds are unwanted plants that compete
for resources and causes huge losses to crop growth, yield
and grain quality. They are also host of insect pests and
pathogens. It has been reported previously that weed dynam-
ics in different cropping systems is significantly affected by
the changes in temperature, rainfall and [eCO,] (Ziska &
McConnell, 2015). Climate change is affecting weed-crop
interactions, weed ecology and weed management. Bajwa
et al., (2020) reviewed impacts of climate change elements,
i.e., HT, D and [eCO,], on wheat pests. They reported that
climate change favors the expansion, growth and multiplica-
tion of wheat pests. Furthermore, climate change opens new
geographic windows for weed infestations (Mao et al., 2021;
Vila et al., 2021), insect biodiversity (Raven & Wagner,
2021) and disease outbreaks (Chaloner et al., 2021) across
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the globe. However, this will vary from place to place as
drier climate might have low disease and insect occurrence
in future (Dudney et al., 2021). Thus researchers suggested
application of integrated pest management approaches such
as frequent pest scouting, disease forecasting and predictive
modeling to combat climate change induced biotic stresses.

Crops in the future will be more susceptible to biotic
stresses, e.g., weed invasions, pest attacks and diseases
(Chauhan et al., 2012). Weeds have shown very positive
response to HT and [eCO,] as reported by Mahajan et al.,
(2012). Ramesh et al., (2017) reported interactive effects
of climate change variables on weeds. Increased tempera-
ture, D and [eCO,] will result in higher weed growth with
dominance of C, weeds in the cropping systems. Therefore,
in the future under climate change there will be more weed
pressure. Peters et al., (2014) reviewed the climate change
impacts on weeds and reported that thermophile late matur-
ing weeds are becoming more prominent, causing greater
damage to crops in the cropping systems. Generally, weeds
or plant species show three kinds of reactions to climate
change i.e. (i) migration; (ii) acclimation and (iii) adaptation
(Vila et al., 2021). In the future, we will have to adopt sus-
tainable weed management options to minimize the impact
of weeds on cropping systems.

Climate change will increase the intensity of crop dis-
eases in coming decades. Ziska et al., (2011) observed more
prevalence of rust disease in soybean due to climate change
in all growing areas of Africa and across the globe. Biotic
stress will worsen the situation by indirectly affecting water,
fertilizer and radiation use efficiency and ultimately yield
and yield components in different cropping systems (Blois
et al., 2013). During recent years, an epidemic of leaf and
stem rust linked with strains of wheat is spreading in most
agriculture regions across the globe due to climate vari-
ability. Increased rainfall and humid environmental condi-
tions are favoring leaf and stem rust but on the other hand,
frequent drought may limit this spread with the reduction
of yield in various cropping systems. Grey leaf spot is a
disease that is becoming an epidemic in various regions
of world (Korres et al., 2016). During the 1st half of the
twentieth century Puccinia graminis f. sp. tritici (Pgt), black
stem rust of wheat, caused a serious outbreak. It results in
a 19% to 28% reduction in wheat yield. However, research-
ers have controlled this disease by selecting wheat varieties
with resistance and by removal of the alternate host in wheat
growing regions. A new race of Pgt was found in Uganda in
1998 named Ug99. Ug99 has the capacity to cause disease in
90% of world wheat population as it can overcome the genes
Sr31 and Sr38. The Ug99 wheat stem rust is a future chal-
lenge that could be worsened by climate change (Hernandez
Nopsa et al., 2014). It causes stem rust epidemics in Africa
and the Near east by controlling the widely used resistance
gene Sr31. Ug99can also become a potential threat to wheat

throughout Asia (Lucas, 2017). The spread and emergence
of Ug99 stimulated a coordinated international initiative to
identify effective sources of resistance in wheat. This could
help to develop varieties that can be deployed in regions
where new races are present or are likely to emerge (see
https://bgri.cornell.edu/). Plants pathogens and environment
interact closely. This interaction was described as a disease
triangle with environment at the central point (Pautasso
et al., 2010). Changes in environmental variables, i.e., tem-
perature, rainfall and COzy will affect this disease interaction
triangle favoring occurrence of more pathogen. Fischer and
Knutti, (2015) reported that weather is the key driver of dis-
ease outbreaks, so understanding disease dynamics under
changing climate is necessary to have appropriate control
measures.

Adaptation/Mitigation to Climate Variability
and Change

Agricultural production is impaired by extreme climate
events. This damage could lead to issues of crop failure,
lower crop yield, poor crop quality and finally food inse-
curity at local, regional and global levels if proper adap-
tation measures are not urgently taken. Adaptations are
actions taken to mitigate the damages caused by climate
variability. The IPCC defines adaptation as the adjustment
in systems in response to climate stimuli. Generally, if net
damages are high as in case of 2-3.5 °C warming, then
the adaptation cost will be higher as compared to 1.5 °C
warming where less adaptive efforts will be required
(National Academies of Sciences and Medicine, 2017).
United Nations 17 SDGs could be considered as guide-
lines for the development of climate change adaptation
measures (Nations, 2015). Implementation of the Sen-
dai Framework for Disaster Reduction with a bottom up
approach, and participation of different stakeholders, could
also be considered to design adaptation strategies (Busayo
et al., 2020). Mimura et al., (2015) recommended antici-
patory adaptation or adaptation planning where measures
are taken in advance to prevent adverse impacts. Exam-
ples include early warning systems (e.g. seasonal climate
forecasts and disease forecasting), land use planning, crop
yield forecasting and management of water resources.
Travis et al., (2018) suggested that reactive adaptation has
a better chance to keep pace with lower levels of warm-
ing in many production systems. Adaptation can also
include disaster risk management plans or risk transfer
mechanisms through which risk effects can be minimized
or compensated (e.g. crop insurance and diversification).
Adaptation and mitigation have strong interconnections as
both can help to reduce the risks of climate change. Some
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of the potential adaptation options as proposed by IPCC
and other authors have been presented in Table 1 (Ahmed,
2020; IPCC 2007, 2014a, b).

Adaptation and mitigation are possible through tech-
nology change and by adding to systems options that can
reduce resource inputs and emissions of GHGs. Waha
et al., (2013) concluded that benefits from concomi-
tant positive effects of climate change e.g. [eCO,] and
increased rainfall is possible through adaptation strategies.
These strategies include change in sowing date, appropri-
ate choice of cropping systems and crops. Furthermore,
adverse impacts of heat and drought stress could be mod-
erated through adaptation measures. Abid et al., (2019)
analyzed farmers’ perceptions about climate change and
explored connections between different stages of adapta-
tion, i.e., perceptions, intention and implementation. In
their work, they stated that local perceptions of climate
change are important considerations for the design and
implementation of adaptive measures at the farm level.
Moreover, the study reported farmers’ education as an
important precursor to implement the adaptive meas-
ures effectively (Ghose et al., 2021). However, factors
that can improve farmers’ adaptive behavior to climate
change include weather forecasting, market information,
advisory services, and farming experience. Furthermore,
large-scale farmers were able to adapt to climate change
through change in planting dates and selection of new,
adapted varieties. However, small land holding farmers
need more attention so that they can easily access infor-
mation, institutional services and resources to succeed in

the face of climate change. Further detail about possible
adaptation measures is discussed below:

Introduction of Legumes in the Cropping System

Introduction of legumes in the exhaustive cropping systems
(e.g. fallow-wheat, cotton-wheat, rice—wheat, maize-maize,
potato-wheat or maize-wheat) can be beneficial to reduce
the negative impacts of climate change. Similarly, legumes
can provide quality food and feed. Legumes could help to
reduce the use of fertilizers and energy, and consequently
lower GHG emissions. Thus, they are considered environ-
ment-friendly crops. Legumes can also minimize the use
of nitrogenous fertilizers by significantly reducing the level
of N,O (e.g. 1 kg of N as N,O is produced per 100 kg of N
fertilizer) one of the active GHGs. Furthermore, legumes
can also provide N effect (N provision through BNF) and
break crop effect (non-legume specific benefits e.g. improve-
ment of soil structure and organic matter contents, soil water
holding capacity and availability, phosphorus mobilization
and reduced biotic stress pressure) (Stagnari et al., 2017).
Introduction of legumes in the cropping system could pro-
vide multiple benefits, e.g., (i) environmental (ii) socio-
economic (iii) crop diversification (iv) soil restoration (v)
water conservation and (vi) reduce use of external inputs.
Furthermore, legumes have high potential for conservation
agriculture. Mousavi-Derazmabhalleh et al., (2019) recom-
mended legume crops as adaptive measures in response to
climate change. Jensen et al., (2012) reviewed research about
the growing capacity of legumes to lower GHG emissions,
reduce fossil energy consumption, sequester carbon and

Table 1 Potential options for adaptation to climate change [Source: (IPCC, 2007, 2014b)]

Sector wise Climate extremes
adaptation - - - - - -
options Drought/drying Increased rainfall/flooding Warming/heatwaves Wind speed/storminess
Crops e Drought resistant varieties e Changes in sowing time e Heat resistant varieties e Wind resistant crops

o Intercropping o Promotion of alternative crops e Alteration of cropping calen- e Agroforestry

e Crop diversification o Floating agricultural systems dar and activities

e Crop residue retention e Improved drainage e Pest control

e Weed management e Improved extension services e Crop surveillance

e Water harvesting e Irrigation

e Hydroponic farming

e Alternate wetting and drying
Livestock e Supplementary feeding - e Housing and shade provision ——

e Change in stocking rate e Change to heat-tolerant breeds

o Altered grazing and rotation of

pasture

Water e Water budgeting o Flood forecasting e Sustainable water use -

e Water conservation via mulch-
ing e Insurance
o Water recharge techniques
e Leak reduction
e Education for sustainable water
use

o Early warning systems

e Water conservation
e Cover cropping
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as source of biomass to produce biofuels. In conclusion,
they recommended that due to multiple benefits of legumes
they should be considered as an important component of
future agroecosystems. Leguminous crops also improve soil
organic matter and act as a restorative crop. Under current
and future climate variability, sowing of legumes with major
crops can be very useful approach (Sayari et al., 2015).

Biodiversity

Diversification is a spatio-temporal process where the objec-
tive is to have heterogenous farming systems. On-farm
and off-farm diversification can build system resilience to
climate shocks (Fig. 7). The issues of climate change and
biodiversity are interconnected. Protection of biodiversity
can help systems adapt to climate change. Biodiversity
promotes healthy systems which will be more resilient to
climate change. It can help us to work with, rather than
against, nature. Hisano et al., (2018) reported that biodiver-
sity can mitigate climate change as diverse systems could be
more resilient to climate change. Furthermore, it can help
to improve ecosystem functioning. Hufford et al., (2019)
reviewed crop biodiversity as potential way to adapt agri-
culture to global climate change. They reported the impo-
ratnce of crop biodivesity as it will fullfill the qualitative or
quantitative demands of the agricultural production system
in future.

Genetic Modifications of Crops

The development of resistant crop cultivars through differ-
ent omics techniques could help to mitigate climate change.

Fig.7 Levels of diversifica-
tion both on-farm and off-farm
(Duong et al., 2021)

—

Speed breeding is a great example developed by Dr. Hickey
to expand crop diversity to feed 10 billion people and accel-
erate the rate of crop improvement (Watson et al., 2018). The
newly developed cultivars will have higher tolerance to heat
stress, severe water shortage, pests and diseases. Lopes et al.,
(2015) reported the importance of adaptive genotypic traits
to the maintenance of grain yields in dry and warm years.
Furthermore, they suggested that landraces should be used
as valuable sources of genetic diversity and stress adapta-
tion. The authors also emphasized the development of data-
bases and the promotion of data sharing strategies among
breeders, quality scientists, pathologists and physiologists
so that improvements in adaptation to climate change go
worldwide. Moreover, cultivars with higher water, nutrient
and radiation use efficiency, and cultivars which can tolerate
water logging, salinity and drought stresses, are required.
Atlin et al., (2017) reviewed plant breeding and varietal
replacement as critical options for adaptation to climate
change. They reported that since most varieties available
to smallholder farmers are obsolete, the breeding system
should be strengthened in such a way that small farmers
could also benefit from new cultivars.

Change in Crop Management Practices

The extreme effects of climate variability on cropping sys-
tems could be mitigated by adopting proper crop manage-
ment practices. These include changes in the planting date
and geometry, proper management of irrigation and fertilizer
practices (rate, placement and timing), optimization of plant-
ing density and appropriate use of seed rate (Kumar et al.,
2021). Asgedom and Kebreab, (2011) reviewed beneficial
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management practices and GHG mitigation options to mini-
mize climate change impacts. Planting date shifts can help
to develop stress avoidance, e.g., anthesis may be timed to
avoid heat stress. In rainfed conditions, close row-to-row and
plant-to-plant spacing can hasten canopy coverage of the soil
surface and consequently, reduce evaporation losses (Ahmad
et al., 2015). Furthermore, shifting from sole crop rotation
toward the diversified and integrating farming system is a
very accommodating approach (Mohammadian et al., 2020).

Conservation Agriculture for Sustainability
in the Cropping System

Conservation agriculture can be a good adaptation option
to mitigate climate change. Conservation agriculture can
enhance cropping system performance in the long run
through improvement in soil health and biogeochemical
cycles (Thierfelder et al., 2016), and it helps minimize the
use of artificial nutrients thus reducing GHG emissions
(Smith et al., 2019). Rochecouste et al., (2015) reported
about the potential of conservation agriculture practices
to mitigate climate change. Similarly, Amin et al., (2020)
reviewed soil C management research to improve soil physio
chemical features and recommended application of social-
ecological systems to offsets GHG emissions.

Carbon Sequestration

Sequestration of SOC is one of the utmost imperative oppor-
tunities for the reduction of GHGs and CO, production. By
increasing the carbon quantity in the soil with the help of
the sustainable crop management practices, we can diminish
the emission of CO, to the atmoshpere. Biochar applica-
tion can be useful for carbon sequestration and enhancement
of organic carbon stability in the soil under various crop-
ping systems (Newbold et al., 2015). Olson et al., (2010)
reported use of cover crops as potential sources to restore
SOC and soil productivity. Growing more trees could be
helpful to sequester C through atmospheric fixation of CO,
into biomass. Therefore, it is suggested that land kept for the
plantation of trees or woody plants must not be utilized or
for the other purposes. The burning of cotton sticks, wheat
and rice straw or stubbles must be stopped (Powlson et al.,
2016) since burning of residues results in other problems
such as smog, which can damage different sectors of life.
Burning residues is more common in rice growing regions
of India and Pakistan causing problems in both countries.
Thus, immediate, coordinated action is needed on both sides
of the border to prevent this problem and increase SOC.
Similarly, to stop rice residue burning across the globe we
should provide new technology for rice residue management.
Zero-tillage drills provide a good option to sow wheat in
standing rice stubble but its higher cost and accessibility to
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all are impediments to the adoption of this technology on
a large scale. Powlson et al., (2011) emphasized the use of
crop residues or animal manure to increase SOC that could
help to revegetate degraded land and minimize GHG emis-
sions. However, they suggested use of other measures such
as reforestation and improving N use efficiency instead of
just giving more importance to C sequestration only in com-
bating climate change.

Long-Term Scenario Analysis

Future impacts of climate variability on all crops and crop-
ping systems could be studied by using crop growth models
with long-term scenario analysis. Autret et al., (2020) did
long term modeling of crop yield, N losses and GHG bal-
ance in organic cropping systems through the crop model
STICS. The results showed that total N fertilization and total
N gaseous loss as well as N surplus and N storage have
significant correlations among each other. Metadata analy-
sis can help to understand and address complex agricultural
systems problems as reported by Kamilaris et al., (2017).
Similarly, model scenarios help to study the impact of cli-
mate extremes and pandemic like Covid-19 on food systems
that can further explore global food shocks in response to
these events (Sivakumar and Stefanski, (2011). Furthermore,
long term analysis can also be used to study yield stability,
environmental adaptability and production risks of a spe-
cific crop in the cropping system (Macholdt et al., 2020).
The initiative as reported by CGIAR, where crop modeling
could be used for multiple purposes, is the best example
of this approach. This give real benefits at ground scale as
it involves interdisciplinary approaches to address multiple
challenges (Kruseman et al., 2020; Ramirez-Villegas et al.,
2020). Use of meta-analysis is a good approach to reach
solid conclusions as reported in different earlier work about
conservation agriculture, drought and heat stress, irrigation,
intercropping, alternate wetting and drying irrigation, cli-
mate change, climate change and adaptation, [eCO,] and
climate warming (Cohen et al., 2020).

Artificial Intelligence (Al) and Machine Learning
(ML)

Machine learning and artificial intelligence could boost
farming system productivity and efficiency (Eli-Chukwu,
2019). These technologies can help farmers reduce climate
extreme impacts. Al and ML techniques could help to detect
extreme events such as drought and floods, disease occur-
rence and pest attack. Al and ML were used to advise farm-
ers what to anticipate. It has been reported that Al brought a
revolution in agriculture (Talaviya et al., 2020). Al and ML
technologies have been successfully implemented in such
agricultural management operations as irrigation, spraying,
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crop monitoring and weeding (Partel et al., 2019) through
the use of robots and drones. Thus, Al and ML could help
to save water and improve productivity and quality of crops.
Furthermore, future concerns of sustainable agriculture
could be addressed by Al and ML (Elahi et al., 2019). Al
and ML have been successfully applied in precision agricul-
ture (Mahmud and He, 2020).

Models to Develop Tools for Improved Management
of Subsistence Dryland Agricultural Systems

Process based mechanistic models can be used to support
dryland agricultural systems as these models can identify
yield gaps and suggest ways to minimize these gaps under
alternative scenarios. Similar suggestions about usage of
tools were proposed by Lobell et al., (2009) in which they
reviewed the magnitude and cause of yield gaps across
the globe. However, focusing on individual crop yields
could not in itself bring sustainability to these systems, so
a whole farm approach should be adopted to support the
system. Agricultural systems modelling is needed to quan-
tify the benefits and trade-offs from alternative practices at
the farm scale. Modeling has played, and will continue to
play, a significant role in improving agriculture under dif-
ferent scenarios to feed the billions of people across the
world (Rodriguez et al., 2014). Models can help to design
resilient farming systems under dryland agriculture by pro-
viding knowledge about functioning and dynamics of the
systems in interactions with biotic and abiotic components,
and then inform stakeholders how to manage their particu-
lar system. The Ricardian approach was used by Ochieng
et al., (2016) to study the impacts of climate variability and
change on agricultural revenue of small-scale farmers in
Kenya. Results showed that climate variability and change
have significant effects on the livelihoods of small farm-
ers. Their findings further indicated that temperature is a
much more important indicator than rainfall, and suggested
implementation of policies that prevent destruction of natu-
ral resources. These policies should also include crop insur-
ance and use of integrated adaptation measures e.g. drought
tolerant crop varieties, more investment in agriculture and
application of sustainable management practices (Ochieng
et al., 2016; Sequeros et al., 2021). Statistical matching and
econometric modeling were used to estimate how the cli-
mate smart agriculture technologies and practices impact
household income and asset accumulation of small-scale
dryland farmers in Kenya (Ogada et al., 2020). Results sug-
gested use of drought tolerant crops with an investment in
livestock could be good adaption strategy to mitigate the
impact of climate variability and change. Furthermore, it
had been suggested that crop canopy-based trait adaptation
strategies (decrease the rate of canopy development in north-
ern locations and increase the rate in southern locations)

could overcome constraints imposed by rainfall variability
on water use efficiency (WUE) under dryland conditions
(Sadras & Rodriguez, 2007).

Different process based dynamic crop modelling tools
are now available which could be used at a larger scale.
These include APSIM (Agricultural Production Systems
sIMulator), AquaCrop, CropSyst, CLM (Community Land
Model), DAISY, DSSAT (Decision Support Systems for
Agrotechnology Transfers), ECOSYS, HERMES, INFO-
CROP, LINTUL (Light INTerception and UtiLisation),
STICS (Simulateur mulTIdisciplinaire pour les Cultures
Standard) and RZWQM (Root Zone Water Quality Model)
etc. APSIM is a well utilized model across the globe to do
multiple tasks such as risk management, modelling Geno-
type (G) X Environment (E) X Management (M) Interactions
in dryland agriculture and modelling farms and farmers.
Under the sponsorship of APSIM initiative a biophysical
model CLEM (Crop Livestock Enterprise Model) has been
released to evaluate the impacts of management at the farm
scale. Participatory modelling is necessary to answer what-
if scenarios so that these tools can be practically used by
farmers and extension officers to achieve field-scale objec-
tives. Rodriguez and Sadras, (2011) tested the hypothesis
that plasticity in the farming system could give options to
test new opportunities. Therefore, participatory discussions
and computer aided farming systems designs have proved
useful for gaining insights into complex systems, generating
awareness, and developing strategies to solve problems at
real world scale. Further application of process-based mod-
els has been presented in Table SI. Meanwhile, success of
smallholder farmers under climate shocks could be improved
by the use of artificial intelligence (Al), machine learning
(ML) and deep learning methods in genomic prediction
models as reported by Consultative Group for International
Agricultural Research (CGIAR). Massive-scale genotyp-
ing and diversity analysis of 80,000 wheat accessions was
conducted by Sansaloni et al., (2020). The main objective
of this work was to understand crop diversity for its use in
future breeding programs. Liakos et al., (2018) reviewed
ML as emerging big data science technology that can help
to improve farm system productivity. Furthermore, ML can
help to improve activities at farm scale by connecting ML
to sensor data. Goldstein et al., (2018) applied concepts of
ML on sensor data for irrigation management. They sug-
gested ML processes could be used for irrigation planning
as well as for yield and disease prediction. Furthermore,
ML and Al can be used for gully erosion mapping (Tien
Bui et al., 2019), groundwater mapping (Arabameri et al.,
2020), drip irrigation (Klyushin & Tymoshenko, 2021),
optimization of irrigation and application of pesticides and
herbicides (Talaviya et al., 2020), dairy farm management
(Cockburn, 2020; Shine et al., 2018), milk production fore-
casting (Nguyen et al., 2020), livestock farming (Garcia
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et al., 2020), selection of suitable crop traits (Shekoofa et al.,
2014) and seasonal rainfall forecasting (Feng et al., 2020;
van Ogtrop et al., 2014).

Future Research Focus

Future research focus needs to be changed in such a way to
eliminate hunger on real term basis. It has been reported in
the editorial of nature that among 570 million farms in the
world, more than 475 million are smaller than 2 hectares,
but most of our research has prioritized larger farms, with-
out giving sufficient importance to small farming. Most of
the past research concludes that smallholders can adapt to
climate change by adopting new approaches e.g. planting
climate-resilient crops through extension services, which
is not the case in reality. Similarly, Ceres2030 sustainable
solutions to end hunger researchers found that most past
studies are not relevant to the needs of smallholder farm-
ers (Laborde et al., 2020). They also reported that most of
the reported studies did not directly involve the farmers
(Stathers et al., 2020). Furthermore, in the past four dec-
ades funding priorities generally targeted big farms only.
Emphasis on small farms was less desirable in universities
as well as by publishers (Pardey et al., 2016). Since in most
funding where the private sector is involved, rewards go to
those who can procure more research funding. However, to
achieve SDG, and to end hunger, we need to direct our future
research more toward smallholder farms.

Conclusions

In general, all farming systems are being negatively affected
by climate change and global warming, but dry land farming
systems are particularly vulnerable. Resource use efficien-
cies, yield and yield components along with soil capabili-
ties are on the verge of irreparable losses unless we adopt
effective mitigation strategies. Thus, technology-based inter-
vention is needed to support agriculture of dryland farm-
ing systems. This support will help to achieve sustainability
development goals in the long run. The negative impacts of
climate change on dry land farming systems can be mini-
mized by the quantification of impacts on the systems, by
the use of available data sets with further analysis and by
the application of ‘what-if” scenarios using process-based
models. By these means, benefits and tradeoffs can be quan-
tified under different sets of management practices on short
term as well as on long term bases to develop tactics to
reduce risk under extreme climate conditions. This could
further help to design adaptation and mitigation strategies
like modification in the farming system matrix, introduc-
tion of legumes (microbial-based technologies), improve-
ment in varieties (water efficient or drought/heat tolerant),

@ Springer

appropriate crop management practices, intercropping, sup-
plemental irrigation, conservation, erosion minimization and
precision agriculture, carbon sequestration strategies, adop-
tion of agroforestry and decisions for future needs.

Acknowledgements Authors are very thankful to Higher Education
Commission (HEC) Pakistan for providing funding under the umbrella
of National Research Program for Universities (NRPU) with project
number NRPU-6132 entitled “MODELING RAINFED CEREAL-
BASED CROPPING SYSTEMS TO CLIMATIC EXTREMES”. Stew-
art Smock Higgins (SSH) from Washington State University Pullman
USA is acknowledged for English editing.

Author Contributions MA developed the review idea and designed this
work. MA, and SA prepared the original draft of the manuscript. All
the authors reviewed, commented and edited the paper for submission.

Funding The current study was funded by HEC Pakistan (Project#
NRPU-6132).

Declarations

Conflict of Interest The authors declare that they have no conflict of
interest.

References

Abid, M., Scheffran, J., Schneider, U. A., & Elahi, E. (2019). Farmer
perceptions of climate change, observed trends and adaptation
of agriculture in Pakistan. Environmental Management, 63(1),
110-123. https://doi.org/10.1007/s00267-018-1113-7

Ahmad, A., Ashfaq, M., Rasul, G., Wajid, S. A., Khaliq, T., Rasul, F.,
Saeed, U., Habib ur Rahman, M., Hussain, J., Baig, I. A., Naqvi,
S. A. A., Bokhari, S. A. A., Ahmad, S., Naseem, W., Hoogen-
boom, G., & Valdivia, R. O. (2015). Impact of climate change on
the rice-wheat cropping system of Pakistan. In C. Rosenzweig &
D. Hillel (Eds.), Handbook of climate change and agroecosys-
tems (Vol. 3, pp. 219-258). World Scientific USA.

Ahmed, M. (2020). Introduction to modern climate change. Andrew E.
Dessler: Cambridge University Press, 2011, 252 pp, ISBN-10:
0521173159. Science of The Total Environment, 734, 139397.
https://doi.org/10.1016/j.scitotenv.2020.139397

Ainsworth, E. A., Lemonnier, P., & Wedow, J. M. (2020). The influ-
ence of rising tropospheric carbon dioxide and ozone on plant
productivity. Plant Biology, 22(S1), 5-11. https://doi.org/10.
1111/plb.12973

Ainsworth, E. A., & Ort, D. R. (2010). How do we improve crop pro-
duction in a warming world? Plant Physiology, 154(2), 526-530.

Ali, S., Eum, H.-1., Cho, J., Dan, L., Khan, F., Dairaku, K., Shrestha,
M. L., Hwang, S., Nasim, W., Khan, I. A., & Fahad, S. (2019).
Assessment of climate extremes in future projections down-
scaled by multiple statistical downscaling methods over Pakistan.
Atmospheric Research, 222, 114—133. https://doi.org/10.1016/].
atmosres.2019.02.009

Allen, C., Metternicht, G., Wiedmann, T., & Pedercini, M. (2019).
Greater gains for Australia by tackling all SDGs but the last
steps will be the most challenging. Nature Sustainability, 2(11),
1041-1050. https://doi.org/10.1038/s41893-019-0409-9

Allen, L. H., Jr. (1994). Carbon dioxide increase: Direct impacts on
crops and indirect effects mediated through anticipated climatic


https://doi.org/10.1007/s00267-018-1113-7
https://doi.org/10.1016/j.scitotenv.2020.139397
https://doi.org/10.1111/plb.12973
https://doi.org/10.1111/plb.12973
https://doi.org/10.1016/j.atmosres.2019.02.009
https://doi.org/10.1016/j.atmosres.2019.02.009
https://doi.org/10.1038/s41893-019-0409-9

International Journal of Plant Production (2022) 16:341-363

357

changes. Physiology and determination of crop yield (pp. 425—
459). Wiley.

Almazroui, M., Saeed, S., Saeed, F., Islam, M. N., & Ismail, M. (2020).
Projections of precipitation and temperature over the South Asian
Countries in CMIP6. Earth Systems and Environment, 4(2), 297—
320. https://doi.org/10.1007/s41748-020-00157-7

Altieri, M. A., Nicholls, C. I., Henao, A., & Lana, M. A. (2015). Agro-
ecology and the design of climate change-resilient farming sys-
tems. Agronomy for Sustainable Development, 35(3), 869—890.
https://doi.org/10.1007/s13593-015-0285-2

Amarasingha, R. P. R. K., Suriyagoda, L. D. B., Marambe, B., Gay-
don, D. S., Galagedara, L. W., Punyawardena, R., Silva, G. L.
L. P, Nidumolu, U., & Howden, M. (2015). Simulation of crop
and water productivity for rice (Oryza sativa L.) using APSIM
under diverse agro-climatic conditions and water management
techniques in Sri Lanka. Agricultural Water Management, 160,
132-143. https://doi.org/10.1016/j.agwat.2015.07.001

Amin, M. N., Hossain, M. S., Lobry de Bruyn, L., & Wilson, B. (2020).
A systematic review of soil carbon management in Australia and
the need for a social-ecological systems framework. Science of
the Total Environment, 719, 135182. https://doi.org/10.1016/j.
scitotenv.2019.135182

Antille, D. L., & Moody, P. W. (2021). Nitrogen use efficiency indica-
tors for the Australian cotton, grains, sugar, dairy and horticul-
ture industries. Environmental and Sustainability Indicators, 10,
100099. https://doi.org/10.1016/j.indic.2020.100099

Arabameri, A., Lee, S., Tiefenbacher, J. P., & Ngo, P. T. T. (2020).
Novel ensemble of MCDM-artificial intelligence techniques for
groundwater-potential mapping in arid and semi-arid regions
(Iran). Remote Sensing, 12(3), 490.

Arora, N. K. (2019). Impact of climate change on agriculture produc-
tion and its sustainable solutions. Environmental Sustainability,
2(2), 95-96. https://doi.org/10.1007/s42398-019-00078-w

Arora, R., & Kumar, K. (2018). Genetic variability studies for yield
contributing traits in Kabuli chickpea (Cicer arietinum L.). Jour-
nal of Pharmacognosy and Phytochemistry, 7(2), 2675-26717.

Arshad, M., Amjath-Babu, T. S., Aravindakshan, S., Krupnik, T. J.,
Toussaint, V., Kichele, H., & Miiller, K. (2018). Climatic vari-
ability and thermal stress in Pakistan’s rice and wheat systems: A
stochastic frontier and quantile regression analysis of economic
efficiency. Ecological Indicators, 89, 496-506. https://doi.org/
10.1016/j.ecolind.2017.12.014

Asgedom, H., & Kebreab, E. (2011). Beneficial management prac-
tices and mitigation of greenhouse gas emissions in the agri-
culture of the Canadian Prairie: A review. Agronomy for Sus-
tainable Development, 31(3), 433-451. https://doi.org/10.1007/
s13593-011-0016-2

Asseng, S., Martre, P., Maiorano, A., Rotter, R. P., O’Leary, G. J.,
Fitzgerald, G. J., Girousse, C., Motzo, R., Giunta, F., Babar, M.
A., Reynolds, M. P., Kheir, A. M. S., Thorburn, P. J., Waha, K.,
Ruane, A. C., Aggarwal, P. K., Ahmed, M., Balkovi¢, J., Basso,
B., ... Ewert, F. (2019). Climate change impact and adaptation
for wheat protein. Global Change Biology, 25(1), 155-173.
https://doi.org/10.1111/gcb.14481

Atlin, G. N., Cairns, J. E., & Das, B. (2017). Rapid breeding and vari-
etal replacement are critical to adaptation of cropping systems in
the developing world to climate change. Global Food Security,
12, 31-37. https://doi.org/10.1016/j.gfs.2017.01.008

Aulakh, M. S., Khera, T. S., Doran, J. W., & Kuldip-Singh, B.-S.
(2000). Yields and nitrogen dynamics in a rice-wheat system
using green manure and inorganic fertilizer. Soil Science Society
of America Journal, 64(5), 1867-1876. https://doi.org/10.2136/
$552j2000.6451867x

Autret, B., Mary, B., Strullu, L., Chlebowski, F., Mider, P., Mayer,
J., Olesen, J. E., & Beaudoin, N. (2020). Long-term modelling
of crop yield, nitrogen losses and GHG balance in organic

cropping systems. Science of the Total Environment, 710,
134597. https://doi.org/10.1016/j.scitotenv.2019.134597

Baig, M. B., Shahid, S. A., & Straquadine, G. S. (2013). Making
rainfed agriculture sustainable through environmental friendly
technologies in Pakistan: A review. International Soil and
Water Conservation Research, 1(2), 36-52. https://doi.org/
10.1016/S2095-6339(15)30038-1

Bajwa, A. A., Farooq, M., Al-Sadi, A. M., Nawaz, A., Jabran, K., &
Siddique, K. H. M. (2020). Impact of climate change on biol-
ogy and management of wheat pests. Crop Protection, 137,
105304. https://doi.org/10.1016/j.cropro.2020.105304

Bintanja, R. (2018). The impact of arctic warming on increased rain-
fall. Scientific Reports, 8(1), 16001. https://doi.org/10.1038/
$41598-018-34450-3

Birendra, K., Mclndoe, I., Schultz, B., Prasad, K., Bright, J., Dark,
A., Prasad Pandey, V., Chaudhary, A., Thapa, P. M., Perera,
R., & Dangi, D. R. (2021). Integrated water resource man-
agement to address the growing demand for food and water
in South Asia*. Irrigation and Drainage. https://doi.org/10.
1002/ird.2590

Blois, J. L., Zarnetske, P. L., Fitzpatrick, M. C., & Finnegan, S. (2013).
Climate change and the past, present, and future of biotic inter-
actions. Science, 341(6145), 499-504. https://doi.org/10.1126/
science.1237184

Blum, A. (2009). Effective use of water (EUW) and not water-use effi-
ciency (WUE) is the target of crop yield improvement under
drought stress. Field Crops Research, 112(2), 119-123. https://
doi.org/10.1016/j.fcr.2009.03.009

Bocianowski, J., Niemann, J., & Nowosad, K. (2018). Genotype-by-
environment interaction for seed quality traits in interspecific
cross-derived Brassica lines using additive main effects and mul-
tiplicative interaction model. Euphytica, 215(1), 7. https://doi.
org/10.1007/s10681-018-2328-7

Busayo, E. T., Kalumba, A. M., Afuye, G. A., Ekundayo, O. Y., &
Orimoloye, I. R. (2020). Assessment of the Sendai framework for
disaster risk reduction studies since 2015. International Journal
of Disaster Risk Reduction, 50, 101906. https://doi.org/10.1016/j.
1jdrr.2020.101906

Byerlee, D., & Husain, T. (2008). Agricultural research strategies for
favoured and marginal areas: The experience of farming systems
research in Pakistan. Experimental Agriculture, 29(2), 155-171.
https://doi.org/10.1017/S0014479700020603

Cammarano, D., Ronga, D., Di Mola, 1., Mori, M., & Parisi, M. (2020).
Impact of climate change on water and nitrogen use efficien-
cies of processing tomato cultivated in Italy. Agricultural Water
Management, 241, 106336. https://doi.org/10.1016/j.agwat.2020.
106336

Cassman, K. G., & Grassini, P. (2020). A global perspective on sus-
tainable intensification research. Nature Sustainability, 3(4),
262-268. https://doi.org/10.1038/s41893-020-0507-8

Cavicchioli, R., Ripple, W. J., Timmis, K. N., Azam, F., Bakken, L. R.,
Baylis, M., Behrenfeld, M. J., Boetius, A., Boyd, P. W., Classen,
A. T., Crowther, T. W., Danovaro, R., Foreman, C. M., Huisman,
J., Hutchins, D. A., Jansson, J. K., Karl, D. M., Koskella, B.,
Mark Welch, D. B., ... Webster, N. S. (2019). Scientists’ warn-
ing to humanity: Microorganisms and climate change. Nature
Reviews Microbiology, 17(9), 569-586. https://doi.org/10.1038/
s41579-019-0222-5

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D.
R., & Chhetri, N. (2014). A meta-analysis of crop yield under
climate change and adaptation. Nature Climate Change, 4(4),
287-291. https://doi.org/10.1038/nclimate2153

Chaloner, T. M., Gurr, S. J., & Bebber, D. P. (2021). Plant pathogen
infection risk tracks global crop yields under climate change.
Nature Climate Change, 11(8), 710-715. https://doi.org/10.1038/
s41558-021-01104-8

@ Springer


https://doi.org/10.1007/s41748-020-00157-7
https://doi.org/10.1007/s13593-015-0285-2
https://doi.org/10.1016/j.agwat.2015.07.001
https://doi.org/10.1016/j.scitotenv.2019.135182
https://doi.org/10.1016/j.scitotenv.2019.135182
https://doi.org/10.1016/j.indic.2020.100099
https://doi.org/10.1007/s42398-019-00078-w
https://doi.org/10.1016/j.ecolind.2017.12.014
https://doi.org/10.1016/j.ecolind.2017.12.014
https://doi.org/10.1007/s13593-011-0016-2
https://doi.org/10.1007/s13593-011-0016-2
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1016/j.gfs.2017.01.008
https://doi.org/10.2136/sssaj2000.6451867x
https://doi.org/10.2136/sssaj2000.6451867x
https://doi.org/10.1016/j.scitotenv.2019.134597
https://doi.org/10.1016/S2095-6339(15)30038-1
https://doi.org/10.1016/S2095-6339(15)30038-1
https://doi.org/10.1016/j.cropro.2020.105304
https://doi.org/10.1038/s41598-018-34450-3
https://doi.org/10.1038/s41598-018-34450-3
https://doi.org/10.1002/ird.2590
https://doi.org/10.1002/ird.2590
https://doi.org/10.1126/science.1237184
https://doi.org/10.1126/science.1237184
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1007/s10681-018-2328-7
https://doi.org/10.1007/s10681-018-2328-7
https://doi.org/10.1016/j.ijdrr.2020.101906
https://doi.org/10.1016/j.ijdrr.2020.101906
https://doi.org/10.1017/S0014479700020603
https://doi.org/10.1016/j.agwat.2020.106336
https://doi.org/10.1016/j.agwat.2020.106336
https://doi.org/10.1038/s41893-020-0507-8
https://doi.org/10.1038/s41579-019-0222-5
https://doi.org/10.1038/s41579-019-0222-5
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1038/s41558-021-01104-8
https://doi.org/10.1038/s41558-021-01104-8

358

International Journal of Plant Production (2022) 16:341-363

Chauhan, B. S., Mahajan, G., Sardana, V., Timsina, J., & Jat, M. L.
(2012). Chapter six—productivity and sustainability of the rice-
wheat cropping system in the indo-Gangetic plains of the Indian
subcontinent: Problems, opportunities, and strategies. In L. S.
Donald (Ed.), Advances in agronomy (Vol. 117, pp. 315-369).
Academic Press.

Ciais, P, Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V.,
Aubinet, M., Buchmann, N., Bernhofer, C., Carrara, A., Cheval-
lier, F., De Noblet, N., Friend, A. D., Friedlingstein, P., Griin-
wald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., ...
Valentini, R. (2005). Europe-wide reduction in primary produc-
tivity caused by the heat and drought in 2003. Nature, 437(7058),
529-533. https://doi.org/10.1038/nature03972

Cockburn, M. (2020). Review: Application and prospective discussion
of machine learning for the management of dairy farms. Animals,
10(9), 1690.

Cohen, 1., Zandalinas, S. I., Huck, C., Fritschi, F. B., & Mittler, R.
(2020). Meta-analysis of drought and heat stress combination
impact on crop yield and yield components. Physiologia Plan-
tarum. https://doi.org/10.1111/ppl.13203

Conley, M. M., Kimball, B. A., Brooks, T. J., Pinter, P. J., Jr., Hunsaker,
D. J., Wall, G. W., Adam, N. R., LaMorte, R. L., Matthias, A.
D., Thompson, T. L., Leavitt, S. W., Ottman, M. J., Cousins, A.
B., & Triggs, J. M. (2001). CO2 enrichment increases water-use
efficiency in sorghum. New Phytologist, 151(2), 407-412. https://
doi.org/10.1046/j.1469-8137.2001.00184.x

Cotter, M., Asch, F., Abera, B. B., Andre Chuma, B., Senthilkumar,
K., Rajaona, A., Razafindrazaka, A., Saito, K., & Stuerz, S.
(2020). Creating the data basis to adapt agricultural decision
support tools to new environments, land management and cli-

mate change—a case study of the RiceAdvice App. Journal of

Agronomy and Crop Science, 206(4), 423-432. https://doi.org/
10.1111/jac.12421

Crowther, T. W., Todd-Brown, K. E. O., Rowe, C. W., Wieder, W. R.,
Carey, J. C., Machmuller, M. B., Snoek, B. L., Fang, S., Zhou,
G., Allison, S. D., Blair, J. M., Bridgham, S. D., Burton, A. J.,
Carrillo, Y., Reich, P. B., Clark, J. S., Classen, A. T., Dijkstra, F.
A., Elberling, B., ... Bradford, M. A. (2016). Quantifying global
soil carbon losses in response to warming. Nature, 540(7631),
104-108. https://doi.org/10.1038/nature20150

Dubey, A., Malla, M. A., Khan, F., Chowdhary, K., Yadav, S., Kumar,
A., Sharma, S., Khare, P. K., & Khan, M. L. (2019). Soil micro-
biome: A key player for conservation of soil health under chang-
ing climate. Biodiversity and Conservation, 28(8), 2405-2429.
https://doi.org/10.1007/s10531-019-01760-5

Dudney, J., Willing, C. E., Das, A. J., Latimer, A. M., Nesmith, J. C. B.,
& Battles, J. J. (2021). Nonlinear shifts in infectious rust disease
due to climate change. Nature Communications, 12(1), 5102.
https://doi.org/10.1038/s41467-021-25182-6

Duong, P. B., Thanh, P. T., & Ancev, T. (2021). Impacts of off-farm
employment on welfare, food security and poverty: Evidence
from rural Vietnam. International Journal of Social Welfare,
30(1), 84-96.

Elahi, E., Weijun, C., Zhang, H., & Nazeer, M. (2019). Agricultural
intensification and damages to human health in relation to agro-
chemicals: Application of artificial intelligence. Land Use Policy,
83, 461-474. https://doi.org/10.1016/j.1andusepol.2019.02.023

Eli-Chukwu, N. C. (2019). Applications of artificial intelligence in
agriculture: A review. Engineering, Technology & Applied Sci-
ence Research, 9(4), 4377-4383. https://doi.org/10.48084/etasr.
2756

Eyhorn, F., Muller, A., Reganold, J. P., Frison, E., Herren, H. R., Lut-
tikholt, L., Mueller, A., Sanders, J., Scialabba, N.E.-H., Seufert,
V., & Smith, P. (2019). Sustainability in global agriculture driven
by organic farming. Nature Sustainability, 2(4), 253-255. https://
doi.org/10.1038/s41893-019-0266-6

@ Springer

Fagodiya, R. K., Pathak, H., Kumar, A., Bhatia, A., & Jain, N. (2017).
Global temperature change potential of nitrogen use in agricul-
ture: A 50-year assessment. Scientific Reports, 7,44928-44928.
https://doi.org/10.1038/srep44928

Farina, R., Seddaiu, G., Orsini, R., Steglich, E., Roggero, P. P., & Fran-
caviglia, R. (2011). Soil carbon dynamics and crop productivity
as influenced by climate change in a rainfed cereal system under
contrasting tillage using EPIC. Soil and Tillage Research, 112(1),
36-46. https://doi.org/10.1016/].stil1.2010.11.002

Feng, P., Wang, B., Liu, D. L., Ji, F., Niu, X., Ruan, H., Shi, L., &
Yu, Q. (2020). Machine learning-based integration of large-scale
climate drivers can improve the forecast of seasonal rainfall
probability in Australia. Environmental Research Letters, 15(8),
084051. https://doi.org/10.1088/1748-9326/ab9e98

Feola, G., Sattler, C., & Saysel, A. K. (2012). Simulation models
in farming systems research: Potential and challenges. In I.
Darnhofer, D. Gibbon, & B. Dedieu (Eds.), Farming systems
research into the 21st century: The new dynamic (pp. 281-306).
Dordrecht: Springer Netherlands. https://doi.org/10.1007/978-
94-007-4503-2_13

Fischer, E. M., & Knutti, R. (2015). Anthropogenic contribution to
global occurrence of heavy-precipitation and high-temperature
extremes. Nature Climate Change, 5(6), 560-564. https://doi.
org/10.1038/nclimate2617

Gao, D., Hagedorn, F., Zhang, L., Liu, J., Qu, G., Sun, J., Peng, B.,
Fan, Z., Zheng, J., Jiang, P., & Bai, E. (2018). Small and transient
response of winter soil respiration and microbial communities to
altered snow depth in a mid-temperate forest. Applied Soil Ecol-
ogy, 130, 40—49. https://doi.org/10.1016/j.aps0il.2018.05.010

Garcia, R., Aguilar, J., Toro, M., Pinto, A., & Rodriguez, P. (2020).
A systematic literature review on the use of machine learning
in precision livestock farming. Computers and Electronics in
Agriculture, 179, 105826. https://doi.org/10.1016/j.compag.
2020.105826

Ghose, B., Islam, A. R. M. T., Kamruzzaman, M., Moniruzzaman, M.,
& Hu, Z. (2021). Climate-induced rice yield anomalies linked to
large-scale atmospheric circulation in Bangladesh using multi-
statistical modeling. Theoretical and Applied Climatology,
144(3), 1077-1099. https://doi.org/10.1007/s00704-021-03584-2

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Law-
rence, D., Muir, J. F., Pretty, J., Robinson, S., Thomas, S. M., &
Toulmin, C. (2010). Food security: The challenge of feeding 9
billion people. Science, 327(5967), 812—818. https://doi.org/10.
1126/science.1185383

Goldstein, A., Fink, L., Meitin, A., Bohadana, S., Lutenberg, O., &
Ravid, G. (2018). Applying machine learning on sensor data for
irrigation recommendations: Revealing the agronomist’s tacit
knowledge. Precision Agriculture, 19(3), 421-444. https://doi.
org/10.1007/s11119-017-9527-4

Hatfield, J. L., & Dold, C. (2018). Climate change impacts on corn
phenology and productivity. Corn: Production and human health
in changing climate. (Vol. 95). London: Books on Demand.

He, Y., Liang, H., Hu, K., Wang, H., & Hou, L. (2018). Modeling
nitrogen leaching in a spring maize system under changing cli-
mate and genotype scenarios in arid Inner Mongolia, China.
Agricultural Water Management, 210, 316-323. https://doi.org/
10.1016/j.agwat.2018.08.017

Hernandez Nopsa, J. F., Thomas-Sharma, S., & Garrett, K. A. (2014).
Climate change and plant disease. In N. K. Van Alfen (Ed.),
Encyclopedia of agriculture and food systems (pp. 232-243).
Oxford: Academic Press. https://doi.org/10.1016/B978-0-444-
52512-3.00004-8

Hindsborg, J., & Kristensen, A. R. (2019). From data to decision—
implementation of a sow replacement model. Computers and
Electronics in Agriculture, 165, 104970. https://doi.org/10.
1016/j.compag.2019.104970


https://doi.org/10.1038/nature03972
https://doi.org/10.1111/ppl.13203
https://doi.org/10.1046/j.1469-8137.2001.00184.x
https://doi.org/10.1046/j.1469-8137.2001.00184.x
https://doi.org/10.1111/jac.12421
https://doi.org/10.1111/jac.12421
https://doi.org/10.1038/nature20150
https://doi.org/10.1007/s10531-019-01760-5
https://doi.org/10.1038/s41467-021-25182-6
https://doi.org/10.1016/j.landusepol.2019.02.023
https://doi.org/10.48084/etasr.2756
https://doi.org/10.48084/etasr.2756
https://doi.org/10.1038/s41893-019-0266-6
https://doi.org/10.1038/s41893-019-0266-6
https://doi.org/10.1038/srep44928
https://doi.org/10.1016/j.still.2010.11.002
https://doi.org/10.1088/1748-9326/ab9e98
https://doi.org/10.1007/978-94-007-4503-2_13
https://doi.org/10.1007/978-94-007-4503-2_13
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1016/j.apsoil.2018.05.010
https://doi.org/10.1016/j.compag.2020.105826
https://doi.org/10.1016/j.compag.2020.105826
https://doi.org/10.1007/s00704-021-03584-2
https://doi.org/10.1126/science.1185383
https://doi.org/10.1126/science.1185383
https://doi.org/10.1007/s11119-017-9527-4
https://doi.org/10.1007/s11119-017-9527-4
https://doi.org/10.1016/j.agwat.2018.08.017
https://doi.org/10.1016/j.agwat.2018.08.017
https://doi.org/10.1016/B978-0-444-52512-3.00004-8
https://doi.org/10.1016/B978-0-444-52512-3.00004-8
https://doi.org/10.1016/j.compag.2019.104970
https://doi.org/10.1016/j.compag.2019.104970

International Journal of Plant Production (2022) 16:341-363

359

Hisano, M., Searle, E. B., & Chen, H. Y. H. (2018). Biodiversity as a
solution to mitigate climate change impacts on the functioning of
forest ecosystems. Biological Reviews, 93(1), 439—456. https://
doi.org/10.1111/brv.12351

Hochman, Z., Horan, H., Navarro Garcia, J., Hopwood, G., Whish, J.,
Bell, L., Zhang, X., & Jing, H. (2020). Cropping system yield
gaps can be narrowed with more optimal rotations in dryland
subtropical Australia. Agricultural Systems, 184, 102896. https://
doi.org/10.1016/j.agsy.2020.102896

Hoegh-Guldberg, O., Jacob, D., Bindi, M., Brown, S., Camilloni, I.,
Diedhiou, A., Djalante, R., Ebi, K., Engelbrecht, F., & Guiot, J.
(2018). Impacts of 1.5 C global warming on natural and human
systems. Global warming of of 15 C An IPCC Special Report.

Hogy, P., Poll, C., Marhan, S., Kandeler, E., & Fangmeier, A. (2013).
Impacts of temperature increase and change in precipitation pat-
tern on crop yield and yield quality of barley. Food Chemistry,
136(3), 1470-1477. https://doi.org/10.1016/j.foodchem.2012.
09.056

Horton, P., Long, S. P., Smith, P., Banwart, S. A., & Beerling, D.
J. (2021). Technologies to deliver food and climate security
through agriculture. Nature Plants, 7(3), 250-255. https://doi.
org/10.1038/s41477-021-00877-2

Hufford, M. B., Teran, J. C. B. M. Y., & Gepts, P. (2019). Crop biodi-
versity: An unfinished magnum opus of nature. Annual Review
of Plant Biology, 70(1), 727-751. https://doi.org/10.1146/annur
ev-arplant-042817-040240

Hussain, M. Z., Vanloocke, A., Siebers, M. H., Ruiz-Vera, U. M., Cody
Markelz, R. J., Leakey, A. D., Ort, D. R., & Bernacchi, C. J.
(2013). Future carbon dioxide concentration decreases canopy
evapotranspiration and soil water depletion by field-grown maize.
Global Change Biology, 19(5), 1572—1584. https://doi.org/10.
1111/gcb.12155

Hutchings, N. J., Sgrensen, P., Cordovil, C. M. D. S., Leip, A., &
Amon, B. (2020). Measures to increase the nitrogen use effi-
ciency of European agricultural production. Global Food Secu-
rity, 26, 100381. https://doi.org/10.1016/j.gfs.2020.100381

Hyles, J., Bloomfield, M. T., Hunt, J. R., Trethowan, R. M., &
Trevaskis, B. (2020). Phenology and related traits for wheat
adaptation. Heredity. https://doi.org/10.1038/s41437-020-0320-1

IPCC. (2007). Climate change (2007) synthesis report. Summary for
policymakers. IPCC Geneva.

IPCC. (2014). Climate change 2014: Impacts, adaptation, and vulner-
ability. Part A: Global and sectoral aspects. In C. B. Field, V. R.
Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir,
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma,
E. S. Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea,
& L. L. White (Eds.), Contribution of working group II to the
fifth assessment report of the intergovernmental panel on climate
change. Cambridge University Press.

IPCC, et al. (2014b). Summary for policymakers. In C. B. Field, V. R.
Barros, & D. J. Dokken (Eds.), Climate change 2014: Impacts,
adaptation, and vulnerability. Part A: Global and sectoral
aspects Contribution of working group Il to the fifth assessment
report of the intergovernmental panel on climate change (pp.
1-32). Cambridge University Press.

Jalota, S. K., Kaur, H., Kaur, S., & Vashisht, B. B. (2013). Impact of
climate change scenarios on yield, water and nitrogen-balance
and -use efficiency of rice—wheat cropping system. Agricultural
Water Management, 116, 29-38. https://doi.org/10.1016/j.agwat.
2012.10.010

Jensen, E. S., Peoples, M. B., Boddey, R. M., Gresshoft, P. M., Haug-
gaard-Nielsen, H., Alves, J. R. B., & Morrison, M. J. (2012).
Legumes for mitigation of climate change and the provision of
feedstock for biofuels and biorefineries. A review. Agronomy for
Sustainable Development, 32(2), 329-364. https://doi.org/10.
1007/513593-011-0056-7

Jobe, T. O., Rahimzadeh Karvansara, P., Zenzen, 1., & Kopriva, S.
(2020). Ensuring nutritious food under elevated CO2 Condi-
tions: A case for improved C4 crops. Frontiers in Plant Sci-
ence. https://doi.org/10.3389/fpls.2020.01267

Kadam, N. N., Xiao, G., Melgar, R. J., Bahuguna, R. N., Quinones,
C., Tamilselvan, A., Prasad, P. V. V,, & Jagadish, K. S. (2014).
Agronomic and physiological responses to high temperature,
drought, and elevated CO2 interactions in cereals. Advances
in Agronomy, 127, 111-156.

Kamilaris, A., Kartakoullis, A., & Prenafeta-Boldu, F. X. (2017).
A review on the practice of big data analysis in agriculture.
Computers and Electronics in Agriculture, 143,23-37. https://
doi.org/10.1016/j.compag.2017.09.037

Kaur, H., Jalota, S., Kanwar, R., & Bhushan Vashisht, B. (2012). Cli-
mate change impacts on yield, evapotranspiration and nitrogen
uptake in irrigated maize (Zea mays)-wheat (Triticum aesti-
vum) cropping system: A simulation analysis. Indian Journal
of Agricultural Sciences, 82(3), 213.

Kimball, B. A. (2011). Lessons from FACE: CO2 effects and inter-
actions with water, nitrogen, and temperature. In D. Hillel &
C. Rosenzweig (Eds.), Handbook of climate change and agro-
ecosystems: Impacts, adaptation, and mitigation (pp. 87-107).
Imperial College Press.

Klyushin, D., & Tymoshenko, A. (2021). Optimization of drip irri-
gation systems using artificial intelligence methods for sus-
tainable agriculture and environment. In A. E. Hassanien, R.
Bhatnagar, & A. Darwish (Eds.), Artificial intelligence for sus-
tainable development: Theory, practice and future applications
(pp- 3-17). Springer International Publishing. https://doi.org/
10.1007/978-3-030-51920-9_1

Knox, J., Hess, T., Daccache, A., & Wheeler, T. (2012). Climate
change impacts on crop productivity in Africa and South Asia.
Environmental Research Letters, 7(3), 034032. https://doi.org/
10.1088/1748-9326/7/3/034032

Korres, N. E., Norsworthy, J. K., Tehranchian, P., Gitsopoulos, T.
K., Loka, D. A., Oosterhuis, D. M., Gealy, D. R., Moss, S. R.,
Burgos, N. R., Miller, M. R., & Palhano, M. (2016). Cultivars
to face climate change effects on crops and weeds: A review.
Agronomy for Sustainable Development, 36(1), 12. https://doi.
org/10.1007/s13593-016-0350-5

Kruseman, G., Bairagi, S., Komarek, A. M., Molero Milan, A.,
Nedumaran, S., Petsakos, A., Prager, S., & Yigezu, Y. A.
(2020). CGIAR modeling approaches for resource-constrained
scenarios: II. Models for analyzing socioeconomic factors to
improve policy recommendations. Crop Science, 60(2), 568—
581. https://doi.org/10.1002/csc2.20114

Kumar, S., Mishra, A. K., Pramanik, S., Mamidanna, S., & Whit-
bread, A. (2020). Climate risk, vulnerability and resilience:
Supporting livelihood of smallholders in semiarid India. Land
Use Policy, 97, 104729. https://doi.org/10.1016/j.1andusepol.
2020.104729

Kumar, S., Suresh, B., Kumar, A., & Lavanya, G. (2019). Genetic
variability, correlation and path coefficient analysis in chickpea
(Cicer arietinum L.) for yield and its component traits. Interna-
tional Journal of Current Microbiology and Applied Sciences,
8(12), 2341-2352.

Kumar, U., Morel, J., Bergkvist, G., Palosuo, T., Gustavsson, A.-M.,
Peake, A., Brown, H., Ahmed, M., & Parsons, D. (2021). Com-
parative analysis of phenology algorithms of the spring barley
model in APSIM 7.9 and APSIM next generation: A case study
for high latitudes. Plants, 10(3), 443.

Laborde, D., Porciello, J., & Smaller, C. (2020). Ceres2030: Sustain-
able solutions to end hunger summary report. Ceres2030.

Lal, R. (2004). Soil carbon sequestration impacts on global climate
change and food security. Science, 304(5677), 1623-1627.
https://doi.org/10.1126/science.1097396

@ Springer


https://doi.org/10.1111/brv.12351
https://doi.org/10.1111/brv.12351
https://doi.org/10.1016/j.agsy.2020.102896
https://doi.org/10.1016/j.agsy.2020.102896
https://doi.org/10.1016/j.foodchem.2012.09.056
https://doi.org/10.1016/j.foodchem.2012.09.056
https://doi.org/10.1038/s41477-021-00877-2
https://doi.org/10.1038/s41477-021-00877-2
https://doi.org/10.1146/annurev-arplant-042817-040240
https://doi.org/10.1146/annurev-arplant-042817-040240
https://doi.org/10.1111/gcb.12155
https://doi.org/10.1111/gcb.12155
https://doi.org/10.1016/j.gfs.2020.100381
https://doi.org/10.1038/s41437-020-0320-1
https://doi.org/10.1016/j.agwat.2012.10.010
https://doi.org/10.1016/j.agwat.2012.10.010
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.3389/fpls.2020.01267
https://doi.org/10.1016/j.compag.2017.09.037
https://doi.org/10.1016/j.compag.2017.09.037
https://doi.org/10.1007/978-3-030-51920-9_1
https://doi.org/10.1007/978-3-030-51920-9_1
https://doi.org/10.1088/1748-9326/7/3/034032
https://doi.org/10.1088/1748-9326/7/3/034032
https://doi.org/10.1007/s13593-016-0350-5
https://doi.org/10.1007/s13593-016-0350-5
https://doi.org/10.1002/csc2.20114
https://doi.org/10.1016/j.landusepol.2020.104729
https://doi.org/10.1016/j.landusepol.2020.104729
https://doi.org/10.1126/science.1097396

360

International Journal of Plant Production (2022) 16:341-363

Leip, A., Billen, G., Garnier, J., Grizzetti, B., Lassaletta, L., Reis, S.,
Simpson, D., Sutton, M. A., de Vries, W., Weiss, F., & West-
hoek, H. (2015). Impacts of European livestock production:
Nitrogen, sulphur, phosphorus and greenhouse gas emissions,
land-use, water eutrophication and biodiversity. Environmen-
tal Research Letters, 10(11), 115004. https://doi.org/10.1088/
1748-9326/10/11/115004

Li, X., Ulfat, A., Shokat, S., Liu, S., Zhu, X., & Liu, F. (2019).
Responses of carbohydrate metabolism enzymes in leaf and
spike to CO2 elevation and nitrogen fertilization and their
relations to grain yield in wheat. Environmental and Experi-
mental Botany, 164, 149—156. https://doi.org/10.1016/j.envex
pbot.2019.05.008

Liakos, K. G., Busato, P., Moshou, D., Pearson, S., & Bochtis, D.
(2018). Machine learning in agriculture: A review. Sensors,
18(8), 2674.

Lobell, D. B., Cassman, K. G., & Field, C. B. (2009). Crop yield
gaps: Their importance, magnitudes, and causes. Annual
Review of Environment and Resources, 34(1), 179-204. https://
doi.org/10.1146/annurev.environ.041008.093740

Lopes, M. S., El-Basyoni, 1., Baenziger, P. S., Singh, S., Royo, C.,
Ozbek, K., Aktas, H., Ozer, E., Ozdemir, F., Manickavelu, A.,
Ban, T., & Vikram, P. (2015). Exploiting genetic diversity from
landraces in wheat breeding for adaptation to climate change.
Journal of Experimental Botany, 66(12), 3477-3486. https://
doi.org/10.1093/jxb/erv122

Lucas, J. A. (2017). Chapter one—fungi, food crops, and biosecurity:
advances and challenges. In D. Barling (Ed.), Advances in food
security and sustainability (Vol. 2, pp. 1-40). Elsevier. https://
doi.org/10.1016/bs.af2s.2017.09.007

Macholdt, J., Styczen, M. E., Macdonald, A., Piepho, H.-P., & Hon-
ermeier, B. (2020). Long-term analysis from a cropping system
perspective: Yield stability, environmental adaptability, and
production risk of winter barley. European Journal of Agron-
omy, 117, 126056. https://doi.org/10.1016/j.€ja.2020.126056

Maestre, F. T., Salguero-Gémez, R., & Quero, J. L. (2012). It is get-
ting hotter in here: Determining and projecting the impacts of
global environmental change on drylands. Philosophical Trans-
actions of the Royal Society b: Biological Sciences, 367(1606),
3062-3075. https://doi.org/10.1098/rstb.2011.0323

Mahajan, G., Singh, S., & Chauhan, B. (2012). Impact of climate
change on weeds in the rice-wheat cropping system. Current
Science, 102, 1254-1255.

Mahmud, M. S., & He, L. (2020). Measuring tree canopy density
using a lidar-guided system for precision spraying. Paper pre-
sented at the 2020 ASABE Annual International Virtual Meet-
ing, St. Joseph, MI.

Mall, R. K., Gupta, A., & Sonkar, G. (2017). 2—effect of climate
change on agricultural crops. In S. K. Dubey, A. Pandey, & R.
S. Sangwan (Eds.), Current developments in biotechnology and
bioengineering (pp. 23—46). Elsevier. https://doi.org/10.1016/
B978-0-444-63661-4.00002-5

Mao, R., Bajwa, A. A., & Adkins, S. (2021). A superweed in the
making: Adaptations of Parthenium hysterophorus to a chang-
ing climate. Agronomy for Sustainable Development, 41(4), 47.
https://doi.org/10.1007/s13593-021-00699-8

Michel, L., & Makowski, D. (2013). Comparison of statistical mod-
els for analyzing wheat yield time series. PLoS One, 8(10),
e78615. https://doi.org/10.1371/journal.pone.0078615

Mimura, N., Pulwarty, R. S., Elshinnawy, 1., Redsteer, M. H., Huang,
H. Q., Nkem, J. N., Rodriguez, R. A. S., Moss, R., Vergara, W.,
& Darby, L. S. (2015). Adaptation planning and implementa-
tion. Climate change 2014 impacts, adaptation and vulner-
ability: Part A: Global and sectoral aspects (pp. 869-898).
Cambridge University Press.

@ Springer

Mittler, R. (2006). Abiotic stress, the field environment and stress com-
bination. Trends in Plant Science, 11(1), 15-19. https://doi.org/
10.1016/j.tplants.2005.11.002

Mittler, R., Finka, A., & Goloubinoff, P. (2012). How do plants feel the
heat? Trends in Biochemical Sciences, 37(3), 118—125. https://
doi.org/10.1016/j.tibs.2011.11.007

Mohammadian, F., Yazdani, S., & Fehresti-Sani, M. (2020). The role
of diversity in improving environmental indicators: A case study
in Mahidasht Plain Iran. International Journal of Environmental
Research. https://doi.org/10.1007/s41742-020-00288-9

Mousavi-Derazmahalleh, M., Bayer, P. E., Hane, J. K., Valliyodan,
B., Nguyen, H. T., Nelson, M. N., Erskine, W., Varshney, R.
K., Papa, R., & Edwards, D. (2019). Adapting legume crops to
climate change using genomic approaches. Plant, Cell and Envi-
ronment, 42(1), 6-19. https://doi.org/10.1111/pce.13203

Mpyers, S. S., Zanobetti, A., Kloog, I., Huybers, P., Leakey, A. D.
B., Bloom, A. J., Carlisle, E., Dietterich, L. H., Fitzgerald, G.,
Hasegawa, T., Holbrook, N. M., Nelson, R. L., Ottman, M. J.,
Raboy, V., Sakai, H., Sartor, K. A., Schwartz, J., Seneweera, S.,
Tausz, M., & Usui, Y. (2014). Increasing CO2 threatens human
nutrition. Nature, 510, 139. https://doi.org/10.1038/nature13179

National Academies of Sciences E Medicine. (2017). Valuing climate
damages: updating estimation of the social cost of carbon diox-
ide. London: National Academies Press.

Nations U. (2015). Transforming our world: The 2030 agenda for sus-
tainable development. United Nations, Department of Economic
and Social Affairs.

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I.,
Senior, R. A., Borger, L., Bennett, D. J., Choimes, A., Collen, B.,
Day, J., De Palma, A., Diaz, S., Echeverria-Londofio, S., Edgar,
M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini,
T., ... Purvis, A. (2015). Global effects of land use on local ter-
restrial biodiversity. Nature, 520(7545), 45-50. https://doi.org/
10.1038/nature 14324

Nguyen, Q. T., Fouchereau, R., Frénod, E., Gerard, C., & Sincholle,
V. (2020). Comparison of forecast models of production of
dairy cows combining animal and diet parameters. Computers
and Electronics in Agriculture, 170, 105258. https://doi.org/10.
1016/j.compag.2020.105258

Noor, F., Ashaf, M., & Ghafoor, A. (2003). Path analysis and relation-
ship among quantitative traits in chickpea (Cicer arietinum L.).
Pakistan Journal of Biological Sciences, 6(6), 551-555.

Ochieng, J., Kirimi, L., & Mathenge, M. (2016). Effects of climate
variability and change on agricultural production: The case of
small scale farmers in Kenya. NJAS—Wageningen Journal of Life
Sciences, 77, T1-78. https://doi.org/10.1016/j.njas.2016.03.005

Ogada, M. J, Rao, E. J. O., Radeny, M., Recha, J. W., & Solomon, D.
(2020). Climate-smart agriculture, household income and asset
accumulation among smallholder farmers in the Nyando basin
of Kenya. World Development Perspectives, 18, 100203. https://
doi.org/10.1016/j.wdp.2020.100203

Olivoto, T., Nardino, M., Carvalho, I., Follmann, D., Ferrari, M., Sza-
reski, V., & Souza, Vd. (2017). REML/BLUP and sequential
path analysis in estimating genotypic values and interrelation-
ships among simple maize grain yield-related traits. Genetics
and Molecular Research, 16(1), 1-19.

Olson, K. R., Ebelhar, S. A., & Lang, J. M. (2010). Cover crop effects
on crop yields and soil organic carbon content. Soil Science,
175(2), 89-98. https://doi.org/10.1097/SS.0b013e3181cf7959

Ostmeyer, T., Parker, N., Jaenisch, B., Alkotami, L., Bustamante, C.,
& Jagadish, S. V. K. (2020). Impacts of heat, drought, and their
interaction with nutrients on physiology, grain yield, and quality
in field crops. Plant Physiology Reports, 25(4), 549-568. https://
doi.org/10.1007/s40502-020-00538-0

Pardey, P. G., Chan-Kang, C., Dehmer, S. P., & Beddow, J. M. (2016).
Agricultural R&D is on the move. Nature News, 537(7620), 301.


https://doi.org/10.1088/1748-9326/10/11/115004
https://doi.org/10.1088/1748-9326/10/11/115004
https://doi.org/10.1016/j.envexpbot.2019.05.008
https://doi.org/10.1016/j.envexpbot.2019.05.008
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1093/jxb/erv122
https://doi.org/10.1093/jxb/erv122
https://doi.org/10.1016/bs.af2s.2017.09.007
https://doi.org/10.1016/bs.af2s.2017.09.007
https://doi.org/10.1016/j.eja.2020.126056
https://doi.org/10.1098/rstb.2011.0323
https://doi.org/10.1016/B978-0-444-63661-4.00002-5
https://doi.org/10.1016/B978-0-444-63661-4.00002-5
https://doi.org/10.1007/s13593-021-00699-8
https://doi.org/10.1371/journal.pone.0078615
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.1016/j.tibs.2011.11.007
https://doi.org/10.1016/j.tibs.2011.11.007
https://doi.org/10.1007/s41742-020-00288-9
https://doi.org/10.1111/pce.13203
https://doi.org/10.1038/nature13179
https://doi.org/10.1038/nature14324
https://doi.org/10.1038/nature14324
https://doi.org/10.1016/j.compag.2020.105258
https://doi.org/10.1016/j.compag.2020.105258
https://doi.org/10.1016/j.njas.2016.03.005
https://doi.org/10.1016/j.wdp.2020.100203
https://doi.org/10.1016/j.wdp.2020.100203
https://doi.org/10.1097/SS.0b013e3181cf7959
https://doi.org/10.1007/s40502-020-00538-0
https://doi.org/10.1007/s40502-020-00538-0

International Journal of Plant Production (2022) 16:341-363

361

Partel, V., Charan Kakarla, S., & Ampatzidis, Y. (2019). Development
and evaluation of a low-cost and smart technology for precision
weed management utilizing artificial intelligence. Computers
and Electronics in Agriculture, 157, 339-350. https://doi.org/
10.1016/j.compag.2018.12.048

Pautasso, M., Dehnen-Schmutz, K., Holdenrieder, O., Pietravalle, S.,
Salama, N., Jeger, M. J., Lange, E., & Hehl-Lange, S. (2010).
Plant health and global change—some implications for landscape
management. Biological Reviews, 85(4), 729-755. https://doi.
org/10.1111/j.1469-185X.2010.00123.x

Pedercini, M., Arquitt, S., & Chan, D. (2020). Integrated simulation
for the 2030 agendaf. System Dynamics Review, 36(3), 333-357.
https://doi.org/10.1002/sdr.1665

Pervez Bharucha, Z., Attwood, S., Badiger, S., Balamatti, A., Bawden,
R., Bentley, J. W., Chander, M., Davies, L., Dixon, H., Dixon, J.,
D’Souza, M., Butler Flora, C., Green, M., Joshi, D., Komarek,
A. M., Ruth McDermid, L., Mathijs, E., Rola, A. C., Patnaik, S.,
... Pretty, J. (2021). The top 100 questions for the sustainable
intensification of agriculture in India’s rainfed drylands. Inter-
national Journal of Agricultural Sustainability, 19(2), 106-127.
https://doi.org/10.1080/14735903.2020.1830530

Peters, K., Breitsameter, L., & Gerowitt, B. (2014). Impact of climate
change on weeds in agriculture: A review. Agronomy for Sus-
tainable Development, 34(4), 707-721. https://doi.org/10.1007/
$13593-014-0245-2

Polley, H. W. (2002). Implications of atmospheric and climatic change
for crop yield and water use efficiency. Crop Science, 42(1), 131-
140. https://doi.org/10.2135/cropsci2002.1310

Porter, J. R. (2005). Rising temperatures are likely to reduce crop
yields. Nature, 436(7048), 174—-174. https://doi.org/10.1038/
436174b

Porter, J. R., Xie, L., Challinor, A. J., Cochrane, K., Howden, S. M.,
Igbal, M. M., Lobell, D. B., & Travasso, M. I, et al. (2014). Food
security and food production systems. In C. B. Field, V. R. Bar-
ros, & D.J. Dokken (Eds.), Climate change 2014: Impacts, adap-
tation, and vulnerability. Part A: Global and sectoral aspects.
Contribution of working group Il to the fifth assessment report
of the intergovernmental panel of climate change (pp. 485-533).
Cambridge University Press.

Powlson, D. S., Stirling, C. M., Thierfelder, C., White, R. P., & Jat, M.
L. (2016). Does conservation agriculture deliver climate change
mitigation through soil carbon sequestration in tropical agro-
ecosystems. Agriculture, Ecosystems & Environment, 220(Sup-
plement C), 164—-174. https://doi.org/10.1016/j.agee.2016.01.005

Powlson, D. S., Whitmore, A. P., & Goulding, K. W. T. (2011). Soil
carbon sequestration to mitigate climate change: A critical re-
examination to identify the true and the false. European Journal
of Soil Science, 62(1), 42-55. https://doi.org/10.1111/j.1365-
2389.2010.01342.x

Prasad, P. V. V., & Jagadish, S. V. K. (2015). Field crops and the fear
of heat stress—opportunities, challenges and future directions.
Procedia Environmental Sciences, 29, 36-37. https://doi.org/10.
1016/j.proenv.2015.07.144

Pretty, J., Toulmin, C., & Williams, S. (2011). Sustainable intensifica-
tion in African agriculture. International Journal of Agricultural
Sustainability, 9(1), 5-24. https://doi.org/10.3763/ijas.2010.0583

Pugnaire, F. 1., Morillo, J. A., Pefiuelas, J., Reich, P. B., Bardgett, R.
D., Gaxiola, A., Wardle, D. A., & van der Putten, W. H. (2019).
Climate change effects on plant-soil feedbacks and consequences
for biodiversity and functioning of terrestrial ecosystems. Sci-
ence Advances, 5(11), eaaz1834. https://doi.org/10.1126/sciadv.
aaz1834

Qu, W., Shi, W., Zhang, J., & Liu, T. (2020). T21 China 2050: A tool
for national sustainable development planning. Geography and
Sustainability, 1(1), 33-46. https://doi.org/10.1016/j.geosus.
2020.03.004

Rahimizadeh, M., Kashani, A., Zare-Feizabadi, A., Koocheki, A. R., &
Nassiri-Mahallati, M. (2010). Nitrogen use efficiency of wheat
as affected by preceding crop, application rate of nitrogen and
crop residues. Australian Journal of Crop Science, 4(5), 363.

Rajwade, Y. A., Swain, D. K., Tiwari, K. N., Mohanty, U. C., & Gos-
wami, P. (2015). Evaluation of field level adaptation measures
under the climate change scenarios in rice based cropping system
in India. Environmental Processes, 2(4), 669—687. https://doi.
org/10.1007/s40710-015-0115-1

Rakshit, R., Patra, A. K., Pal, D., Kumar, M., & Singh, R. (2012).
Effect of elevated CO 2 and temperature on nitrogen dynam-
ics and microbial activity during wheat (Triticum aestivum L.)
growth on a subtropical inceptisol in India. Journal of Agronomy
and Crop Science, 198(6), 452-465. https://doi.org/10.1111/j.
1439-037X.2012.00516.x

Ramesh, K., Matloob, A., Aslam, F., Florentine, S. K., & Chauhan, B.
S. (2017). Weeds in a changing climate: Vulnerabilities, conse-
quences, and implications for future weed management. Frontiers
in Plant Science. https://doi.org/10.3389/fpls.2017.00095

Ramirez-Villegas, J., Molero Milan, A., Alexandrov, N., Asseng, S.,
Challinor, A. J., Crossa, J., van Eeuwijk, F., Ghanem, M. E.,
Grenier, C., Heinemann, A. B., Wang, J., Juliana, P., Kehel, Z.,
Kholova, J., Koo, J., Pequeno, D., Quiroz, R., Rebolledo, M.
C., Sukumaran, S., ... Reynolds, M. (2020). CGIAR modeling
approaches for resource-constrained scenarios: I. Accelerating
crop breeding for a changing climate. Crop Science, 60(2), 547—
567. https://doi.org/10.1002/csc2.20048

Rang, Z. W., Jagadish, S. V. K., Zhou, Q. M., Craufurd, P. Q., & Heuer,
S. (2011). Effect of high temperature and water stress on pol-
len germination and spikelet fertility in rice. Environmental and
Experimental Botany, 70(1), 58-65. https://doi.org/10.1016/].
envexpbot.2010.08.009

Raven, P. H., & Wagner, D. L. (2021). Agricultural intensification
and climate change are rapidly decreasing insect biodiversity.
Proceedings of the National Academy of Sciences, 118(2),
€2002548117. https://doi.org/10.1073/pnas.2002548117

Reddy, K. R., & Patrick, W. H. (1975). Effect of alternate aerobic and
anaerobic conditions on redox potential, organic matter decom-
position and nitrogen loss in a flooded soil. Soil Biology and Bio-
chemistry, 7(2), 87-94. https://doi.org/10.1016/0038-0717(75)
90004-8

Rochecouste, J.-F., Dargusch, P., Cameron, D., & Smith, C. (2015). An
analysis of the socio-economic factors influencing the adoption
of conservation agriculture as a climate change mitigation activ-
ity in Australian dryland grain production. Agricultural Systems,
135, 20-30. https://doi.org/10.1016/j.agsy.2014.12.002

Rodriguez, D., Cox, H., deVoil, P., & Power, B. (2014). A participa-
tory whole farm modelling approach to understand impacts and
increase preparedness to climate change in Australia. Agricul-
tural Systems, 126, 50-61. https://doi.org/10.1016/j.agsy.2013.
04.003

Rodriguez, D., & Sadras, V. (2011). Opportunities from integrative
approaches in farming systems design. Field Crops Research,
124(2), 131-141.

Rollins, J. A., Habte, E., Templer, S. E., Colby, T., Schmidt, J., & von
Korff, M. (2013). Leaf proteome alterations in the context of
physiological and morphological responses to drought and heat
stress in barley (Hordeum vulgare L.). Journal of Experimental
Botany, 64(11), 3201-3212. https://doi.org/10.1093/jxb/ert158

Rosenzweig, C., Karoly, D., Vicarelli, M., Neofotis, P., Wu, Q.,
Casassa, G., Menzel, A., Root, T. L., Estrella, N., Seguin, B.,
Tryjanowski, P., Liu, C., Rawlins, S., & Imeson, A. (2008).
Attributing physical and biological impacts to anthropogenic
climate change. Nature, 453(7193), 353-357.

Roy, K. S., Bhattacharyya, P., Neogi, S., Rao, K. S., & Adhya, T. K.
(2012). Combined effect of elevated CO2 and temperature on

@ Springer


https://doi.org/10.1016/j.compag.2018.12.048
https://doi.org/10.1016/j.compag.2018.12.048
https://doi.org/10.1111/j.1469-185X.2010.00123.x
https://doi.org/10.1111/j.1469-185X.2010.00123.x
https://doi.org/10.1002/sdr.1665
https://doi.org/10.1080/14735903.2020.1830530
https://doi.org/10.1007/s13593-014-0245-2
https://doi.org/10.1007/s13593-014-0245-2
https://doi.org/10.2135/cropsci2002.1310
https://doi.org/10.1038/436174b
https://doi.org/10.1038/436174b
https://doi.org/10.1016/j.agee.2016.01.005
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1016/j.proenv.2015.07.144
https://doi.org/10.1016/j.proenv.2015.07.144
https://doi.org/10.3763/ijas.2010.0583
https://doi.org/10.1126/sciadv.aaz1834
https://doi.org/10.1126/sciadv.aaz1834
https://doi.org/10.1016/j.geosus.2020.03.004
https://doi.org/10.1016/j.geosus.2020.03.004
https://doi.org/10.1007/s40710-015-0115-1
https://doi.org/10.1007/s40710-015-0115-1
https://doi.org/10.1111/j.1439-037X.2012.00516.x
https://doi.org/10.1111/j.1439-037X.2012.00516.x
https://doi.org/10.3389/fpls.2017.00095
https://doi.org/10.1002/csc2.20048
https://doi.org/10.1016/j.envexpbot.2010.08.009
https://doi.org/10.1016/j.envexpbot.2010.08.009
https://doi.org/10.1073/pnas.2002548117
https://doi.org/10.1016/0038-0717(75)90004-8
https://doi.org/10.1016/0038-0717(75)90004-8
https://doi.org/10.1016/j.agsy.2014.12.002
https://doi.org/10.1016/j.agsy.2013.04.003
https://doi.org/10.1016/j.agsy.2013.04.003
https://doi.org/10.1093/jxb/ert158

362

International Journal of Plant Production (2022) 16:341-363

dry matter production, net assimilation rate, C and N allocations
in tropical rice (Oryza sativa L.). Field Crops Research, 139,
71-79. https://doi.org/10.1016/j.fcr.2012.10.011

Rupnik, R., Kukar, M., Vracar, P., Kosir, D., Pevec, D., & Bosni¢, Z.
(2018). AgroDSS: A decision support system for agriculture and
farming. Computers and Electronics in Agriculture. https://doi.
org/10.1016/j.compag.2018.04.001

Sadras, V. O., & Rodriguez, D. (2007). The limit to wheat water-use
efficiency in eastern Australia. II. Influence of rainfall patterns.
Australian Journal of Agricultural Research, 58(7), 657-669.
https://doi.org/10.1071/AR06376

Samadianfard, S., Panahi, S., & Nazemi, A. H. (2022). Modeling the
yield of rainfed wheat, barley and alfalfa products using support
vector regression and genetic programming. Water and Soil Sci-
ence. https://doi.org/10.22034/ws.2021.35741.2287

Sansaloni, C., Franco, J., Santos, B., Percival-Alwyn, L., Singh, S.,
Petroli, C., Campos, J., Dreher, K., Payne, T., Marshall, D., Kil-
ian, B., Milne, I., Raubach, S., Shaw, P., Stephen, G., Carling, J.,
Pierre, C. S., Burgueiio, J., Crosa, J., ... Pixley, K. (2020). Diver-
sity analysis of 80,000 wheat accessions reveals consequences
and opportunities of selection footprints. Nature Communica-
tions, 11(1),4572. https://doi.org/10.1038/s41467-020-18404-w

Sayari, N., Bannayan, M., Alizadeh, A., Farid, A., Hessami Kermani,
M., & Eyshi Rezaei, E. (2015). Climate change impact on leg-
umes’ water production function in the northeast of Iran. Journal
of Water and Climate Change, 6(2), 374-385.

Schmidhuber, J., & Tubiello, F. N. (2007). Global food security under
climate change. Proceedings of the National Academy of Sci-
ences, 104(50), 19703-19708. https://doi.org/10.1073/pnas.
0701976104

Schullehner, J., Hansen, B., Thygesen, M., Pedersen, C. B., &
Sigsgaard, T. (2018). Nitrate in drinking water and colorectal
cancer risk: A nationwide population-based cohort study. Inter-
national Journal of Cancer, 143(1), 73-79. https://doi.org/10.
1002/ijc.31306

Sequeros, T., Ochieng, J., Schreinemachers, P., Binagwa, P. H., Huel-
gas, Z. M., Hapsari, R. T., Juma, M. O., Kangile, J. R., Karimi,
R., Khaririyatun, N., Mbeyagala, E. K., Mvungi, H., Nair, R.
M., Sanya, L. N., Nguyen, T. T. L., Phommalath, S., Pinn, T.,
Simfukwe, E., & Suebpongsang, P. (2021). Mungbean in South-
east Asia and East Africa: Varieties, practices and constraints.
Agriculture & Food Security, 10(1), 2. https://doi.org/10.1186/
s40066-020-00273-7

Shah, N. H., & Paulsen, G. M. (2003). Interaction of drought and high
temperature on photosynthesis and grain-filling of wheat. Plant
and Soil, 257(1), 219-226. https://doi.org/10.1023/A:10262
37816578

Shekoofa, A., Emam, Y., Shekoufa, N., Ebrahimi, M., & Ebrahimie, E.
(2014). Determining the most important physiological and agro-
nomic traits contributing to maize grain yield through machine
learning algorithms: A new avenue in intelligent agriculture.
PLoS One, 9(5), €97288. https://doi.org/10.1371/journal.pone.
0097288

Shi, W., Wang, M., & Liu, Y. (2021). Crop yield and production
responses to climate disasters in China. Science of the Total
Environment, 750, 141147. https://doi.org/10.1016/j.scitotenv.
2020.141147

Shine, P., Murphy, M. D., Upton, J., & Scully, T. (2018). Machine-
learning algorithms for predicting on-farm direct water and elec-
tricity consumption on pasture based dairy farms. Computers and
Electronics in Agriculture, 150, 74-87. https://doi.org/10.1016/].
compag.2018.03.023

Silva, J. V., & Giller, K. E. (2021). Grand challenges for the 21st cen-
tury: what crop models can and can’t (yet) do. The Journal of
Agricultural Science. https://doi.org/10.1017/S00218596210001
50

@ Springer

Simmonds, N. W. (2008). A short review of farming systems research
in the tropics. Experimental Agriculture, 22(1), 1-13. https://doi.
org/10.1017/S0014479700013995

Sivakumar, M. V. K., & Stefanski, R. (2011). Climate change in South
Asia. In R. Lal, M. V. K. Sivakumar, S. M. A. Faiz, A. H. M.
Mustafizur Rahman, & K. R. Islam (Eds.), Climate change and
food security in South Asia (pp. 13-30). Springer Netherlands.
https://doi.org/10.1007/978-90-481-9516-9_2

Smith, L. G., Kirk, G. J. D., Jones, P. J., & Williams, A. G. (2019).
The greenhouse gas impacts of converting food production in
England and Wales to organic methods. Nature Communications,
10(1), 4641. https://doi.org/10.1038/s41467-019-12622-7

Stagnari, F., Maggio, A., Galieni, A., & Pisante, M. (2017). Multiple
benefits of legumes for agriculture sustainability: An overview.
Chemical and Biological Technologies in Agriculture, 4(1), 2.
https://doi.org/10.1186/540538-016-0085-1

Stathers, T., Holcroft, D., Kitinoja, L., Mvumi, B. M., English, A.,
Omotilewa, O., Kocher, M., Ault, J., & Torero, M. (2020). A
scoping review of interventions for crop postharvest loss reduc-
tion in sub-Saharan Africa and South Asia. Nature Sustainability,
3(10), 821-835. https://doi.org/10.1038/s41893-020-00622-1

Stephens, E. C., Jones, A. D., & Parsons, D. (2018). Agricultural sys-
tems research and global food security in the 21st century: An
overview and roadmap for future opportunities. Agricultural
Systems, 163, 1-6. https://doi.org/10.1016/j.agsy.2017.01.011

Talaviya, T., Shah, D., Patel, N., Yagnik, H., & Shah, M. (2020). Imple-
mentation of artificial intelligence in agriculture for optimisa-
tion of irrigation and application of pesticides and herbicides.
Artificial Intelligence in Agriculture, 4, 58-73. https://doi.org/
10.1016/j.aiia.2020.04.002

Tamburino, L., Bravo, G., Clough, Y., & Nicholas, K. A. (2020). From
population to production: 50 years of scientific literature on how
to feed the world. Global Food Security, 24, 100346. https://doi.
org/10.1016/.gfs.2019.100346

Tesfaye, K. (2021). Climate change in the hottest wheat regions. Nature
Food, 2(1), 8-9. https://doi.org/10.1038/s43016-020-00218-0

Thierfelder, C., Matemba-Mutasa, R., Bunderson, W. T., Mutenje, M.,
Nyagumbo, 1., & Mupangwa, W. (2016). Evaluating manual con-
servation agriculture systems in southern Africa. Agriculture,
Ecosystems & Environment, 222, 112—124. https://doi.org/10.
1016/j.agee.2016.02.009

Thompson, M., Gamage, D., Hirotsu, N., Martin, A., & Seneweera,
S. (2017). Effects of elevated carbon dioxide on photosynthesis
and carbon partitioning: A perspective on root sugar sensing and
hormonal crosstalk. Frontiers in Physiology. https://doi.org/10.
3389/fphys.2017.00578

Tien Bui, D., Shirzadi, A., Shahabi, H., Chapi, K., Omidavr, E., Pham,
B. T., Talebpour Asl, D., Khaledian, H., Pradhan, B., Panahi,
M., Bin Ahmad, B., Rahmani, H., Gréf, G., & Lee, S. (2019). A
novel ensemble artificial intelligence approach for gully erosion
mapping in a Semi-Arid Watershed (Iran). Sensors, 19(11), 2444.

Travis, W. R., Smith, J. B., & Yohe, G. W. (2018). Moving toward
1.5°C of warming: Implications for climate adaptation strategies.
Current Opinion in Environmental Sustainability, 31, 146—152.
https://doi.org/10.1016/j.cosust.2018.03.003

UNESCO. (2009). The United Nations World Water Development
report 3: Water in a changing World, UNESCO/Earthscan,
Paris/London (Vol. 1). Earthscan.

van Ogtrop, F., Ahmad, M., & Moeller, C. (2014). Principal compo-
nents of sea surface temperatures as predictors of seasonal rain-
fall in rainfed wheat growing areas of Pakistan. Meteorological
Applications, 21(2), 431-443. https://doi.org/10.1002/met.1429

van Zonneveld, M., Turmel, M.-S., & Hellin, J. (2020). Decision-
making to diversify farm systems for climate change adaptation.
Frontiers in Sustainable Food Systems. https://doi.org/10.3389/
fsufs.2020.00032


https://doi.org/10.1016/j.fcr.2012.10.011
https://doi.org/10.1016/j.compag.2018.04.001
https://doi.org/10.1016/j.compag.2018.04.001
https://doi.org/10.1071/AR06376
https://doi.org/10.22034/ws.2021.35741.2287
https://doi.org/10.1038/s41467-020-18404-w
https://doi.org/10.1073/pnas.0701976104
https://doi.org/10.1073/pnas.0701976104
https://doi.org/10.1002/ijc.31306
https://doi.org/10.1002/ijc.31306
https://doi.org/10.1186/s40066-020-00273-7
https://doi.org/10.1186/s40066-020-00273-7
https://doi.org/10.1023/A:1026237816578
https://doi.org/10.1023/A:1026237816578
https://doi.org/10.1371/journal.pone.0097288
https://doi.org/10.1371/journal.pone.0097288
https://doi.org/10.1016/j.scitotenv.2020.141147
https://doi.org/10.1016/j.scitotenv.2020.141147
https://doi.org/10.1016/j.compag.2018.03.023
https://doi.org/10.1016/j.compag.2018.03.023
https://doi.org/10.1017/S0021859621000150
https://doi.org/10.1017/S0021859621000150
https://doi.org/10.1017/S0014479700013995
https://doi.org/10.1017/S0014479700013995
https://doi.org/10.1007/978-90-481-9516-9_2
https://doi.org/10.1038/s41467-019-12622-7
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1038/s41893-020-00622-1
https://doi.org/10.1016/j.agsy.2017.01.011
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/j.gfs.2019.100346
https://doi.org/10.1016/j.gfs.2019.100346
https://doi.org/10.1038/s43016-020-00218-0
https://doi.org/10.1016/j.agee.2016.02.009
https://doi.org/10.1016/j.agee.2016.02.009
https://doi.org/10.3389/fphys.2017.00578
https://doi.org/10.3389/fphys.2017.00578
https://doi.org/10.1016/j.cosust.2018.03.003
https://doi.org/10.1002/met.1429
https://doi.org/10.3389/fsufs.2020.00032
https://doi.org/10.3389/fsufs.2020.00032

International Journal of Plant Production (2022) 16:341-363

363

Vila, M., Beaury, E. M., Blumenthal, D. M., Bradley, B. A., Early, R.,
Laginhas, B. B., Trillo, A., Dukes, J. S., Sorte, C. J. B., & Ibafiez,
I. (2021). Understanding the combined impacts of weeds and
climate change on crops. Environmental Research Letters, 16(3),
034043. https://doi.org/10.1088/1748-9326/abe14b

Vlek, P. L. G., Byrnes, B. H., & Craswell, E. T. (1980). Effect of urea
placement on leaching losses of nitrogen from flooded rice soils.
Plant and Soil, 54(3), 441-449. https://doi.org/10.1007/BF021
81836

Vu, J. C. V., & Allen, L. H. (2009). Growth at elevated CO2 delays the
adverse effects of drought stress on leaf photosynthesis of the C4
sugarcane. Journal of Plant Physiology, 166(2), 107-116. https://
doi.org/10.1016/j.jplph.2008.02.009

Wabha, K., Miiller, C., Bondeau, A., Dietrich, J. P., Kurukulasuriya, P.,
Heinke, J., & Lotze-Campen, H. (2013). Adaptation to climate
change through the choice of cropping system and sowing date
in sub-Saharan Africa. Global Environmental Change, 23(1),
130-143. https://doi.org/10.1016/j.gloenvcha.2012.11.001

Wall, G. W,, Garcia, R. L., Wechsung, F., & Kimball, B. A. (2011). Ele-
vated atmospheric CO2 and drought effects on leaf gas exchange
properties of barley. Agriculture, Ecosystems & Environment,
144(1), 390-404. https://doi.org/10.1016/j.agee.2011.07.006

Wang, J. C., Holan, S. H., Nandram, B., Barboza, W., Toto, C., &
Anderson, E. (2012). A Bayesian approach to estimating agri-
cultural yield based on multiple repeated surveys. Journal of
Agricultural, Biological, and Environmental Statistics, 17(1),
84-106. https://doi.org/10.1007/s13253-011-0067-5

Wassmann, R., Jagadish, S. V. K., Heuer, S., Ismail, A., Redona, E.,
Serraj, R., Singh, R. K., Howell, G., Pathak, H., & Sumfleth, K.
(2009). Chapter 2 climate change affecting rice production. The
physiological and agronomic basis for possible adaptation strat-
egies. Advances in Agronomy. https://doi.org/10.1016/S0065-
2113(08)00802-X

Watson, A., Ghosh, S., Williams, M. J., Cuddy, W. S., Simmonds,
J., Rey, M.-D., Asyraf, M. D., Hatta, M., Hinchliffe, A., Steed,
A., Reynolds, D., Adamski, N. M., Breakspear, A., Korolev, A.,
Rayner, T., Dixon, L. E., Riaz, A., Martin, W., Ryan, M., ...
Hickey, L. T. (2018). Speed breeding is a powerful tool to accel-
erate crop research and breeding. Nature Plants, 4(1), 23-29.
https://doi.org/10.1038/s41477-017-0083-8

Webber, H., Zhao, G., Wolf, J., Britz, W., Vries, Wd., Gaiser, T., Hoff-
mann, H., & Ewert, F. (2015). Climate change impacts on Euro-
pean crop yields: Do we need to consider nitrogen limitation?
European Journal of Agronomy, 71, 123—134. https://doi.org/
10.1016/j.eja.2015.09.002

Wei, Z., Du, T., Li, X., Fang, L., & Liu, F. (2018). Interactive effects of
elevated CO2 and N fertilization on yield and quality of tomato
grown under reduced irrigation regimes. Frontiers in Plant Sci-
ence. https://doi.org/10.3389/fpls.2018.00328

Williams, J. D., Long, D. S., & Reardon, C. L. (2020). Productivity
and water use efficiency of intensified dryland cropping sys-
tems under low precipitation in Pacific Northwest, USA. Field
Crops Research, 254, 107787. https://doi.org/10.1016/j.fcr.2020.
107787

Winslow, J. C., Hunt, E. R., & Piper, S. C. (2003). The influence of
seasonal water availability on global C3 versus C4 grassland
biomass and its implications for climate change research. Eco-
logical Modelling, 163(1), 153—173. https://doi.org/10.1016/
S0304-3800(02)00415-5

Witten, I. H., & Frank, E. (2002). Data mining: Practical machine
learning tools and techniques with Java implementations. ACM
SIGMOD Record, 31(1), 76-77.

Ye, Z., Qiu, X., Chen, J., Cammarano, D., Ge, Z., Ruane, A. C., Liu, L.,
Tang, L., Cao, W., Liu, B., & Zhu, Y. (2020). Impacts of 1.5 °C
and 2.0 °C global warming above pre-industrial on potential win-
ter wheat production of China. European Journal of Agronomy,
120, 126149. https://doi.org/10.1016/j.€ja.2020.126149

Yulianti, A., Sirnawati, E., & Ulpah, A. (2016). Introduction technol-
ogy of cropping calendar-information system (CC-IS) for rice
farming as a climate change adaptation in Indonesia. Interna-
tional Journal on Advanced Science Engineering Information
Technology, 6(1), 92-96.

Zampieri, M., Weissteiner, C. J., Grizzetti, B., Toreti, A., van den Berg,
M., & Dentener, F. (2020). Estimating resilience of crop pro-
duction systems: From theory to practice. Science of the Total
Environment, 735, 139378. https://doi.org/10.1016/j.scitotenv.
2020.139378

Zhang, T., & Huang, Y. (2012). Impacts of climate change and inter-
annual variability on cereal crops in China from 1980 to 2008.
Journal of the Science of Food and Agriculture, 92(8), 1643—
1652. https://doi.org/10.1002/jsfa.5523

Zhao, C., Liu, B, Piao, S., Wang, X., Lobell, D. B., Huang, Y., Huang,
M., Yao, Y., Bassu, S., Ciais, P., Durand, J.-L., Elliott, J., Ewert,
F., Janssens, I. A., Li, T., Lin, E., Liu, Q., Martre, P., Miiller, C.,
... Asseng, S. (2017). Temperature increase reduces global yields
of major crops in four independent estimates. Proceedings of the
National Academy of Sciences, 114(35), 9326-9331. https://doi.
org/10.1073/pnas. 1701762114

Ziska, L. H., Blumenthal, D. M., Runion, G. B., Hunt, E. R., & Diaz-
Soltero, H. (2011). Invasive species and climate change: An agro-
nomic perspective. Climatic Change, 105(1), 13—42. https://doi.
org/10.1007/310584-010-9879-5

Ziska, L. H., & Mcconnell, L. L. (2015). Climate change, carbon
dioxide, and pest biology: Monitor, mitigate, manage. Journal
of Agricultural and Food Chemistry. https://doi.org/10.1021/
j£506101h

@ Springer


https://doi.org/10.1088/1748-9326/abe14b
https://doi.org/10.1007/BF02181836
https://doi.org/10.1007/BF02181836
https://doi.org/10.1016/j.jplph.2008.02.009
https://doi.org/10.1016/j.jplph.2008.02.009
https://doi.org/10.1016/j.gloenvcha.2012.11.001
https://doi.org/10.1016/j.agee.2011.07.006
https://doi.org/10.1007/s13253-011-0067-5
https://doi.org/10.1016/S0065-2113(08)00802-X
https://doi.org/10.1016/S0065-2113(08)00802-X
https://doi.org/10.1038/s41477-017-0083-8
https://doi.org/10.1016/j.eja.2015.09.002
https://doi.org/10.1016/j.eja.2015.09.002
https://doi.org/10.3389/fpls.2018.00328
https://doi.org/10.1016/j.fcr.2020.107787
https://doi.org/10.1016/j.fcr.2020.107787
https://doi.org/10.1016/S0304-3800(02)00415-5
https://doi.org/10.1016/S0304-3800(02)00415-5
https://doi.org/10.1016/j.eja.2020.126149
https://doi.org/10.1016/j.scitotenv.2020.139378
https://doi.org/10.1016/j.scitotenv.2020.139378
https://doi.org/10.1002/jsfa.5523
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1007/s10584-010-9879-5
https://doi.org/10.1007/s10584-010-9879-5
https://doi.org/10.1021/jf506101h
https://doi.org/10.1021/jf506101h

	Impact of Climate Change on Dryland Agricultural Systems: A Review of Current Status, Potentials, and Further Work Need
	Abstract
	Introduction
	Gaps in Dryland Farming Systems
	Overview of Responses to High Temperature (HT), Drought (D), or elevated CO2 [eCO2]
	High Temperature and Drought Interaction
	Interactive Impact of High Temperature and Drought on Water Use Efficiency 
	Interactive Impact of High Temperature and Drought on Nitrogen Use Efficiency 
	Interactive Impact of High Temperature and Drought on Agronomic Efficiency: Yield and Yield Components 

	High Temperature and Elevated CO2 Interaction
	Interactive Impact of High Temperature and Elevated CO2 on Water Use Efficiency 
	Interactive Impact of High Temperature and Elevated CO2 on Nitrogen Use Efficiency 
	Interactive Impact of High Temperature and Elevated CO2 on Agronomic Efficiency: Yield and Yield Components 

	Elevated CO2 and Drought Interaction


	Dryland Cropping System and Soil
	Overview of Responses to Biotic Stresses
	AdaptationMitigation to Climate Variability and Change
	Introduction of Legumes in the Cropping System
	Biodiversity
	Genetic Modifications of Crops
	Change in Crop Management Practices
	Conservation Agriculture for Sustainability in the Cropping System
	Carbon Sequestration
	Long-Term Scenario Analysis
	Artificial Intelligence (AI) and Machine Learning (ML)
	Models to Develop Tools for Improved Management of Subsistence Dryland Agricultural Systems
	Future Research Focus

	Conclusions
	Acknowledgements 
	References




