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Chapter 13 )
Major Crops and Climate Change: e
The Cases of Rice, Sorghum, Sugarcane

and Cotton

Alexia Prades, Patricio Mendez del Villar, Didier Tharreau,

Edward Gérardeaux, Raphaélle Ducrot, Aude Ripoche, David Pot,
Mohamed Lamine Tékété, Cyril Diatta, Laurent Laplaze, Boris Parent,
Isabelle Basile-Doelsch, Christine Granier, Myriam Adam, Julie Dusserre,
Michel Vaksmann, Mathias Christina, Christophe Poser, Bruno Bachelier,
and Romain Loison

Abstract This chapter discusses how climate change poses major challenges for
tropical crops like rice, sorghum, sugarcane, and cotton, which are mostly grown on
small family farms. While large-scale farming is a major contributor to greenhouse
gas emissions, these smallholder systems also have an environmental impact. Crops
like flooded rice and burned sugarcane fields emit GHGs, and all four crops are
vulnerable to climate change. Cotton, though less directly affected, faces risks due
to water dependence and pest pressure. The chapter outlines production systems,
climate impacts, and proposes adaptation and mitigation strategies.
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13.1 Introduction: Tropical Crops Facing Climate Change,
Significant Challenges for Predominantly
Family Farming

Alexia Prades
Cirad, DGD-RS, Montpellier, France

In certain parts of the world, it is now accepted that large-scale farming significantly
contributes to climate change, as they have been conducted since the 1945-1950
period, through massive intensification processes, consuming chemical inputs,
energy from fossil resources, and generating greenhouse gases (GHGs). In all
OECD countries, total GHG emissions from agriculture have increased on average
by 3.8% between 2005 and 2021.

The term large-scale farming, used in this chapter and applied to developing
countries in tropical and subtropical areas, might appear inappropriate, as the cere-
als (rice, sorghum) or commercial crops (sugarcane, cotton) presented here are
mostly extensively grown on small family farms. They contribute either directly as
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food or indirectly as a source of income to the food security of millions of families
and take part to the food and energy sovereignty of these countries (Sourisseau
2014). Indeed, rice, sorghum, sugarcane, and cotton crops also contribute, to vary-
ing degrees, to climate change. But while it has been proven that flooded rice fields
emit methane and that the practice of burning for sugarcane produces GHGes, it has
also been proven that these crops will be greatly affected by climate change. Given
the existing knowledge, this seems a little less true for cotton species. However, the
dependence of this crop on water resources and its sensitivity to the pressure of
pests are factors those farmers will have to take into account.

This chapter presents key facts on the production of four major crops cultivated
in tropical areas: rice, sorghum, sugarcane, and cotton. For each of them, it includes
a description of the production systems and their international context. It describes
the impacts of climate change on the production and ends with proposals of solu-
tions for adaptation and mitigation.

13.2 Towards Rice Farming Adapted to Global Changes

Patricio Mendez del Villar, Didier Tharreau, Edward Gérardeaux,
Raphaélle Ducrot, and Aude Ripoche

Cirad, UMR TETIS, Univ Montpellier, AgroParisTech, Cirad, CNRS, INRAE,
Montpellier, France

Cirad, UMR PHIM, Montpellier, France

Cirad, UPR Agroecology and Sustainable Intensification of Annual Crops
(Aida), Montpellier, France

Aida, Univ. Montpellier, Cirad, Montpellier, France
Cirad, UMR G-EAU, Royal University of Agriculture, Phnom Penh, Cambodia

Cirad, UMR Aida, Station de La Bretagne, Saint-Denis, La Réunion, France

13.2.1 Rice Feeds Half of Humanity

Rice is the staple food for more than half of the world’s population, particularly the
poorest. In many Southern countries, food security and social and political stability
depend on the availability of rice at “affordable” prices. Rice is also a source of
household income in many countries. It is also an essential commodity for emer-
gency aid when it comes to meeting the needs of populations after extreme weather
events, the frequency and amplitude of which are increasing.
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The more than a thousand-year-old exploitation of many rice plains continuously
(without crop rotation and sometimes in double or triple annual culture) testifies to
the resilience of aquatic rice ecosystems that provide more than three-quarters of the
world’s production. In many regions of the world, including Europe and France, rice
farming also plays an important role in sustainable development and in the conser-
vation of biodiversity in delta areas. Rice is also grown in more fragile mangrove
and non-flooded ecosystems (strict rainfed rice farming), particularly in Africa and
Latin America.

13.2.2 Diversified Rice Systems

One of the characteristics of the rice sector is probably the great diversity of existing
agro-socio-economic situations. This diversity includes the integration of rice farm-
ing into complex agricultural systems (for example, rice-fish farming), including
livestock, and interaction with other sectors (for example, market gardening). While
keeping this diversity in mind, it is nevertheless possible to identify quite distinct
characteristics of the sector: three main agrosystems (irrigated rice farming, low-
land and strict rainfed), subsistence farming vs Marketed production, including for
export, input-intensive vs labour-intensive, small producers vs large producers.
Certain combinations of these characteristics correspond to very representative
agro-socio-economic situations on a global scale: small but intensive farming pro-
ducers in Asia, small producers with low input use in Sub-Saharan Africa, large
intensive farming producers in South America, particularly in southern Brazil, in
Uruguay and Argentina. These situations can be likened to different value chains,
each facing different challenges and defining a different initial context to be taken
into account when implementing changes.

13.2.3 A Global Rice Market Facing Global Shocks

By 2023, according to the FAO (2025), global paddy rice production had reached
805 Mt. (or 535 Mt. in milled rice basis), of which nearly 90% are produced and
consumed in Asia. The Asian continent is also the main surplus hub and rice sup-
plier for the rest of the world, particularly Sub-Saharan Africa, the main rice deficit
area and the leading import hub with a third of global imports. Despite a high pro-
duction potential in arable lands, Sub-Saharan Africa thus has to import between
30% and 50% of the rice consumed. This external dependence strongly exposes it to
the instability of international markets and increases food insecurity (availability
and access), especially in urban areas.
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The 2008 crisis, illustrated by the surge in global prices, was a significant shock,
especially for the most impoverished populations. To respond to this crisis, African
governments, with their international partners, have implemented new policies to
support local sectors with the aim of achieving rice self-sufficiency. However, sup-
port programmes are not achieving the expected goals of significantly reducing rice
dependence on the international market. Crises of all kinds, like the Covid-19 pan-
demic or the war in Ukraine, combined with climate change, underline the need to
develop more resilient rice systems. However, on certain national markets in the
South, local production sectors are facing the globalisation of trade and are subject
to the competition of import sectors. The low added value of sectors promoting
quality for export (organic or sustainable rice) is a contextual element to be taken
into account.

Global rice sectors must face multiple challenges of different kinds (biophysical
and environmental, technical, socio-economic and political), which add additional
constraints to climate change management. The first of these is to generate value,
distribute it equitably among actors, and improve the living standards of 400 million
poor rice farmers to reduce inequalities, without prejudice to the 500 million con-
sumers living below the poverty line for the majority of them.

13.2.4 Meeting the Needs of Consumers

Another significant challenge is to respond to the diversification of demands in
terms of organoleptic and industrial quality of rice, and to increased requirements
for nutritional and health quality. Quality is a challenge throughout the value chain,
from the production to the consumption of rice. This involves not only addressing
the technological issue (research on plant functioning, organoleptic qualities, etc.),
but also leveraging this quality to better value rice commercially, which simultane-
ously requires organisational innovations.

13.2.5 Rice Systems, Living Spaces

Beyond considerations related to the marketing of rice, irrigated rice-growing areas
are territories in which populations are settled and live. The permanent presence of
water gives these areas a great specificity with, in particular, consequences on
human health, issues on water uses, a particular vulnerability to climate change.
Irrigated rice farming is also a significant source of GHGs (methane, nitrous oxide)
in agriculture and therefore at the heart of issues related to climate change (IPCC
2021a; Sinha et al. 2020).
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13.2.6 Meeting Future Food Security in the Face
of Global Changes

On a global scale, the challenges to be met in terms of production can be sum-
marised as follows: for each additional billion people in the world population, an
additional 100 Mt. of paddy rice (13% of total production in 2024) per year would
need to be produced (Trébuil and Hossain 2004); and this with less land, less water
and less labour, with more environmentally friendly production systems, more resil-
ient to climate change and emitting less GHGs. By 2025, 10-15% of irrigated rice
fields will be subject, to varying degrees, to a water constraint resulting from
increased urban and industrial demands and the effects of climate change (Tuong
and Bouman 2003).

Rice farming must therefore, more than any other crop, face the instability of the
climate and its consequences: the increase in daytime and nighttime temperatures
can harm flowering and therefore production; the increase in CO, atmospheric
increase in biomass and if nutrient availability cannot meet the increased demand,
the biomass gain will not translate into grain yield gains. This situation can even
impair quality. Drought, soil salinity and flooding are increasingly frequent abiotic
constraints that reduce yields (Lafarge et al. 2015; Ahmadi et al. 2015). Climate
change can also promote the emergence or re-emergence of rice diseases that
strongly affect yields and quality.

In a context of climate change, whose impacts are intensifying, water, necessary
for the majority of rice systems, is becoming scarce and the multiplication of its
uses reinforces competition between users in the same territory. The rice sector will
thus have to manage the high consumption of a water resource under stress in irri-
gated systems in Asia, Africa and Latin America. It will be necessary to produce
with less water and co-develop (up to sustainable appropriation) organisational and
institutional innovations for better conflict management around this precious
resource. Better water management can also contribute to promoting efficient sys-
tems emitting less GHGs. Rice cultivation is indeed responsible for a significant
part of anthropogenic GHG emissions (22% of global agricultural methane emis-
sions) (IPCC 2021a, b).

13.2.7 The Agroecological Transition in Rice Cultivation,
a Technical Challenge

Global rice cultivation will also have to face technical challenges related to climate
change. How to stabilise or increase production while limiting negative impacts on
humans and the environment? The demand for rice will continue to increase due to
the growth of the world population by an additional two billion by 2050, including
one billion in Africa.! In input-intensive systems, particularly in Asia, the objective

''UN, 2024. Population. https://www.un.org/en/global-issues/population
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will be to produce more by reducing the use of chemical inputs (fertilizers, pesti-
cides) and accompanying the potential reduction of labour (mechanization).
Reducing the use of certain synthetic inputs improves the carbon balance, but it also
reduces the dependence of rice farmers on often imported products, not always
available or accessible, and dependent on global geopolitical stability. Finally,
reducing inputs contributes to reducing production costs given the increase in prices.
In Africa, the context is quite different as the quantities of chemical fertilizers are
relatively reduced (between 100 and 200 kg/ha), this being largely due to financial
constraint and their reduced availability; a situation that tends to worsen with the
quadrupling of fertilizer prices between 2020 and 2022, due to the pandemic, and
with new increases since the war in Ukraine in 2022 and its repercussions on inter-
national trade.

Certain rice agrosystems (deltas, protected areas, rainfed rice cultivation) are
particularly fragile and must receive special attention. Agroecological solutions are
a way to protect them. Increasing plant diversity in rice systems is necessary to limit
soil fertility loss and to increase resilience to climate change, but it remains a sig-
nificant technical challenge in irrigated or flooded rice cultivation.

13.3 Sorghum and Climate Change: Balancing Adaptation
Needs with Mitigation Potential

David Pot, Mohamed Lamine Tékété, Cyril Diatta, Laurent Laplaze,
Boris Parent, Isabelle Basile-Doelsch, Christine Granier, Myriam Adam,
Julie Dusserre, and Michel Vaksmann
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Sorghum, a species native to northeastern Africa, has a dual identity. It is, on one
hand, a cornerstone of food security in semi-arid regions around the world; on the
other, it serves as a driver of agroecological transition in the production systems of
Northern countries. In both contexts, sorghum must adapt to the challenges posed
by climate change, while also contributing to its mitigation.

13.3.1 Sorghum: Ensuring Food Security and Driving
the Agroecological Transition

Sorghum ranks as the fifth most produced cereal worldwide and serves as the staple
food for over 500 million people living in semi-arid regions. It is extensively culti-
vated—covering more than 5000 hectares per country—in 72 countries, occupying
a total global area of 40.2 Mha, with an average annual production of 59.1 Mt.
(between 2018 and 2022).

The largest sorghum cultivation areas are found in sub-Saharan Africa—particu-
larly in Sudan and South Sudan (7.6 Mha), Nigeria (5.69 Mha), and Niger (3.72
Mha)—as well as in India (4.42 Mha) and in the United States (2.09 Mha). In
Europe, on average 277,000 ha of sorghum were cultivated annually between 2018
and 2022. On the same period, the five largest sorghum-producing countries were
the United States (8.71 Mt./year), Nigeria (6.71 Mt./year), Ethiopia (4.79 Mt./year),
Mexico (4.54 Mt./year), and India (4.40 Mt./year).

In West Africa, sorghum yields have changed little between 1998-2002 and
2018-2022, with only a modest increase of 6.4%. As a result, production growth in
the region has largely been driven by the expansion of cultivated areas.

In Africa, human consumption—which encompasses a wide variety of food
products—accounts for nearly three-quarters of total sorghum use. In contrast, in
Northern and emerging countries, sorghum is primarily used as animal feed.
Additionally, it is emerging as a key crop for bioenergy production (Thomas et al.
2021) and shows promising potential for the development of biomaterials.

The development of sorghum-based value chains is supported by the crop’s dis-
tinctive biological characteristics. As a C4 photosynthetic species, sorghum exhibits
efficient carbon assimilation under high-temperature conditions. Its strong toler-
ance to abiotic stresses—particularly water scarcity and low soil fertility—has been
well documented (Schlegel et al. 2018), contributing to its relatively low environ-
mental footprint. Finally, although it can be affected by various pests and diseases,
sorghum remains a robust species with a relatively low sensitivity to biotic stress,
thereby requiring minimal plant protection treatments.
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13.3.2 How Climate Change Is Shaping Sorghum Production

Climate change is already impacting West Africa. Between 2000 and 2009, a 1 °C
increase compared to pre-industrial levels resulted in sorghum yield reductions
ranging from 5% to 15% (Sultan et al. 2019).

Future projections indicate varying degrees of yield reductions. In West Africa,
climate scenarios of +1.5 °C and + 2 °C predict yield declines (excluding Niger) of
approximately 2% and 5%, respectively, regardless of fertilization levels (Faye et al.
2018). More recent projections from 2020, covering the five main sorghum-produc-
ing countries in West Africa, estimate losses between 15% and 28% (Defrance et al.
2020). Notably, Niger appears to benefit from a favorable impact of climate change.

Yield reductions are therefore to be expected, but these data alone cannot predict
whether the needs of the populations will be met. Considering the evolving needs of
the populations in West Africa (+300% based on demographic changes) there is a
substantial anticipated gap between demand and future sorghum production capac-
ity (Defrance et al. 2020).

Changing environmental conditions are also expected to impact sorghum quality.
Under water deficit conditions, increases in grain hardness and protein content have
been observed, alongside a decrease in protein digestibility and alterations in micro-
nutrient balance (Impa et al. 2019). In contrast, heat stress leads to reductions in
protein content and digestibility, coupled with an increase in grain hardness. Both
stresses are associated with an overall decline in micronutrient levels (Impa
etal. 2019).

The quality of sorghum biomass, which is crucial for both animal feed and bio-
energy production, will also be impacted by environmental stress. Water deficit has
been shown to increase soluble sugar content while reducing lignin and cellulose
levels in stems (Luquet et al. 2019).

However, it is important to emphasize that, for both grain and biomass, the
impacts on the final products consumed or utilized have yet to be thoroughly
analyzed.

13.3.3 Sorghum: A Contributor to Climate Change Mitigation

The potential of crops to mitigate climate change primarily relies on two mecha-
nisms: their capacity to sequester atmospheric carbon in the soil and their ability to
reduce greenhouse gas emissions, including CO,, CH,, and N,0.

Regarding soil carbon sequestration, sorghum benefits from a deep root system.
A recent comprehensive study of biomass contributing to carbon storage—particu-
larly through the incorporation of crop residues into the soil—across cereals and
legumes in Africa and Asia was provided by Kuyah et al. (2023). This study reveals
that sorghum ranks among the cereals with the highest potential for carbon storage
in both above-ground biomass and root systems, emphasizing the significant role of
carbon released through rhizodeposition.
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The most comprehensive study to date—considering both geographical scope and
duration—estimates CO, emissions at 250 g CO, per kilogram of sorghum grain
produced.? Although these figures should be interpreted cautiously, they compare
favorably to maize grain emissions in the same region, which are estimated at 390 g
COy/kg (Adom et al. 2012). In Sub-Saharan Africa, the use of sorghum straw to
supplement the poor-quality forage available at the end of the dry season has been
shown to reduce enteric methane emissions from ruminants (Fulani zebu) by 21%
(Gbenou et al. 2024).

Regarding N,O emissions, sorghum’s root exudates have been shown to inhibit soil
nitrification, which may lead to lower emissions compared to other major crops
(Subbarao et al. 2013).

13.3.4 Sorghum in a Changing Climate: Strategies
Jor Adaptation and Climate Mitigation

Despite sorghum’s inherent resilience, its cultivation systems must evolve to meet
the future demands of producers and consumers. Notably, farmers are already
adapting to climate change by drawing on traditional knowledge—adjusting sowing
dates and varieties, relocating crops to more favorable environments, and adopting
water-saving techniques (Amadou et al. 2022) as well as crop diversification strate-
gies (Traore et al. 2023). This highlights the critical importance of fostering close
collaboration between farmers and researchers to develop effective solutions that
mitigate the anticipated adverse impacts of climate change.

Optimizing cropping systems that integrate sorghum-legume associations (such
as cowpea and others; see Chap. 21) will be a crucial strategy for adaptation. Access
to fertilizers will also play a key role in maintaining or even increasing yields,
although it may increase the system’s vulnerability to climate change (Adam et al.
2020). The development of improved varieties is equally essential. Beyond adjust-
ing phenology and selecting for the stay-green trait—already key targets of breed-
ing programs (see Chap. 21)—additional traits must be considered. Although
sorghum is generally regarded as drought-tolerant, significant variability exists
within its genetic diversity, and the underlying physiological and genetic mecha-
nisms remain largely unexplored. It is therefore critical to deepen our understanding
of water use efficiency by examining the plant’s hydraulic traits, including the aerial
apparatus (e.g., transpiration efficiency, xylem cavitation) and the root system
(anatomy, architecture, and rhizodeposition). A detailed analysis of root anatomy,
exudate production, and the plant’s ability to recruit beneficial microbiome partners
will also enhance soil carbon sequestration potential. Finally, the development of
resilient varieties and sustainable cropping systems must address the combined and
recurrent stresses—such as drought and heat—that plants will increasingly face in
the future.

2SGS North America, 2015. The-Carbon-Footprint-of-Sorghum.pdf.
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13.3.5 Evolution of Sorghum Production Systems: Towards
a Multi-Species Approach Embracing Diverse
Production Contexts

The evolution of sorghum-based production systems will need to acknowledge the
roles and benefits of associated crops, inevitably leading to changes in both cultiva-
tion practices and the traits targeted in new varieties. Consumer needs must be sys-
tematically and more thoroughly integrated to guide the desired development of
cropping systems and variety selection. Identifying relevant ideotypes—optimal
trait combinations—will undoubtedly benefit from advances in comparative and
translational biology. Rather than framing sorghum and maize as simple oppo-
sites—with sorghum traditionally viewed as more drought-tolerant, a notion now
being challenged (Rotundo et al. 2024)—synergies between research on these two
crops should be fostered for the advantage of both producers and consumers. Finally,
it is essential to recognize that adapting cropping systems to future conditions will
depend not only on agronomic factors such as yield and product quality, but also on
socio-economic considerations, including labor availability and the potential for
intensification (e.g., input quality and availability, biomass flow management).

13.4 Sugarcane in the Face of Climate Change

Mathias Christina and Christophe Poser

Cirad, UPR Agroecology and Sustainable Intensification of Annual Crops
(Aida), Montpellier, France

Aida, Univ. Montpellier, Cirad, Montpellier, France

13.4.1 Impacts and Challenges Related to Climate Change
Jor Sugarcane Cultivation

Sugarcane cultivation is an economic pillar for many tropical and subtropical coun-
tries, providing not only sugar for human consumption, but also biofuels, animal
feed and bedding, and industrial by-products. Sugarcane is currently grown on
about 26 million hectares of agricultural land worldwide, employing millions of
people in the cultivation, transport, processing and distribution sectors. The largest
global producers are located in Brazil, Southeast Asia (India, China, Thailand), but
sugarcane is also present in all tropical and subtropical areas (United States, South
and West Africa, Australia). Faced with increasing demand, cultivation areas are
expanding.
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Like other major crops such as corn or wheat, sugarcane cultivation significantly
contributes to GHG emissions (Tongwane et al. 2016). The cultivation process rep-
resents the majority of emissions compared to the industrial transformation process
(Macedo et al. 2008), due to mechanisation, the use of chemical inputs or the prac-
tice of burning, which is still common in some countries, although its cessation is
widely promoted to limit GHGs. For example, a study, conducted in Brazil between
2005 and 2006, showed that the transport of sugarcanes after harvesting accounted
for only 7% of GHG emissions, compared to 11% for the production of fertilisers
and 19% resulting from the practice of burning (Macedo et al. 2008).

Climate change also poses a serious threat to this industry, but the expected con-
sequences vary greatly depending on the areas concerned (Linnenluecke et al.
2018). The challenges are numerous: variations in precipitation patterns, rising tem-
peratures, rising sea levels in coastal areas and the increased frequency of extreme
weather events such as cyclones and floods (Warren et al. 2024).

Studies have shown contrasting projections depending on the climate zones, due
to the combination of favourable conditions for C4 crops® (increase in temperature
and CO,) and unfavourable precipitation patterns (Fig. 13.1). Indeed, sugarcane
requires specific climate conditions to grow optimally. It thrives in regions where
rainfall is abundant, ideally over 1500 mm per year, and where average daily tem-
peratures are between 22 °C and 30 °C.* Well-drained and fertile soils are also
essential for high yields. However, the increase in average temperatures and the
increased variability of precipitation make crop management more difficult and
compromise yield stability.

The impacts of climate change on sugarcane are multiple and varied. Changes in
precipitation patterns can lead to more frequent and severe drought periods
(Carvalho et al. 2015), affecting the growth of sugarcane which requires regular
water inputs to maximise yields (Jones et al. 2015). Good irrigation management
could indeed increase yields in many regions (Linnenluecke et al. 2018). However,
the decrease in precipitation and the increase in evapotranspiration due to higher
temperatures reduce the availability of fresh water, exacerbating competition for
this resource between agriculture, domestic and industrial uses and even more in the
context of a demand for improved water quality.

The increase in temperatures also poses a significant challenge. The maturation
of the sugarcane (accumulation of sugar in the stems) is disrupted by excessive heat,
particularly by the increase in night-time minimums. In addition, higher tempera-
tures and humidity promote the proliferation of pests and diseases, such as brown
rust of sugarcane or weeds, which can harm production (Goebel and Sallam 2011).
However, the increase in temperatures is seen as more beneficial for sugarcane cul-
tivation in many regions, provided there is satisfactory water availability.

3C4 crop: a crop whose photosynthesis is of the C4 type, meaning that the first carbohydrate
formed has four carbon atoms. C4 plants are characterised by a higher photosynthetic yield and
better water use than C3 plants.

“https://www.fao.org/land-water/databases-and-software/crop-information/sugarcane/en/
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Fig. 13.1 Example of a gradient of potential sugarcane yields in the context of climate change:
period 2041-2070. (Source: data from gaez-services.fao.org). Sugar yield (t/ha) under irrigated (a)
or rainfed (b) conditions, GFDL-ESM2M climate model, RCP4.5 scenario. The maps show a
colour gradient from brown for low sugar yields to green for high sugar yields worldwide. Two
situations are represented, with irrigated yields at the top and non-irrigated yields at the bottom.
They illustrate the diversity of situations that will be encountered by the main sugarcane producing
countries in the future between 2040 and 2070

The rise in sea level could also exert increasing pressure on sugarcane production
areas (Warren et al. 2024). Coastal areas, where sugarcane is often grown due to
their fertile soils and favourable climate, are particularly vulnerable to floods
favoured by rising waters. Sugarcane is a crop sensitive to flooding, leading to root
rot and a reduction in the quality and quantity of crops (Gomathi et al. 2015). A rise
in sea level can also result in increased soil salinisation, making agricultural land
less productive or even infertile. Therefore, some of the main producing regions,
such as those located in deltas and coastal plains, could see their production decrease
significantly.
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13.4.2 Adaptation Pathways and Mitigation Potential
of Sugarcane Cultivation

To cope with climate change, farmers will need to adopt effective technical adapta-
tion and mitigation strategies but also review the geographical distribution of culti-
vated areas. One of the main technical adaptation pathways is the selection and
cultivation of sugarcane varieties that are more resistant to drought, heat and dis-
eases (Goebel and Sallam 2011; Grandis et al. 2024). In particular, drought resis-
tance is seen as an essential characteristic to develop future varieties. An increase in
the rooting depth and water use efficiency of varieties is a sought-after trait for these
drought-tolerant varieties. The long (10-15 years) and costly varietal creation and
selection programs, coupled with the improvement of agronomic practices on these
improved varieties, play a crucial role.

Optimising irrigation is also essential in many regions of the world. Drip irriga-
tion techniques, for example, allow for more efficient use of water, reducing losses
through evaporation and ensuring that plants receive the necessary moisture during
periods of drought. Moreover, practices limiting evaporation such as mulching can
improve water retention, thus increasing the resilience of crops to climate variations.

Another adaptation pathway, more specific to certain regions, involves shifting
crops to regions that have become more favourable for sugarcane cultivation in con-
nection with the increase in temperatures or the adaptation of varieties (Poser et al.
2020). For example, high-altitude areas in the tropical islands of the Indian Ocean
will be more favourable for sugarcane cultivation even under non-irrigated condi-
tions (Christina et al. 2024). Also, a shift in the harvest period in certain regions like
the north of South Africa has shown potential to improve yield in the future (Park
et al. 2007). Consequently, there is already an increased interest in sugarcane in
historically low-producing regions, such as southern Europe for example.

Crop diversification is another adaptation strategy, particularly for small-scale
farmers. By integrating complementary crops, farmers can reduce their dependence
on a single crop, thus diversifying their sources of income and improving the resil-
ience of their farms to climate hazards (Aurand et al. 2022). Furthermore, the devel-
opment of sustainable agroecological practices, such as crop associations, can help
maintain long-term land productivity by improving soil structure, increasing biodi-
versity and reducing erosion, while decreasing pesticide use (Soulé et al. 2024),
thus contributing to the reduction of GHG emissions.

Moreover, sugarcane crops can play a significant role in mitigating climate
change through several mechanisms, including soil carbon storage, but also through
a direct impact on the local climate (Loarie et al. 2011). Sugarcane has a dense and
deep root system, which allows for effective soil carbon sequestration (see Chap.
17), compared to other crops (La Scala Junior et al. 2012). For example, a study in
Brazil estimated that 2.4 t/ha of CO, was emitted during a one-year sugarcane cul-
tivation cycle (de Figueiredo et al. 2010), which is less than the amount of carbon
present in the sugarcane roots at harvest (2-6 t/ha of organic carbon) (Chevalier
et al. 2023). In addition, sugarcane is often used to produce biomass and bioethanol



13 Major Crops and Climate Change: The Cases of Rice, Sorghum, Sugarcane... 219

(see Chap. 19), alternatives to fossil fuels that help reduce GHG emissions.
Initiatives aimed at reducing GHG emissions from sugarcane production can also
contribute to climate change mitigation. In particular, the use of sugarcane residues
for bioenergy production and improving energy efficiency in the transformation
processes are examples of measures that can reduce the carbon footprint of the sec-
tor (Cherubin et al. 2021). The same applies to water savings made in the factory
and in the fields.

In conclusion, climate change poses significant challenges for sugarcane cultiva-
tion, but adaptation strategies exist, and this crop has a strong potential for mitiga-
tion through carbon storage via its deep root system. By combining agronomic
innovation, sustainable farming practices, and the necessary political support for the
transition, it is possible to strengthen the resilience of sugarcane to climate impacts
and ensure the sustainability of this essential sector for many national economies.
However, small-scale farmers, who account for a large part of global sugarcane
production, are particularly vulnerable to climate change. Therefore, government
policies and investments in agricultural infrastructure, such as water management
systems and support programs for small-scale farmers, are essential to strengthen
the resilience of the crop.

13.5 Cotton in the Face of Climate Change

Edward Gérardeaux, Bruno Bachelier, and Romain Loison

Cirad, UPR Agroecology and Sustainable Intensification of Annual Crops
(Aida), Montpellier, France

Aida, Univ. Montpellier, Cirad, Montpellier, France

13.5.1 The Global Cotton Sector: A Distribution Across Five
Continents with Significant Disparities

With an annual production of over 24 Mt., cotton has been the leading natural fibre
and the second textile fibre in volume, behind synthetic fibres, for several decades.
In 2022-2023, two-thirds of the world’s cotton fibre production came from the
Asia-Oceania region, a quarter was produced on the American continent and less
than a tenth in Africa.

The average global yield of 800 kg of fibre per hectare hides large disparities
between production areas. Thus, while Australia obtains more than 2000 kg/ha,
Africa only produces an average of 400 kg/ha. This gap reflects the diversity of
abiotic, biotic, technical and organisational conditions of cotton production. In
practical terms, the spectrum ranges from small-scale, low-mechanisation family
farming in the South to intensive farming in developed countries.
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In cotton-growing countries where cultivation is not intensive, cotton is mainly
grown in small family farms, on a few hectares, almost exclusively rainfed, with
small-scale mechanisation, rarely motorised. Harvesting is still largely manual,
which is a constraint due to labour shortages. Food crops (legumes, cereals, etc.) are
rotated in the cropping system and some benefit from the residual effect of cotton
fertilisation. Depending on the production areas, either the producers source inputs
from the local market and sell their harvest to collectors (Asia) or the producers
contract with a cotton company, public or private, which provides them with inputs
on credit at the beginning of the season and guarantees the purchase of their harvest
at a price set at the beginning of the season (Africa). Although providing a low mar-
gin to producers under these conditions, cotton cultivation is considered a cash crop,
contributing significantly to the monetary income of several million families. In
addition, there are tens of millions of people involved in the various stages of the
sector, from production to processing.

In the most advanced countries (United States, Australia), cotton cultivation is
practised by large farms, motorised from sowing to harvest, irrigated and intensive
according to the principles of precision agriculture, and conducted using high-
performance varieties, often transgenic. When they are not themselves ginners,’ the
producers subcontract the primary processing of their harvest to private companies
and remain owners of the fibre and seeds obtained, which they then sell to commer-
cial intermediaries.

The secondary processing of cotton fibre into textiles has great difficulty devel-
oping locally in Africa, which exports nearly 90% of its production and thus loses
almost all of the added value associated with textile products (yarn, fabric, clothing,
etc.). In a century, it has significantly declined on other continents, mainly in favour
of a few Asian countries, whose industries process more than 80% of global produc-
tion. This strong concentration in countries with low labour costs allows the global
market to be supplied with textiles, some of which feed the fast-fashion industry.

While the fibre represents three-quarters of the value of the harvest, the seed also
contributes to the economy of the sector. It is an important oilseed source, most
often valued locally in human (oil) and animal (cake) food, but also in cosmetics.

13.5.2 Impacts of Climate Change on Major Cotton
Production Areas

As with all crops, climate change will have an effect on growth conditions, and
therefore on yields and the sustainability of cotton industries. Thanks to several of
its traits, cotton will respond differently compared to other crops. It is a plant resis-
tant to drought and high temperatures, mainly due to its physiological
characteristics.

A ginner is a public or private entrepreneur responsible for ginning (or primary processing) of
cottonseed (the product of cotton harvesting, composed of seeds bearing fibres) to separate the
fibre from the seed.
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* Firstly, its base temperature® of 12 °C makes it a plant with high growth and
functioning ranges: the optimum temperatures are between 27 °C and 32 °C for
vegetative growth and between 24 °C and 27 °C for fruit development.

* Secondly, the indeterminate growth of cotton, which produces fruiting and veg-
etative organs concurrently throughout its cycle and has the ability to shed under-
developed fruiting organs, gives it a certain plasticity. Thus, a period of high heat
or moderate duration drought does not irreversibly affect production, as the plant
will compensate by producing new fruiting organs once the stress is relieved.

* Thirdly, the root system of cotton is taprooted, allowing deep soil exploration
and access to water up to 1.5 m deep.

» Fourthly, cotton is an anisohydric plant: it does not close its stomata during mod-
erate water deficits. This characteristic allows it to maintain photosynthesis to
produce more roots, explore more soil and access deeper water resources, in
relation to the previous characteristic.

It is also a so-called C3 plant,’ less efficient in terms of CO, than C4 plants, many
of which are found in tropical regions (maize, sorghum, sugarcane, etc.). Therefore,
an increase in atmospheric carbon will be very favourable to cotton (Mauney
et al. 1994).

For all these reasons, climate changes will have less negative effects on cotton
than on other plants, especially if water resources are available through irrigation,
abundant rainfall or deep water tables. On the other hand, under strict and limiting
rainfed conditions, such as in the cotton-growing areas of semi-arid and sub-humid
Africa, negative effects of high temperatures are to be feared. They will only be
offset by the enrichment of atmospheric CO, if rainfall is sufficient.

In China, the current leading global producer, the effects of climate change will
on average be negative, with regional disparities: negative in the Yangtze valley and
neutral or positive in the north-west regions and the Yellow River (Chen et al. 2015).

In the United States, cotton is grown in the southern states. The forecasts of the
effects of climate change there are mixed between yield losses and gains (Sharma
et al. 2022), due to a negative effect of an increase in the frequencies of extreme
events and a positive effect of the rise in CO, and precipitation.

Scientific studies of the effects of climate change in sub-Saharan Africa are
scare. The major cotton production basins are the Sudanian and Sudano-Sahelian
zones of West and Central Africa. The IPCC forecasts show contrasting situations
between the west and the east. Rainfall deficits in Senegal, Mali and Burkina Faso
will cause yield decreases. On the other hand, increases in rainfall in Nigeria,
Cameroon and Chad, and uncertain intermediate situations between these two zones
(Ivory Coast, Ghana, Benin, Togo) could allow for yield increases. In Benin,
Amouzou et al. (2018) predicts variable effects, mostly positive, ranging between

®Base temperature (or zero vegetation): the temperature below which a crop cannot grow and
develop.

7C3 plant: a plant whose photosynthetic mechanism is based on the production of three-carbon
carbohydrates.
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—7% and +41% on yields, while drawing attention to difficulties in soil nitrogen
availability in case of high demand linked to the increase in biomass. Positive effects
are also predicted in Cameroon (Gérardeaux et al. 2013).

In Europe, cotton is grown in Spain and in Greece with high yields thanks to
irrigation and mechanisation. Low spring temperatures are a significant limiting
factor for crop growth and global warming could bring favourable changes here.
Adaptation of farming systems will be possible to take advantage of this
(Engonopoulos et al. 2021). Moreover, water resources are in competition with the
needs of the population. The crop could develop in countries further north such as
France, Italy or Bulgaria.

In Australia, studies have shown contrasting effects on the yields and on fibre
quality, even for rainfed cropping systems (Luo et al. 2016; Williams et al. 2015).
Extreme events (droughts, floods, heatwaves) will become more frequent with more
significant negative impacts.

In Central Asia, cotton is grown in plains subjected to very cold winters and very
hot summers. The crops are irrigated, but water resources are already heavily
exploited. Predictions of the effects of global warming include an increase in water
demand and therefore a decrease in yields and cotton areas, which could disappear
from certain zones (Schlubach 2021).

Finally, cotton is also produced in India: a decline in yields is expected in the
North and neutral to positive effects in the central and southern parts (Hebbar et al.
2013). It is likely that yields will increase, but so will pest pressure.

In conclusion, without even considering possible adaptations, climate changes
will not drastically alter the map and growing conditions of cotton. Some regions of
the world will benefit, such as southern Europe, central Africa, southern India, and
others will lose out, such as West Africa, Central Asia, northern India, the Yangtze
valley in China.

13.5.3 The Paths of Adaptation and Mitigation of Cotton
Cultivation in a Climate Change Context

Breeding associated with the choice of optimal sowing dates is an adaptive research
activity that involves matching the growth phases of a crop to those of resource
availability (Zimmermann et al. 2017). Moreover, a temperature increase of 2.5 °C
will cause an acceleration of crop development and mechanically a shortening of
the cycle of varieties by 5 days for flowering and 10 days for maturity. This can
significantly disrupt the synchronism between periods when water needs are cov-
ered by rainfall. To counteract this effect, selection combined with the search for
optimal sowing dates can adapt by choosing varieties with longer or shorter cycles,
in order to bring flowering and maturity back to the desired dates (Wu et al. 2023).

In some cotton-growing areas, climate changes will create conditions favourable
to cotton growth. But for these favourable conditions to result in yield improvement,



13 Major Crops and Climate Change: The Cases of Rice, Sorghum, Sugarcane... 223

good plant nutrition must be ensured to hope for productivity gains. The biomass
gains allowed by the favourable conditions must be covered by an improvement in
the soil’s nutrient supply. In the family farming systems of Africa, where access to
the input market is limited and soils are fragile, it is highly likely that these potential
gains will be nullified. One promising way to improve soil fertility without relying
solely on external inputs is to practice agroecological farming systems, involving
rotations or associations with legumes, buried or left on the soil to form a mulch of
cover crops. Again, the capacities of small family farms to modify their farming
systems, to access seed and agricultural equipment markets remain limited. The
implementation of these adaptation paths will depend on public support policies.

Like most crops, cotton cultivation emits greenhouse gases through nitrogen
inputs, fuel and electricity for tractors, irrigation, harvesters and ginning factories.
It is estimated that 1.6 tonnes of GHGs are emitted to produce one ton of fibres
(Hedayati et al. 2019). However, if we stop our balance at the year of production,
the carbon stored in the fibres and in the roots is greater than that emitted to produce
it. Unfortunately, over time, the carbon stored in the fibres is released into the atmo-
sphere through the life cycle of the fabrics (Cotton Incorporated 2009). Research in
agroforestry or agroecology aiming to improve the resilience of farming systems to
climate changes by improving soil fertility and reducing dependence on synthetic
nitrogen inputs also contributes to improving GHG balances. Experiments are
underway all over the world, we can mention those conducted in the Desira-UE
Innovac project in North Cameroon, which aim to qualify the effects of agroforestry
parks on crop sustainability.

13.6 Conclusion: Tropical Crops Facing Climate Change,
Knowledge to Share, Steps to Master, Governance
to Rethink

Alexia Prades

Cirad, DGD-RS, Montpellier, France

The solutions recommended for food or commercial crops presented in this chapter
are of three types. The first includes short-term solutions, often already adopted by
farms: optimisation of water resource management, valorisation of local cultivated
biodiversity, change in farming practices often including a shift towards agroeco-
logical systems, such as trials of innovative crop combinations. The second type of
solution includes more radical measures, achievable in the medium term, such as
moving production areas. Finally, certain long-term solutions rely, on varietal
improvement combined with an increasingly refined understanding of plant func-
tioning in a complex environment. Complexity arises from the use of several com-
panion plants or agroforestry systems for example, to which is added the constraint
of climate instability.
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These three types of solutions are implemented at different time scales (see
Chap. 20), but they do have one thing in common. All three are still under-researched,
even though they have shown promising results (Cote et al. 2018). Actually, this
research requires the mobilisation of coordinated multi-scale governance and sup-
port from public policies to catalize change and mitigate exposure to risk, especially
for smallholders. Some of the solutions will disrupt the trajectories of entire territo-
ries and, in particular, their populations. Multidisciplinary and cross-value chains
research will play a pivotal role for example, when studying certain forms of crop
associations or replacing one crop with another. In addition, partnership research
practices should be encouraged by mobilizing participatory approaches. The solu-
tions exist and research actors, along with stakeholders, are ready to support the
transformation of these territories. “Although they play a central role in feeding the
planet, small producers only have access to 1.7% of climate action funding,”
reminds the International Fund for Agricultural Development (IFAD), in an article
published on its website on 4 April 2022. There is an urgent need to change our way
of thinking, to modify our perspectives, our practices, our institutions and to finally
trust small and medium scale producers who play a key role in the resilience of
tropical territories facing climate change.
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