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The changing climatic scenario has affected crop production in the adverse ways, 
and the impact of it on agriculture is now emerging as a major priority among crop 
science researchers. Agriculture in this changing climatic scenario faces multiple 

diverse challenges due to a wide array of demands. Climate-resilient agriculture is 
the need of the hour in many parts of the world. Understanding the adverse effects 
of climatic change on crop growth and development and developing strategies to 

counter these effects are of paramount importance for a sustainable climate-resilient 
agriculture. This multiauthored edited book brings out sound climate-resilient 

agriculture strategies that have a strong basic research foundation. We have attempted 
to bridge information from various diverse agricultural disciplines, such as soil science, 

agronomy, plant breeding, and plant protection, which can be used to evolve a need-
based technology to combat the climatic change in agriculture.
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Preface

Climatic change denotes the long-term changes in climates including mean temperature and precipi‐
tation. Shifting weather patterns result in changing climate, which threatens the food production
through high- and low-temperature regimes, increases the rainfall variability, raises the sea levels
that contaminate coastal freshwater reserves, and increases the risk of flooding.

Agricultural productivity and climatic change are interrelated and interconnected processes,
which take place on a global scale. Agriculture is particularly vulnerable to climatic change. Many
forms of abiotic stresses, such as drought, heat, cold, frost, and flooding, and biotic stresses, such
as disease and pest damage, that have the adverse effects on crop growth, development, and pro‐
ductivity can be exacerbated by climatic change in many regions. Although there will be an in‐
crease in yield of some crops in some regions of the world, the overall impacts of climatic change
on agriculture are expected to be negative, threatening global food security. The importance of
assessing the effects of global climatic changes on agriculture is a major task at hand for research‐
ers to properly anticipate and adapt farming to maximize the agricultural production in a sustain‐
able way. Variabilities in the local climates and the global climatic patterns have to be studied
with equal importance in order to gain an understanding into the ways by which agriculture is
being affected. The Earth’s average surface temperature has increased by 0.83°C since 1880.
Therefore, it is important to complete any assessment individually considering each local area.

One of the important methods to combat the ill effects of climatic change will be the natural re‐
source management approach wherein there are a large number of options in soil, water, and nu‐
trient management technologies that contribute to both adaptation and mitigation. Proven
methods include in-situ moisture conservation, rainwater harvesting and recycling, efficient use
of irrigation water, conservation agriculture, energy efficiency in agriculture, and use of poor-
quality water. This, in addition to watershed management, which is now considered as a success‐
ful strategy, can be used as an adaptation measure.

Crop-based approaches form one of the important approaches in combating the climatic change,
which include growing crops and varieties that fit into changed rainfall pattern; developing variet‐
ies with changed duration that can overwinter the transient effects of change; developing varieties
of heat stress, drought, and submergence tolerance; and evolving varieties that respond positively
in terms of growth and yield under high CO2. The crop-based approach will be able to promote
varieties with high fertilizer and radiation-use efficiency and also to promote novel crops and vari‐
eties that can tolerate coastal salinity and seawater inundation. In addition to this, the time-tested
practice of intercropping can also be used as an effective strategy to combat the climatic change as it
has the advantage under climatic variability and climatic change wherein if one crop can survive,
the other crop may fail, thereby giving minimum assured returns for livelihood security. The pro‐
ductivity reductions expected under changed climatic scenarios are far more permanent than
events of climatic variability. Crop improvement by using biotechnological and molecular advan‐
ces involves identification and selection of traits that can increase tolerance to abiotic stresses and
also enhance atmospheric CO2 levels. Development of climate-ready varieties with traits, such as
temperature, drought tolerance, and high yield of various important crops, is the need of the hour.
The combination of these approaches is needed to evolve climate-ready cultivars. The genetic re‐
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sources, mainly land races and wild relatives from the areas where there is an adverse climate,
could serve as a source for biodiversity. The traits to look for when using biotechnology as a tool in
both molecular breeding and transgenic programs are physiological traits, such as higher photo‐
synthetic rate, better transpiration efficiency, lower respiration, lower nitrogen demand, lower tis‐
sue N, more stem/straw, less grain, and fast growth rate, and agronomic traits, such as input-use
efficiency and shortened growing period.

The book focuses on various aspects of resilient agriculture and is a compilation of chapters that
describe various strategies to combat the climatic change in agriculture with the ability to bounce
back from damage caused by adverse environmental conditions. Effective natural resource man‐
agement, innovative ideas, and strategic planning when used in combination can result in the de‐
velopment of adaptation and mitigation strategies. In addition, biodiversity at all levels—genes,
species, and ecosystems—is an essential prerequisite for sustainable development in the face of a
changing climate.

The answer to the challenge of countering the adverse effects of climatic change lies in resilience,
and this can be effectively defined as the integration of adaptation, mitigation, and other practices
in agriculture, which increases the ability of the system to respond to several climate-associated
changes by resisting damage with an ability to recover rapidly. Such changes can comprise abiotic
stresses, such as drought, flooding, heat and cold, unpredictable rainfall pattern, long dry spells,
insect or pest population explosions, and other perceived threats caused by a changing climate. In
short, it is the ability of the system to bounce back. Climate-resilient agriculture includes an in-
built property in the system for the recognition of a threat that needs to be responded to in addi‐
tion to the effectiveness of the response. The practice of resilient agriculture will essentially
involve judicious and improved management of natural resources, namely, land, water, soil, and
genetic resources through adoption of best bet practices.

This multiauthored edited compilation will attempt to put forth a comprehensive picture on most
aspects of climate-resilient agriculture. An attempt is made here to synthesize and present infor‐
mation for developing strategies to combat the climatic change–related stress. In this book, we are
presenting an ensemble of approaches that have a strong basic research background with an ap‐
plied perceptive. The aim of the book is to cover the information that can bridge various areas of
agricultural sciences, such as agronomy, soil science, plant breeding, and plant protection sciences
so as to cater to a large audience who are working in climate-resilient agriculture.

Ch Srinivasa Rao
ICAR—National Academy of Agricultural Research Management (NAARM)

Rajendernagar, Hyderabad, India

Arun K. Shanker
ICAR—Central Research Institute for Dryland Agriculture (CRIDA)
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Abstract

Climate Change is continuing and happening faster than previously anticipated. 
Agriculture is vulnerable on a global scale and is currently adapting but will need to make 
further efforts in the future. Both public and private adaptation actions will need to occur, 
as certain potentially desirable adaptations are either not feasible or cost effective for pri-
vate parties. Public action will play a crucial role in facilitating and supporting farmers 
to overcome barriers to adaptation and move toward a more sustainable and resilient 
agriculture. Here we discuss the sensitivity of agriculture to climate change and the adap-
tation strategies observed or potentially possible. We also discuss private and public roles 
in adaptation along with the constraints and barriers that limit adaptation. In addition, we 
discuss desirable factors to consider in adaptation project appraisal.

Keywords: climate change, agriculture, adaptation, project appraisal

1. Introduction

Climate Change (CC) is happening faster than previously anticipated and is altering agricul-
tural conditions on a global scale. To reduce future climate risks, both mitigation and adapta-
tion actions are likely necessary. While mitigation actions (control of greenhouse gas (GHG) 
emissions) reduce the future impact of CC, it takes time for such efforts to show significant 
effects and action has been slow to date. On the other hand, adaptation actions help reduce 
the negative effects of CC and can exploit opportunities [1]. Agriculture needs to adapt given 
the past and anticipated CC developments. Simply put agricultural adaptation is inevitable.

The evidence of that the climate is changing has grown dramatically during recent years. The 
IPCC mitigation report [2], shows the atmospheric concentration of GHG increased signifi-
cantly with the pace increasing in recent times. According to IPCC [2], the atmospheric carbon 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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dioxide (CO2) concentration was 390.5 ppm in 2011, which is 40% greater than 1750 level, and 
exceeds 400 ppm today. Furthermore, counting other GHGs, the equivalent concentration is 
above 489 ppm [3]. Likewise, atmospheric nitrous oxide (N2O) has increased by 20% since 
1750 and atmospheric methane (CH4) is 150% greater than before 1750 [2]. Greenhouse gas 
emissions are further projected to increase for many years. As a result, it is virtually certain 
that global mean surface temperatures will continue to rise. Global records show the Earth’s 
surface temperature has been successively increasing with the three hottest observed condi-
tions occurring in the last 3 years [4]. The numbers of cold days and nights have decreased, 
and we have seen increases in the number of warm days and nights and the length and fre-
quency of heat waves [2]. Globally, precipitation has been increasing since 1901 with the spa-
tial variability increasing and projections for large changes that differ across the planet [2].The 
precipitation change is not expected to be uniform with some regions projected to be drier.

All of these changes pose significant risks to agriculture. CC can affect crop yields, livestock 
production, water use, water supplies, and the incidence of weeds and pests among other 
items. CC adaptation actions are required to ensure a productive, profitable agriculture and 
in fact, adaptation is ongoing in the form of altered crop production locations, and planting/
harvest timing along with other adaptations.

According to the IPCC [5], adaptation is the process of adjustment to actual or expected cli-
mate and its effects that in human systems, adaptation seeks to moderate or avoid harm or 
exploit beneficial opportunities. In addition, human adaptation actions may also occur in nat-
ural systems where actions are undertaken to facilitate “better” adjustments to the evolving 
climate. Such actions can benefit agriculture. For example, in a study in India, damages due 
to CC were predicted to be about 28 percent without taking adaptation, but 15–23% with it 
[6]. Moreover, in an agricultural context adaptation benefits also include reduction of income 
fluctuation, lessened agricultural vulnerability, and improvement in food security [5, 7–9].

A number of adaptation strategies, such as crop and livestock mix shifts, altered planting/har-
vesting dates, altered livestock stocking rates, and increased pesticide use, have been observed 
mostly implemented by farmers acting in their own best interests [10–14]. However, due to the 
available financial, technology, information human and physical capital not all adaptations can be 
privately implemented. Consequently, public parties will also play important roles in adaptation.

This paper addresses agricultural adaptation covering: (i) agricultural sensitivity and types of 
adaptation actions observed or projected; (ii) the roles that private and public parties play in 
adaptation implementation; (iii) the constraints and economic barriers that limit adaptation; 
and, (iv) the appraisal of adaptation projects.

2. Agriculture sensitivity and possible adaptation

CC and its drivers affect agriculture through a variety of changes, such as changes in temperature, 
precipitation, extreme event frequency and severity (e.g., floods, droughts, and heat waves) and 
increased atmospheric carbon dioxide [5]. Such factors alter crop and livestock yield, grass growth, 
livestock stocking rates, incidence of weeds and pests, and water usage among other items with 
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geographically variability [5, 14–16]. Estimates in Beach et al. [17] show 30% projected increases in 
dryland corn yields in the southern US by year 2100, but little effects on the dryland corn yields in 
the western US and the Great Plains. Farmers have been observed to adapt on a regionally specific 
basis [5]. In this section, we review the nature of the effects and possible adaptations.

Finally, before starting we note that CC is not always as a negative factor but, depending on 
the region and situation, might also bring positive impacts to agriculture [14–20]. For exam-
ple, Reilly et al. [15] presented results where moderate CC increases and the associated driv-
ers can lead to increased cotton yield due to the effects of carbon dioxide and the drought 
tolerant nature of cotton. Furthermore, under such circumstances adaptation can be directed 
at increasing the positive aspects by say panting more of advantaged crops like cotton or 
increasing stocking rates for animals when grass growth is stimulated.

2.1. Crop yield

CC has been found to affect crop yield through alterations in temperature, precipitation, CO2 
level and extreme events [18, 20–23]. Lobell and Field [18] found that increasing precipitation 
had positive impacts on global crop yields, while the increasing monthly maximum and mini-
mum temperature reduced yields resulting in a negative total effect. Adams et al. [21] found 
that yield effects vary across crops and regions in US with larger and more negative effects in 
the south but positive effects for some crops in the north. The Free Air CO2 Enrichment (FACE) 
experimental data showed that the increase in atmospheric CO2 concentrations increases the 
average yield of C3 crops (soybeans, cotton and wheat), but with little effects on the yield of 
C4 crops (corn and sorghum) except under drought (see the evidence reviewed in and devel-
oped by Attavanich and McCarl [20]). But Lobell and Field [18] argued that the carbon dioxide 
effects were minor and less than the effects of other CC factors. Moreover, Schlenker et al. [22] 
showed the incidence that extreme hot days (temperature over 34      °  C ) was quite damaging to 
crop yields, and McCarl et al. [23] showed CC caused an increase in the variance of crop yield.

Farmers have adapted to the local climate since the beginning of farming activity. Today, they 
are coping with an increased pace of local CC. Crop timing changes, and crop-mix shifts are 
major observed adaptation strategies responding to crop yield changes. The United States 
Environmental Protection Agency (EPA) [12] illustrated that the average length of the US crop 
growing season increased by about 15 days between 1985 to 2015 with California and Arizona 
seasons increasing by almost 50 days. As a consequence planting dates have changed with 
corn and soybeans planted about 10 to 12 days earlier on average [24].

Several econometric and simulation approaches have been employed to study how farmers 
have been or could be adapting. Crop simulations show that adjustments to planting date and 
crop mix can greatly reduce the impact of CC with Aisabokhae, McCarl and Zhang [25] show-
ing this to be the most valuable adaptation. In the U.S., the weighted centroid of major crops, 
such as wheat, corn and soybeans, were found to be moved to higher latitude plus a higher 
elevation and that the mix of crops in different locations changed [11, 23–27].

A multinomial choice model study by Seo and Mendelsohn [27] found that South American 
farmers in cooler locations preferred wheat and potatoes, while farmers in warmer locations 
planted more fruits and vegetables. They also found lower humidity pushed farmers to plant 
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more maize and wheat [27]. Similar results were found by Park [28] using US data who found 
a continuum of adjustments with spring wheat dominating in cold regions, then as the climate 
warms corn and soybeans take over then cotton and sorghum and finally rice. Park [28] also found 
winter wheat and cotton were more selected in the dry locations, but soybeans were planted in 
the regions with more precipitation. Cho and McCarl [10] examined the impact of current and 
future climate on crop mixes over space in the U.S. and found that CC explained about 7–50% of 
the crop shift in latitude, 20–36% in longitude and 4–28% of that in elevation. Specifically, they 
showed that winter wheat production shifted northward and westward to cooler conditions 
in the Great Plains and spring wheat shifted east out of Oregon and Washington to higher alti-
tudes and cooler temperatures in Idaho. Similarly, Fei, McCarl and Thayer [11] found the same 
pattern of adaptation in their modeling study. Moreover, Howden et al. [7] pointed out that CC 
also caused farmers to alter fertilization rates in order to maintain their crop quality.

2.2. Livestock production

CC affects livestock growth, diseases and mortality, animal reproduction rates, and quality of 
dairy products directly. It also has indirect effects via alterations in quality of feed crop and forage 
[29–31]. High temperature and humidity has been found to threaten the health, immune function, 
and mortality of livestock [30, 31]. Gaughan et al. [30] found elevated temperatures increased dis-
ease occurrence and mortality of new born calves plus decreased milk production. Mader et al. 
[29] showed that increased temperatures in hot areas decreased production of all livestock species. 
They also indicated that in the future the length of the feeding period would need to increase in 
hot southern U.S. regions, but shrink in the north [29]. Moreover, Hahn [31] showed the extreme 
heat waves in 1995 caused more than 4000 feedlot cattle deaths in Missouri and severe livestock 
performance losses in Illinois amounting to about a $28 million loss. Additionally, the number of 
animals dying in the heat wave in Europe 2006 and 2007 was large [30].

Livestock managers can adapt to CC through altered management, diversification of livestock 
varieties, alteration in livestock species and breeds, altered breeding practices, and modify-
ing the timing of reproduction among other possibilities [7, 31–33] Hahn [31] recommended 
feedlot operators to use sprinklers for cooling, and to change the timing of handing and trans-
porting particularly when the temperature humidity index (THI) is over 75. Rosenthal and 
Kurukulasuriya [32] provided evidence that diversification of livestock was effective in fight-
ing against CC-related disease and pest outbreaks. Zhang, Hagerman and McCarl [33] found 
that summer heat stress was a significant factor for cattle breed selection in Texas with man-
agers in regions with higher THI selecting more heat-tolerant cattle breeds (Bos indicus) than 
in other regions. A study in Africa showed that farmers changed both livestock species and 
mix with crops to adapt [34]. Specifically they found farmers increased reliance on livestock 
under hot and dry conditions, shifted to goats and sheep as opposed to cattle and chickens as 
temperature rose, and had more goats and chickens rather than cattle and sheep when pre-
cipitation increased [34]. Henry et al. [35] and Rowlinson [36] showed that changing breeding 
strategies could increase livestock tolerance to heat stress and diseases while also improving 
livestock reproduction. Better feeding practices, such as modification of diet composition, 
and changing feeding time, were found to improve the efficiency of livestock production [37].

Rosenthal et al. [32] found changing locations of livestock could help reduce soil erosion and 
improve moisture and nutrient retention, which in turn help adapt on the cropping side. 
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Herrero et al. [38] and Steinfeld et al. [39] showed that changes in crop-livestock system mix 
could improve efficiency by producing more food on less land using fewer resources, such 
as water. Mu, McCarl and Wein [13] found that increasing summer temperature plus an 
increased THI index caused adaptation in with the form of land switching from cropping to 
pasture, and stocking rates decreasing.

2.3. Water usage and supply

CC also affects agricultural water use and supply. CC alters plant evapotranspiration (ET) 
and thus water uptake [5]. Estimates by Adam et al. [21] show irrigated crops in the US south 
would need more water, but less in the north and mountain regions. Changes in precipita-
tion, ET and crops planted have been found to affect water availability [5]. Even though the 
global average amount of precipitation did not show any significant changes in the recorded 
period (1991–2008), the observed spatial pattern and timing have changed, e.g. the frequency 
of heavy precipitation events increased and a downward trend of precipitation has been 
observed in Africa and South Asia [2, 40].

Substantial actions have been observed to adapt to water scarcity. In arid areas, where pos-
sible, irrigation and increased water storage have developed along with use of water saving 
technologies and drought-resilient crops [41]. Water management actions have also changed, 
with alterations in the amount and timing of irrigation, as have irrigation methods (with tran-
sitions from furrow to sprinkler irrigation [7, 42]). Moreover, water management strategies, 
such as smallholder irrigation development, rainwater harvesting, deficit irrigation and irri-
gation suspension are also possible as discussed in [43–47] .

2.4. Weed, pest and pathogens

CC can alter the pattern and incidence of weeds, pests and pathogens, in turn affecting crop 
and livestock performance and input cost [14, 47–49].

2.4.1. Weeds

Weeds compete with crops for sunlight, water, fertilizer and space, in turn reducing yields 
[47, 50]. CC and its drivers also affect weed growth, through temperature, precipitation, car-
bon dioxide concentrations, and other factors. In turn this affects the degree of competition 
with crops [47]. Moreover, CC is expected to shift the range of invasive weeds in turn intro-
ducing new weed issues in previously unaffected regions causing yield damages [51].

Herbicides and tillage are widely used weed control methods [49, 50]. Smith and Menalled 
[50] stated that integrated weed management, such as banding fertilizer near crop rows and 
applying it at the appropriate time, can help in adaptation, as well as can strategies such as 
reducing weed invasion and emergence, preventing weed reproduction, and minimizing the 
competition between weed and crops [50].

2.4.2. Pests and pathogens

CC affects the spread of pests affecting crops and livestock. It can enhance the spread of pests 
such as flies, ticks, and mosquitoes [52] plus increase disease transmission between hosts. 
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more maize and wheat [27]. Similar results were found by Park [28] using US data who found 
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Mu et al. [53] found CC was associated with greater incidence of things like avian influenza. 
White et al. [54] found that CC led to increased Australian tick concentrations reducing ani-
mal weight by 18%. Howden et al. [7] discussed how wider use of integrated pest manage-
ment can improve the effectiveness of pest control for livestock.

In terms of crops, CC induced changes in humility, precipitation and temperature have been 
found to alter the pattern of pathogens and their damages [49, 55]. Additionally more intense 
and more frequent rainfall events reduce the effectiveness of fungicides [49]. Chen and 
McCarl [14] showed that farmers adapted to CC induced increased pest incidence by increas-
ing pesticide treatment costs. Wolfe et al. [49] indicated that one adaptation strategy is more 
frequent application of fungicides.

2.5. Climate-smart agriculture practices

Climate-Smart Agriculture (CSA) is a currently advocated adaptation approach. CSA is 
designed to jointly address food security and CC, enhancing CC adaptation and resilience 
[56]. CSA also addresses net GHG emissions. There are a number of CSA strategies and tech-
niques that involve energy use, food storage, crop/livestock mix, water and soil management, 
and crop, livestock, forest, fisheries and aquaculture management [56].

3. Adaptation roles

Human adaptation through practices only occur if efforts are made to implement the prac-
tices. In many cases, farmers have been the implementers, for example altering crop rotations, 
changing crop mix, altering cultivars, changing the extent of tillage and revising timing of 
planting/harvesting. Those actions are undertaken since they are beneficial to the implement-
ing individuals and enhance the performance of their farm business. However, some adapta-
tion actions are so large (e.g. sea walls or research and development of climate adapted crop 
varieties) that farmers neither physically nor financially can individually invest in them. In 
addition, if they did invest in those items, those actions would benefit not only the farmer but 
also many others. That is, some adaptations have public-goods characteristics and following 
conventional economic theory will be underinvested in by private individuals [57]. This is 
where public action may be needed. More generally there are two forms of adaptation: (i) 
private (or autonomous in the literature) which is undertaken by individuals in their own 
best interest; (ii) public (or planned in the literature) that are adaptation actions undertaken 
by NGOs, or governments and designed to benefit broader elements of society (called public 
goods or actions to correct a market failure by economists). More details on public and private 
roles appear below.

CC adaptation to accommodate increases in severity or frequency of heat waves, floods, and 
climate related natural disasters is a great challenge. Public investments are needed to imple-
ment large and costly possibilities that benefit large segments of society or to facilitate private 
investment when it is limited by the state of technology, information, long-term nature of the 
investment or resources. Public sector adaptation efforts can take several courses: (i) they can 
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provide incentives for private adaptation investments, such as subsidizing practices, releasing 
new technologies or providing low cost financing or grants [5]; (ii) they can set standards and 
regulations to require some degree of adaptation [58]; (iii) they can provide high-quality user-
friendly information relative to adaptation needs, available strategies, and strategy implemen-
tation including technical assistance [59, 60]; (iv) they can localize information and practices to 
match specific regional conditions; (v) they can facilitate investment in long term adaptation 
capabilities (like a dam that lasts 50 years) [7, 28]; (vi) they can share in the risk and provide risk 
sharing mechanisms by providing insurance and possibly subsidizing it [5]; (vii) they can col-
laborate with the private sector in order to increase the efficiency of adaptation actions, such as 
carry out and providing results of R&D [61, 62]; (viii) they can identify and remove obstacles 
to adaptation, like distortions in input and output markets, trade barriers adverse subsidies 
and distorting insurance arrangements [63]; (ix) they can pursue policies that encourage adap-
tation investment in the context of the total development portfolio [57]; (x) they can also use 
policy levers like payments for environmental services; improved resource pricing; practice 
related subsidies, and taxes; alternative policies toward intellectual property rights; and direct 
actions or subsidies addressing adaptation enhancing research & technology development [5]. 
Studies by OECD on Innovation in Agriculture [64] and Innovation Strategy [65] provide sup-
porting evidence that cooperation between public and private sectors improves the efficiency 
of public spending and induce more private firms to participate in adaptation. Those deciding 
on public priorities must consider whether the adaptations at hand would emerge through 
private actions either by farmers or supporting industries [66].

On the private side, many farmers are beginning to address climate change in their farm busi-
ness planning acting in their own best interests. Farm management has incorporated climate 
risk into account by private parties and made changes as discussed in Section 2. In some cases, 
private parties can play a role in facilitating themselves into adaptation. Not surprisingly, 
the private sector is heavily involved in R&D of profitable crops and their products where 
private parties are willing to pay for the research outputs (like improved seed varieties) [66]. 
Private companies could also provide assistance for dissemination, creation and localization 
to farmers lacking information on climate change impacts and adaptation strategy type and 
performance [60]. Better information leads to development of private institutions to support 
agricultural adaptation in a variety of forms, such as better insurance, microloans, and other 
financial planning services. Nevertheless, there are numerous challenges when selecting 
appropriate adaptations. Cooperation between public and private sectors are necessary to 
resolve public good and market failure issues.

4. Adaptation characteristics

4.1. Adaptation constraints and economic barriers

While adaptation may be desirable, it certainly faces constraints. First, it is often constrained 
by available funds. Currently, on the public side there is a large gap between adaptation fund-
ing needs and actual funding. United Nations Framework Convention on Climate Change 
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provide incentives for private adaptation investments, such as subsidizing practices, releasing 
new technologies or providing low cost financing or grants [5]; (ii) they can set standards and 
regulations to require some degree of adaptation [58]; (iii) they can provide high-quality user-
friendly information relative to adaptation needs, available strategies, and strategy implemen-
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match specific regional conditions; (v) they can facilitate investment in long term adaptation 
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sharing mechanisms by providing insurance and possibly subsidizing it [5]; (vii) they can col-
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related subsidies, and taxes; alternative policies toward intellectual property rights; and direct 
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porting evidence that cooperation between public and private sectors improves the efficiency 
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on public priorities must consider whether the adaptations at hand would emerge through 
private actions either by farmers or supporting industries [66].

On the private side, many farmers are beginning to address climate change in their farm busi-
ness planning acting in their own best interests. Farm management has incorporated climate 
risk into account by private parties and made changes as discussed in Section 2. In some cases, 
private parties can play a role in facilitating themselves into adaptation. Not surprisingly, 
the private sector is heavily involved in R&D of profitable crops and their products where 
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financial planning services. Nevertheless, there are numerous challenges when selecting 
appropriate adaptations. Cooperation between public and private sectors are necessary to 
resolve public good and market failure issues.

4. Adaptation characteristics

4.1. Adaptation constraints and economic barriers

While adaptation may be desirable, it certainly faces constraints. First, it is often constrained 
by available funds. Currently, on the public side there is a large gap between adaptation fund-
ing needs and actual funding. United Nations Framework Convention on Climate Change 
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(UNFCCC) predicted that about 28–67 billion USD funding is needed per year to adapt CC for 
all sectors [67]. More specifically, by year 2030 an annual estimate of global public funding needs 
for agriculture adaptation is about 2.3 billion U.S dollars per year [68]. However, current esti-
mates place spending levels at around 1% of the need (FAO estimates 244 million USD for all sec-
tors) has been provided for adaptation [69]. Moreover, adaptation is competing for funds with 
mitigation and non-climate investment (like education or military support or non-agricultural 
R&D) [5]. A balance across these three investments is required [5]. Wang and McCarl [70] find, 
compared to mitigation, that adaptation should get a larger investment share in the near term 
due to the cost inefficiency of mitigation, while when climate damage is large enough, mitiga-
tion should get more attention and investments due to increasing concentrations and damages.

Other main constraints include: (i) knowledge, and awareness, (ii) technology availability, 
(iii) physical and biological limits, (iv) economic and financial resources, (v) human capabili-
ties and availability of the right types of people, (vi) social and cultural considerations, and 
(vii) governance and institutions [5].

There are also economic and individual behavioral barriers. These include transaction costs, 
information and adjustment costs, market failures, missing market, behavioral obstacles, eth-
ics and distributional issues, coordination, government failures and uncertainty [5]. In addi-
tion, there are obstacles in the form of belief in whether CC is occurring and whether decision 
makers perceive needs for action.

4.2. Adaptation deficits and residual damages

Due to obstacles, belief and funding there is certainly an adaptation deficit, which is defined 
as “the gap between the current state of a system and a state that would minimize adverse 
impacts from existing climate conditions and variability” [5, 71]. Burton [71] argued and the 
funding gap shows that the adaptation deficit is growing. Huq et al. [72] argued this should 
be addressed by mainstreaming adaptation concerns in with development initiatives. It is also 
worthwhile noting that adaptation is unlikely to offset 100% of the damages with residual 
damages remaining. For example, it may be impossible to offset species extinction.

4.3. Maladaptation

Maladaptation is defined by IPCC as the case where adaptation actions lead to increased risk 
of adverse climate-related outcomes, increased vulnerability to climate change, or diminished 
welfare, now or in the future [5, 73]. The following two examples are considered. First, sup-
pose a coastal city raises seawalls to eliminate the effects of sea level rise, and, in turn, the num-
ber of people and businesses located in the protected area increases. However, once future 
sea levels raise enough to overtop the seawall then more assets are vulnerable to CC. Second, 
suppose a major city with a river running through decides to divert water upstream as a 
flooding adaptation but the diversion results in increased flooding other places. However, 
despite these cases, we feel economically maladaptation should not always be prevented. 
Maladaptation can be rational, when overall net benefits of an action are positive and society 
can compensate losers [74].
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5. Adaptation project appraisal

Given the emerging presence of adaptation concerns and in place funding mechanisms there 
will certainly be competitive funding situations where projects will need to be appraised and 
their costs and benefits compared. Like in the case of mitigation there are a number of adap-
tation project imperfections that merit consideration. Here, we outlined the some appraisal 
criteria covered by adaptation funding documents and the adaptation project imperfections 
as below.

According to Brann [75] and the Adaptation Funding Board [76, 77], current adaptation proj-
ect appraisal focuses on strategic, operational and financing priorities, country eligibility, 
project eligibility, resource availability, implementing institution eligibility, implementing 
arrangement and performance monitoring.

However, in proposed projects, imperfections may arise relative to adaptation projects in 
terms of additionality, maladaptation, uncertainty, permanence, transactions costs, co-bene-
fits, and their true adaptation nature. Each is dealt with below.

5.1. Additionality

In the adaptation arena, there are two definitions of the additionality concept. In one case, the 
concern is that the funding for adaptation represents an increase over funding for traditional 
development as opposed to a redirection of existing development funds [78]. The other con-
cern is much like that in the Kyoto arena where one asks if by funding the project are adapta-
tion benefits achieved that are above what would have happened in the absence of adaptation 
funding [79]. We will only deal with the later concern here.

Ideally, adaptation funding should stimulate additional action that reduces the detrimen-
tal effects of CC or exploits CC created opportunities. This implies the needs of some form 
of an additionality test that checks whether the adaptation would have happened anyhow. 
This could use tests like those under mitigation where the activity needs to be a documented 
money loser or something not already implemented in the region, as mentioned by Greiner 
and Michaelowa [80]. However, it may be desirable to use already implemented practices if 
they improve adaptation in a sub-region or among select parties where they are not now used.

5.2. Maladaptation

Some adaptation actions may lead to maladaptation where they may help reduce short-run 
CC effects but make adaptation worse for systems in other places or the future. This indi-
cates a need for project applications to discuss impacts on other parties within the region or 
affected markets. It would also be desirable to cover the effects when the project is imple-
mented on resources and economic activity in the vulnerable region including whether: (i) 
more economic activities will be stimulated in a region that becomes more vulnerable as CC 
proceeds and (ii) the current use of resources like depletable ground water precludes future 
use. In addition, one should evaluate whether the maladaptation may be acceptable or the 
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benefits of the action are substantially greater than the costs of the maladaptation to the point 
whether potentially gainers could compensate losers.

5.3. Uncertainty

Yet another potential imperfection involves the degree of certainty manifest in the project 
effectiveness measures. An uncertain future climate and a possible lack of experience with 
project implementation and operation yield uncertainty. It would be desirable for projects to 
provide say a 90% confidence interval on benefits or an evaluation of performance under dif-
ferent future climates as an input to evaluation.

5.4. Permanence

Permanence involves the duration of the benefits from the project and embodies the assump-
tion that the project benefits occur over a finite life, not forever. The degree of CC is expected 
to grow over time and thus the effectiveness of a given amount of adaptation expenditures is 
expected to fall as CC proceeds [81]. Therefore, it may be desirable for proposals to discuss 
activity life and its performance under escalating degrees of CC.

5.5. Transactions costs

Implementing and monitoring projects involves costs of passing funds to producers, insuring 
results, and observing/monitoring progress. Project applications might well cover the means 
for conveying funds, any brokerage fees involved and the methods/cost of insure the project 
operates as it is supposed to.

5.6. Co-benefits

Many possible adaptations have multidimensional implications including for example contrib-
uting to CC mitigation, improving current food security and correcting adaptation deficits. As 
such, project funders need to decide whether to evaluate or neglect such outcomes and the 
extent to which the funds flow into generating those co-benefits or to true adaptation. Project 
applications should layout not only adaptation benefits, but rather the entire spectrum [82, 83]. 
Nevertheless, evaluators must be cautioned as full consideration of co-benefits imposes a large 
burden in terms of identifying and quantifying co-benefits for all the projects at hand not just 
selected ones. In turn, evaluators will need to develop an approach to valuing the non-adapta-
tion benefits and expenditures associated with the non- adaptation items stimulated by the proj-
ect. However, Elbakidze and McCarl [84] argued that when appraising mitigation programs, the 
co-benefits should perhaps be neglected because co-benefits raises more uncertainties and bur-
den to evaluate and qualify them across all projects, which should be considered here as well.

5.7. Is it really adaptation

The final issue is one of where the proposed activity is really adaptation. Lobell [19] argued 
that many suggested “adaptations” did not effectively reduce vulnerability under a chang-
ing climate. He argues that the benefits of adaptation actions should rise with degree of CC 
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but that most of the ones cited in IPCC documents do not achieve this. Moore et al. [85] did 
a meta-analysis on the issue and found that virtually all the agriculturally related adaptation 
benefits reviewed by IPCC in the latest assessment report yield benefits that are independent 
of the changes in temperature or precipitation. This means such strategies while likely benefi-
cial do not improve adaptation to CC.

6. Conclusion

Coping with a changing climate is an increasingly important issue in agriculture and one 
that is likely to persist for many years. In order to improve performance, farmers will need to 
adapt. Some adaptation efforts will happen in association with farmers making the best man-
agement decisions for their operation. But a class of possible adaptations can (i) face barriers 
being too costly for individual implantation, (ii) be hindered by substantial resource limits 
or behavioral barriers that the individual cannot overcome or (iii) yield benefits that spread 
widely across society and are not captured by an implementing individual. In such cases, 
public-sector intervention may play a crucial role in actual implementation or in the facilita-
tion of producer adaptation implementation. Lastly, in comparative assessment of adaptation 
actions, one must also collect and evaluate information not only on benefits and costs of pro-
posed adaptations but also on their imperfections in terms of additionality, maladaptation, 
uncertainty, permanence, transactions costs, co-benefits and true adaptation effectiveness.
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Abstract

It is evident that agriculture of Nepal is the most sensitive sector to climate change, and 
adaptations are essential for protecting the livelihood of rural poor farmers and ensuring 
their food security. Farmers are adopting different practices with climate awareness and 
sometime with spontaneity. In this chapter, we examined whether these climate change 
adaptation responses are adaptive and innovative and take into consideration existing 
and projected climate change and variability. Based on the review of adaptation theories 
and innovation approaches, researchers primarily draw a climate-adaptive agricultural 
innovation framework. We looked at empirically captured adaptation practices and ana-
lyzed their climate adaptive nature based on productivity, resilience, and equity. This 
study blends both qualitative and quantitative methods—combining case study of rice-
wheat system with quantitative survey from four different regions of Terai, Nepal. The 
study shows that while agricultural system demonstrates a number of practices that con-
tribute to adaptation, there are fundamental institutional, technological, and policy chal-
lenges that restrict the prospect of agricultural innovation required to adapt to changing 
climate.

Keywords: climatic stresses, agricultural adaptations, rice-wheat system, innovations

1. Introduction

1.1. Agriculture in climate change context

Agriculture is the most sensitive sector to climate change [1], as it can be affected by change 
in temperature, radiation, rainfall, soil moisture, and carbon dioxide (CO2) with complex rela-
tionships [2]. Different climate change impact and sensitivity analysis conducted in global 
and regional levels have suggested decline in global food production [3–5]. However, climate 
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change impact in agriculture is not uniform to all regions [6]. South Asian agriculture suffers 
more as three-fifth of the cropped area is rainfed; annual success of the monsoon determines 
well-being of millions of farmers [7].

Nepal, among the South Asia, is highly vulnerable and is ranked as a fourth most climate 
vulnerable country in the world [8]. Its fragile agro-ecology, flood-prone Terai region, weak 
infrastructural status, and poor economic condition put country to the vulnerable state [9]. It 
is estimated that the environmental income contributes to 50% of national GDP with agricul-
ture, forestry, and fisheries [10]. Agriculture, which is largest contributor to Gross Domestic 
Product (GDP) of Nepal, is highly climate sensitive since only 53% of arable lands have year 
round irrigation facility [11].

Different studies conducted in Nepal suggest that farmers are suffering with climatic stresses 
of erratic nature of the monsoon rainfall pattern and climate extreme events [12–15]. Monsoon 
rainfall, which is more than 75% of total rainfall, determines the overall crop production of 
Nepal. Some time it has detrimental effects with increased precipitation during the monsoon 
with floods in lowland of Nepal. It is found to be an increased mean annual precipitation; 
with a decrease of rainy days with increased number of high-intensity rainfall events. It is 
recorded in most of the metrological stations of Nepal [16]. This scenario of rainfall inten-
sity indicates more weather-related disasters, such as floods and landslides in future. Some 
studies show that flood incidence increased in Nepalese context has sharply declined crop 
production [17], severely affecting the life and livelihoods of the people in the entire Terai 
(lowland) region of Nepal. Every year, large sections of agricultural land are washed away by 
floods, and also degrading the land making it unsuitable for cropping. A research conducted 
by ICIMOD on the impact of climate change on water resources in the Himalayas shows that 
flooding will likely increase due to longer and more erratic monsoons, more intense rainfall 
events, and snowmelt, while droughts will increase due to glacier loss and changes in pre-
cipitation variability [18].

It is crucial for the Nepalese agriculture to adapt with climate change, since more than 66.5% 
of populations are primarily depended on agriculture. However, adapting to changing cli-
mate conditions is a huge challenge. This is particularly so for agriculture, which is generally 
well-adapted to mean or average conditions, but is susceptible to irregular or extreme condi-
tions. More frequent droughts, floods, and deviations from “normal” growing season condi-
tions, long-term changes in mean conditions, such as cumulative heat and timing of frosts, 
will have negative implications on agriculture [19, 20]. It is therefore necessary to understand 
the existing agricultural adaptation practices and critically analyze climate adaptability with 
existing and projected climate change and variability.

1.2. Concepts of climate change adaptation

According to dictionaries, adapt means to make suitable by altering. According to the Third 
Assessment Report of IPCC of 2001 [17], adaptation has been defined as adjustment in ecologi-
cal, social, or economic systems in response to actual or expected climatic stimuli and their 
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effects or impacts. This term refers to changes in processes, practices, or structures to moder-
ate or offset potential damages or to take advantage of opportunities associated with changes 
in climate.

In agriculture, adaptation can be differentiated in the agro-biological system and human 
system. In agro-biological system, adaptation is always reactive, i.e., water stresses to rice 
shows lower rate of transpiration to minimize water stress; whereas, in human systems, it can 
also be anticipatory. Based on spontaneity of adaptation, it can be autonomous or planned 
[21]. Reactive and autonomous responses of human and natural systems do not necessary 
minimize short-term agricultural losses. The ecological, social, and economic costs of rely-
ing on reactive and autonomous adaptation to the cumulative effects of climate change are 
substantial. Also, short-term strategies taken by farmers and private sectors may have nega-
tive affect to long-term environmental damage. Adaptation to non-climatic stresses, however, 
influences adaptation to climate change, because it may increase the risk on mal-adaptation 
and thus reduce the resilience of a system to subsequence changes in climatic conditions [22]. 
So many of these costs can be avoided through planned and anticipatory adaptation. IPCC 
[19] report suggests that appropriately designed many adaptation strategies could provide 
multiple benefits in the medium and longer terms.

1.3. Climate change adaptation in agriculture of Nepal

In order to strengthen planned adaptation, Nepal has developed different policies and setup 
institutions. The Climate Change Policy (2011) and National Adaptation Programme of 
Action (NAPA) are the principal national-level policy and planning documents on climate 
change. To implement NAPA priorities at the local level, the government initiated of Local 
Adaptation Plans of Action (LAPAs) which involve the integration of top-down and bottom-
up approaches to mainstream adaptation into planning from the local to the national level. 
Guidelines for LAPAs are included in the National Framework on Local Adaptation Plans for 
Action (Ministry of Environment, 22 November 2011), which provides the framework for the 
NAPA (and the Climate Change Policy 2011) to meet its mandatory provisions to disburse at 
least 80% of the available budget for the implementation of adaptation and climate change 
activities at the local level.

Ministry of Agriculture and Development (MOAD) has formulated Agriculture Development 
Strategy (ADS) 2015, which has a key component of biodiversity conservation and climate 
change adaptation and mitigation by (i) support the Local Adaptation Plan for Action (LAPA), 
(ii) scale up the interventions on soil conservation and watershed management including mea-
sures to promote adoption of sloping Agriculture Land Technology (SALT), and crop man-
agement practices (crop rotation, tillage, etc.), (iii) develop with policy decision, implement, 
and scale up schemes related to payment of environmental services including carbon seques-
trations, and (iv) promote use of alternative/renewable energy and energy saving scheme 
among the local forestry groups. Recently, Ministry of Population and Environment has been 
in the process of preparing National Adaptation Plan (NAP) building on NAPA. While NAPA 
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rainfall, which is more than 75% of total rainfall, determines the overall crop production of 
Nepal. Some time it has detrimental effects with increased precipitation during the monsoon 
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with a decrease of rainy days with increased number of high-intensity rainfall events. It is 
recorded in most of the metrological stations of Nepal [16]. This scenario of rainfall inten-
sity indicates more weather-related disasters, such as floods and landslides in future. Some 
studies show that flood incidence increased in Nepalese context has sharply declined crop 
production [17], severely affecting the life and livelihoods of the people in the entire Terai 
(lowland) region of Nepal. Every year, large sections of agricultural land are washed away by 
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by ICIMOD on the impact of climate change on water resources in the Himalayas shows that 
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cipitation variability [18].
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of populations are primarily depended on agriculture. However, adapting to changing cli-
mate conditions is a huge challenge. This is particularly so for agriculture, which is generally 
well-adapted to mean or average conditions, but is susceptible to irregular or extreme condi-
tions. More frequent droughts, floods, and deviations from “normal” growing season condi-
tions, long-term changes in mean conditions, such as cumulative heat and timing of frosts, 
will have negative implications on agriculture [19, 20]. It is therefore necessary to understand 
the existing agricultural adaptation practices and critically analyze climate adaptability with 
existing and projected climate change and variability.

1.2. Concepts of climate change adaptation

According to dictionaries, adapt means to make suitable by altering. According to the Third 
Assessment Report of IPCC of 2001 [17], adaptation has been defined as adjustment in ecologi-
cal, social, or economic systems in response to actual or expected climatic stimuli and their 
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effects or impacts. This term refers to changes in processes, practices, or structures to moder-
ate or offset potential damages or to take advantage of opportunities associated with changes 
in climate.

In agriculture, adaptation can be differentiated in the agro-biological system and human 
system. In agro-biological system, adaptation is always reactive, i.e., water stresses to rice 
shows lower rate of transpiration to minimize water stress; whereas, in human systems, it can 
also be anticipatory. Based on spontaneity of adaptation, it can be autonomous or planned 
[21]. Reactive and autonomous responses of human and natural systems do not necessary 
minimize short-term agricultural losses. The ecological, social, and economic costs of rely-
ing on reactive and autonomous adaptation to the cumulative effects of climate change are 
substantial. Also, short-term strategies taken by farmers and private sectors may have nega-
tive affect to long-term environmental damage. Adaptation to non-climatic stresses, however, 
influences adaptation to climate change, because it may increase the risk on mal-adaptation 
and thus reduce the resilience of a system to subsequence changes in climatic conditions [22]. 
So many of these costs can be avoided through planned and anticipatory adaptation. IPCC 
[19] report suggests that appropriately designed many adaptation strategies could provide 
multiple benefits in the medium and longer terms.

1.3. Climate change adaptation in agriculture of Nepal

In order to strengthen planned adaptation, Nepal has developed different policies and setup 
institutions. The Climate Change Policy (2011) and National Adaptation Programme of 
Action (NAPA) are the principal national-level policy and planning documents on climate 
change. To implement NAPA priorities at the local level, the government initiated of Local 
Adaptation Plans of Action (LAPAs) which involve the integration of top-down and bottom-
up approaches to mainstream adaptation into planning from the local to the national level. 
Guidelines for LAPAs are included in the National Framework on Local Adaptation Plans for 
Action (Ministry of Environment, 22 November 2011), which provides the framework for the 
NAPA (and the Climate Change Policy 2011) to meet its mandatory provisions to disburse at 
least 80% of the available budget for the implementation of adaptation and climate change 
activities at the local level.

Ministry of Agriculture and Development (MOAD) has formulated Agriculture Development 
Strategy (ADS) 2015, which has a key component of biodiversity conservation and climate 
change adaptation and mitigation by (i) support the Local Adaptation Plan for Action (LAPA), 
(ii) scale up the interventions on soil conservation and watershed management including mea-
sures to promote adoption of sloping Agriculture Land Technology (SALT), and crop man-
agement practices (crop rotation, tillage, etc.), (iii) develop with policy decision, implement, 
and scale up schemes related to payment of environmental services including carbon seques-
trations, and (iv) promote use of alternative/renewable energy and energy saving scheme 
among the local forestry groups. Recently, Ministry of Population and Environment has been 
in the process of preparing National Adaptation Plan (NAP) building on NAPA. While NAPA 
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was immediate and short-term responses, NAP has planned to identify vulnerability and 
adaptation response for medium- (by 2030) and long-term (by 2050).

However, there seems still gaps and lack of understanding on how climate change impacts 
and adaptation needs will be identified and monitored in medium- and long-term. Even 
though many policies and plans have been formulated in favor of agriculture, but poorly 
executed within current institutional system. It is still a challenge for Nepal to comply its 
adaptation strategies with the existing and future climate change impacts and its uncer-
tainty. With a wide micro-climatic variations and poorly managed limited hydro-metrologi-
cal stations, weather-smart agricultural interventions, and crop-yield forecasting have a long 
way to go. In most cases, farmers are autonomously adapting with perceived climate risk in 
the local context. Nepal is still facing a challenge to identify and catalyze adaptive innova-
tions, which can make agriculture resilience to the future climate change impact and associ-
ated uncertainty.

1.4. Conceptual framework of study

No matter what climate change adaptation options are and how they are determined, it should 
be climate adaptive with existing and future climate change. Accomplishing this task requires 
analysis of adaptation of farming and food systems from multiple lenses and approaches. 
Agricultural innovation system research has provided much useful information on the nature 
and dynamics of agricultural production systems and their responses to climatic and non-
climatic stimuli. It characterizes agriculture as a complex system, within which changes are 
driven by the joint effects of economic, environmental, political, and social forces [23, 24]. This 
approach emphasizes the need to move from linear technology transfer model to more complex, 
process-based, interactive, and systems-oriented view of agricultural change and innovation.

In this chapter, we combine ideas on climate change adaptation with agricultural innova-
tion and conceptualize climate adaptive agricultural innovation to understand and analyze 
adaptive responses of farmers and the local actors in relation to different stimuli from cli-
mate change and other socio-economic drivers. In understanding climate adaptive agricul-
ture innovations, how farmers perceive risks and how they respond is certainly important, 
but how other actors and institutions mediate and shape even the farmers’ perception and 
capacity is equally, and perhaps more, important in certain situations. Different studies have 
shown that decisions involving changes in agriculture are made at different levels by different 
agricultural actors that are interrelated with each other to form new pattern of agricultural 
system. In agricultural systems, farmers are the key actors, but they are not the autonomous 
agents. They are connected with traders, extension agents, fellow farmers, seed suppliers, and 
government regulators. The nature of farmer action is partly what farmer knows and partly 
what other actors advise or entice. In this research, we aim to explore the nature of such rela-
tions in relation to different innovations (Figure 1).

Our presumption is that farmers and agricultural stakeholders have been adopting their 
practices in relation to climate change and other drivers. But, due to the longer-term changes 
involved in climate regime, interventions based on local perceptions may not be fully adaptive 
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to current and future potential risks. Establishing linkages among drivers, climate risks, and 
adaptation processes with respect to specific risks and opportunities can generate important 
insights into how climate change adaptation policy approach can be reframed to enable such 
adaptive practices in agriculture. Climate adaptive innovation practices are being been evalu-
ated through farm productivity, resilience and equity; however farm and farmers’ resilience is 
center of all.

2. Methodology

Both qualitative and quantitative inquiry approach has been taken for this study. Qualitative 
Inquiry approach has been taken to gather human experiences as a subjective experi ence, in 
different social context, and in historical time [25]. It is more to uncover knowledge about how 
farmers think and feel about different climatic stresses and their responses in local circum-
stances in which they find themselves.

Based on review of adaptation theories and innovation approaches, researchers primarily 
draw climate adaptive agricultural innovation framework. We look more at how the key actors 
like farmers, service providers, and regulators perceive, learn, and respond to diverse impacts 
of climatic change and variability on agriculture. Majorly, primary data are gathered from 
various studies conducted by the authors, including the one conducted with support from 
Climate Change Agriculture and Food Security (CCAFS), titled “Climate Adaptive Innovation: 
A Study of Agricultural Adaptation and Innovations in the Indo-Gangetic Plains, South Asia”. 

Figure 1. Conceptual framework of study.
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Our presumption is that farmers and agricultural stakeholders have been adopting their 
practices in relation to climate change and other drivers. But, due to the longer-term changes 
involved in climate regime, interventions based on local perceptions may not be fully adaptive 
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to current and future potential risks. Establishing linkages among drivers, climate risks, and 
adaptation processes with respect to specific risks and opportunities can generate important 
insights into how climate change adaptation policy approach can be reframed to enable such 
adaptive practices in agriculture. Climate adaptive innovation practices are being been evalu-
ated through farm productivity, resilience and equity; however farm and farmers’ resilience is 
center of all.

2. Methodology

Both qualitative and quantitative inquiry approach has been taken for this study. Qualitative 
Inquiry approach has been taken to gather human experiences as a subjective experi ence, in 
different social context, and in historical time [25]. It is more to uncover knowledge about how 
farmers think and feel about different climatic stresses and their responses in local circum-
stances in which they find themselves.

Based on review of adaptation theories and innovation approaches, researchers primarily 
draw climate adaptive agricultural innovation framework. We look more at how the key actors 
like farmers, service providers, and regulators perceive, learn, and respond to diverse impacts 
of climatic change and variability on agriculture. Majorly, primary data are gathered from 
various studies conducted by the authors, including the one conducted with support from 
Climate Change Agriculture and Food Security (CCAFS), titled “Climate Adaptive Innovation: 
A Study of Agricultural Adaptation and Innovations in the Indo-Gangetic Plains, South Asia”. 

Figure 1. Conceptual framework of study.
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Figure 2. Map of Nepal showing CCAFS blocks.

This study blends both qualitative and quantitative methods—combining a detailed case 
study of rice-wheat system with quantitative survey from four different CCAFS Block1 (CB) 
of Terai, Nepal.

We purposively selected four districts (Sunsari, Rupandehi, Banke, and Kanchanpur) as our 
research site. Among five CBs of Nepal, only Sarlahi was not included mainly because of 
practical feasibility conducting the field work due to security situation at particular time. 
CBs2 of Nepal are representative sites of Indo-Gangetic Plains in Nepal popularly known as 
Terai land [26]. The rice-wheat system is a common cropping practice in southern lowland 
Terai region, the bread basket for entire country. The two crops in the rice-wheat system 
together contribute more than 72% of total cereal production of Nepal [27]. Rice-wheat system 
is largely practiced in low land areas due to abundant fertile alluvial soils.

In order to conduct qualitative studies, Rupandehi district is selected, which is a lowland 
Terai of west-central Nepal. In the district, we purposively selected Hattibangai village devel-
opment committee (VDC) for our detailed case study—considering the dynamic responses 
of agricultural stakeholders in the area. The VDC is located at the bank of Tinau River and 
is close to a major town in Nepal called Bhairhwa (Siddhartha Municipality). It is accessible 
by a black-topped road that crosses the village, and all the nine wards of the VDC are also 
connected to gravel roads. The community is heterogeneous comprising mixed caste groups 
and indigenous groups and new migrants. There are altogether 1076 households in the VDC 
spread out in the nine wards. Agriculture is either rainfed or irrigated through deep tube 
wells. The average land holding is 0.91 ha (Figure 2).

1Climate Change Agriculture and Food Security (CCAFS).
2CCAFS blocks are 10 × 10 sq. m areas, where baseline survey has already been conducted by CGIAR Research Pro-
gramme on Climate Change Agriculture and Food Security.
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Primary data were collected through different tools. Household survey was carried out in 
all four CCAFS block. Where as key informant interviews (KIIs) at community and district 
levels and focus group discussions (FGDs) with women and poor farmers, and household 
focused case-lets were done only in CCAFS block of Rupandehi district. During discussion 
and survey, climate-related questions were asked in later stage so as to avoid bias answer 
from participants.

All together 80 households, 20 households from each CB were selected for sampling survey. 
To make households more representatives in household’s survey, three villages of CBs were 
selected using the map and list of villages from the CCAFS baseline data. Three villages of 
200 hhs each located in 1 km of North-West corner of block, closest to center of block, and 
within 1 km of SE corner of block were taken for survey. With help of key informants in vil-
lage, list of households were categorized into (a) big farmers and (b) small-marginal (land-
poor) farmers. Among of them, sample of three big farmers and three small-marginal farmers 
were randomly selected from two corners of the block, whereas a sample of four big farmers 
and four small farmers were selected from the center.

3. Findings and discussion

3.1. Agricultural system changes and innovation

There are continuous changes observed in agriculture of Terai, Nepal. In dominant rice-wheat 
system, farmers have introduced multiple changes. Most of the respondent farmers were 
smallholders and were practicing subsistence agriculture followed by selling marketable sur-
plus agri-products. Leasehold or share-cropping was very common to meet the need of suf-
ficient food. Besides, agriculture was not only basis of livelihood; in fact, remittance played 
significant role in household annual income.

In recent years, farmers have either shifted to different agricultural practices or adopted new 
crop management practices. Nearly, 60% of respondent farmers shifted to new agricultural 
commodities. Vegetable cultivation was a chief source of new income sources to farmers. In 
most cases, winter-wheat crops were replaced by vegetable crops. About 50% of the respon-
dent farmers of Banke district and 35% of the Kanchanpur district added vegetables. However, 
only 15% of respondents of Sunsari and 5% of Rupandehi district added vegetable crops in 
their farm. Around 5% of respondent of Kanchanpur district shifted to poultry production. 
A huge shift in banana farming was also observed in Rupandehi and Sunsari district. More 
than 15% respondent farmers of Rupandehi and 10% of Sunsari switched to banana (Table 1).

Most of them reported that shifting to new crops was more for higher income and for market 
security of these crops. It was noticed that most of the smallholder farmers had gone to such 
new changes. Smallholder famers did not prefer to cultivate rice-wheat crops.

One of the smallholder farmers of Rupandehi told us “In wheat production I used to have a return 
of only NPR 20-25 thousand per 0.75 hectare of land, but in banana farming, it is possible to have a net 
income of more than NPR. 0.3 million.”
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system, farmers have introduced multiple changes. Most of the respondent farmers were 
smallholders and were practicing subsistence agriculture followed by selling marketable sur-
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commodities. Vegetable cultivation was a chief source of new income sources to farmers. In 
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dent farmers of Banke district and 35% of the Kanchanpur district added vegetables. However, 
only 15% of respondents of Sunsari and 5% of Rupandehi district added vegetable crops in 
their farm. Around 5% of respondent of Kanchanpur district shifted to poultry production. 
A huge shift in banana farming was also observed in Rupandehi and Sunsari district. More 
than 15% respondent farmers of Rupandehi and 10% of Sunsari switched to banana (Table 1).

Most of them reported that shifting to new crops was more for higher income and for market 
security of these crops. It was noticed that most of the smallholder farmers had gone to such 
new changes. Smallholder famers did not prefer to cultivate rice-wheat crops.

One of the smallholder farmers of Rupandehi told us “In wheat production I used to have a return 
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Those farmers continuing similar crops have changed their crop management practices. 
However, time-related changes (changing time of agronomic management practices) was 
very less as compared to technological changes of crop management practices. Around 66% 
of respondents adopted new technology in land preparation. Farmers started to use tractors 
for land preparation. After decline of bullocks, use of tractors was common among farmers. 
However, introduction of tractor is not new in Nepal; a large number of farmers were also 
using tractors previously. In addition, farmers are also using new machines like rotavators3 
for land preparation during winter season for wheat crops. This has minimized the multiple 
tillage practices. Similarly, use of rotavators reduced the problem of water stress problem for 
low soil moisture by multiple tillage practices. More than 81% respondent farmers adopted 
new varieties in similar crops. In Hattibangai area of Rupandehi, more than 80% of farmers 
were using Indian hybrid rice (Gorakhnath) and Nepali drought tolerant Radh-4 rice varieties. 
Around 61% respondent farmers changed sowing and transplanting technologies. There were 
also significant changes in post-harvest operations technologies and use of pesticides, whereas 
shift in irrigation and harvesting technology was done by 66 and 64% of farmers, respectively.

Most of the respondents changed time of agronomic practices due to use of tractors, rotava-
tor, and zero tillage accessories and combine harvesters. Also, time-related changes are more 
determined by adoption of new short duration varieties. Currently, time and frequency of 
multiple land preparations have changed. Majority of the farmers were being fully dependent 
on these new mechanical tools for land preparation (Table 2).

A research conducted by Thapa [28] used logistic regression model to analyze influencing 
non-climatic factors to switch new crops. Among the factors, contact with government organi-
zations, climate awareness, subsistence farming were insignificant; whereas, small landhold-
ing farmers were 3 times more likely to switch toward new crops. Farmers’ motive to switch 
new crops was largely driven by market profit. Similarly, farmers consulting to agro-vet were 

3Zero tillage accessories are used in tractor for sowing wheat seed in row, and rotavetors are used to prepare land.

Block name Old New Percentage of farmers

Banke Rice-wheat Vegetable 50

Kanchanpur Rice-wheat Vegetable 35

Rupandehi Rice-wheat Vegetable 5

Sunsari Rice-wheat Vegetable 15

Rupandehi Rice-wheat Banana 15

Sunsari Rice-wheat Banana 10

Kanchanpur Rice-wheat Poultry 5

Rupandehi Rice-wheat Pond fish 5

Field survey 2012.

Table 1. Households changing agricultural component/commodities over the 5 years.
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4.8 times more likely to switch toward new crops. Famers consulting agro-vet got exposure on 
benefit from new crops as well as technical inputs for growing new crops.

Within rice-wheat system, farmers have adopted new practices such as improved varieties 
of rice and wheat from India as well as some released and registered varieties from Nepal. 
Improved varieties or rice imported from India and adopted by farmers are, Sarju 52, Sarju-
49, Sava Mansuli, and Gorakhnath Gold. Similarly, Nepali improved varieties of rice adopted 
by farmers of Rupandehi are Mansuli, Loktantra, Mithila, Radha-4, and Barkhe-2b [29]. For 
wheat crops, National Wheat Research Program (NWRP) Rupandehi has introduced differ-
ent varieties of wheat Bijay, Adhitya, and Brikuti with such characteristics as early maturing, 
drought resistance, and tolerance to pests and diseases. They are also popular among farmers 
of Rupandehi district [30].

Similarly, fish farming, which gives a higher return in a shorter period than rice farming, 
has also been adopted by farmers as a response to the repeated problems of floods washing 
away the rice crop and of declining yields. As a result of this development, farmers’ income 

Agriculture management 
practices

Changes in Block name Total

Banke Kanchanpur Rupandehi Sunsari

1. Land/soil preparation Time 25 50 55 25 39

Technology 40 55 100 70 66

2. New/crops varieties Time 25 65 65 75 58

Technology 75 75 100 80 82

3. Sowing/transplanting Time 11 75 35 80 51

Technology 11 90 70 75 63

4. Purchase/use of pesticides Time 100 30 50 50

Technology 44 95 100 70 78

5. Irrigation Time 70 100 65 50 71

Technology 55 95 100 20 68

6. Harvesting Time 60 74 100 45 70

Technology 60 74 100 30 66

7. Use/purchase of new 
agricultural implements

Time 50 — 40 30 24

Technology 50 30 65 60 51

8. Post harvest operations Time 30 21 46 35 32

Technology 20 40 90 50 50

9. Marketing Time 20 5 — — 7

Technology 10 10 — 5 7

Field survey 2012.

Table 2. New changes in agriculture management practices (in percentage).
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has increased due to fish farming, but at the cost of a decreasing rice plantation area [29]. 
Farmers of Rupandehi have gone through series of agricultural experiments in their farms 
such as cash crops, vegetables, banana, fish, and other management practices [31]. A CCAFS 
sites in Rupandehi exhibit the highest levels of diversity in production, with over 50% of sur-
veyed households producing more than eight different products [32]. However, such changes 
are shaped by different factors. In lowland with clay soils, farmers have shifted to fish pond 
where as in low sandy loam soils, farmers have shifted to banana crops.

If we see the household priorities and behavior, in terms of flexibility toward adaptive change 
and belief in investing in new innovations, smallholders’ farmers are adopting labor intensive 
income oriented cash crops. Whereas, large holder famers managed labor scarcity, thereby 
increased use of new machines. There are other changes and adaptation responses such as (i) 
increasing attraction toward crop security program, (ii) changing their seeds in 2–3 years, (iii) 
crop rotation with legume crops, (iv) increasing trend of groups and co-operatives formation 
and private agro-vets.

3.2. Climate change realities and farmers’ perceptions

However, all the changes in agriculture of Terai are not well informed by existing climate 
change. It seems more autonomous with certain climate stimuli and market. There exist huge 
gaps in understanding the climate adaptability of these changes and adaptation responses. 
Local people shared some experiences of the climate conditions, but most of the respondents 
were not aware about climate change. However, they have felt different climate extreme 
events and negative impact to agricultural production. Farmers were showing their direct 
concerns on precipitation rather than temperature-related issues. Rice farmers were wor-
ried about uncertain monsoon rainfall. Delayed and uncertain monsoon has left farmers in 
dilemma specially in raising the nursery bed.

One of the farmers of Gargatti village of Rupandehi remembered. “It used to be delay in mon-
soon rainfall in the past years but this year it was early rain and we did not have rice seedlings for 
transplanting. Rainfall was continuous but we were unable to transplant rice”. A Chief of District 
Agriculture Development Office (DADO) added “monsoon came early in last year and very less 
precipitation was seen in August and September, drastic reduction in mid and late varieties like Sawa 
Mansuli and Sunaulo Sugandha varieties of rice”.

While asking famers about their future risk perception, 49% farmers said drought as very seri-
ous risk in future as well and 55% farmers feel that somewhat serious.

In case of temperature related changes, only few of them linked to their current agricultural 
practices. Wheat farmers have felt that wheat-growing season is being delayed. Usually, the 
farmers used to seed wheat during first week of November. But now, they have shifted to the 
third week of November. Senior Scientist from National Wheat Research Program (NWRP) 
told us that generally November 15 is used to be the appropriate time for wheat sowing, but 
now wheat sown 10 days later gives more yield.

However, famers’ perception on climate change and overall ranking taken from weighted 
mean showed six major climatic stresses perceived by farmers. Rainfall difficult to predict, 
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drought, increasing summer temperature, monsoon starts earlier, winter has become cooler, 
and more rainfall intense rainfall during monsoon were ranked from one to six.

The analysis of 30 years climate data shows that there is evidence of climate change in the 
study site. Monsoon precipitation anomaly generated from 30 years monthly rainfall data 
from the nearest meteorological station (Bhairahawa Airport) highlighted the decreasing 
trend of precipitation in the area. This is linked with the farmers’ perceptions on increas-
ing drought condition and increasing summer temperature. Interestingly, drought was more 
emphasized by local leader farmers and district stakeholders and agro vets. However, there 
were floods in the years of 1981, 1984, 1989, 1998, and 2006.

However, our survey finding revealed drought as fifth important observation. This might be 
due to excess use of ground water for irrigation. Farmers were using their boring water for 
irrigation. Farmers in Hattibangai and Rupandehi areas have also perceived decline of water 
table. Farmers reported that deep-tube wells/boring sets need to go further depth for har-
vesting water. According to farmers’ perception, water table has declined from 180 to 280 ft. 
A research conducted by Dahal et al. [33] suggested decline of water table in nearby areas. 
Even some of the Shallow Tube Wells (7.62 m) were dried during dry season (from April 
to June) in many cases in the vicinity of the Tinau River. However, drying of Shallow Tube 
Wells (STW) was linked with excess riverbed extraction of Tinau River. In the same paper, it 
was clearly argued that decline of water table of deeper STW depths from 28.96 to 36.58 m 
were not affected by the extraction in the Tinau River. In the case of Hattibangai and nearby 
VDCs, Bhairawa Lumbini Groundwater Project constructed number of deep boring sets for 
irrigation purpose. Excess of ground water harvesting by deep boring sets led to the decline 
of water table. In case of declining precipitation, water table failed to recharge as per required. 
So, we can conclude that decline of water table is more linked with decrease of precipitation.

The analysis of 30 years of temperature data shows a slight increase in minimum tempera-
tures while maximum temperatures have remained the same [29]. While taking farmers 
perceptions, 49% respondent farmers’ perceived decrease of winter temperature and 81% 
of farmers accepted negative effects due to chilling winter. However, climate data showed 
increase of minimum temperature. Few farmers’ perceptions were matched with the climate, 
while others did not. While analyzing the perception of farmers on rainfall, around 42% of 
respondents reported that intensity of rainfall was increasing, while precipitation analysis 
showed a decline of rainfall during the last 10 years. However, if we look at the precipitation 
of Butwal station, sharp increase in rate of precipitation was observed [28].

Late monsoon and hotter winter were insignificant to explain influencing climatic factors to 
switch crops. Farmers experiencing drought were 5.5 times more likely to switch new crops, 
as compared to those who did not experience drought as a problem. Similarly, farmers expe-
riencing early winter more severe were 8 times more likely to switch new crops [28].

Since the study was conducted in rainfed area, farmers significantly used tube wells for 
irrigation. However, it was more costly and farmers were demotivated for frequent use of 
tube wells. Similar with our research finding, another research of Gauchan and Gumma [34] 
showed that drought incidence has increased in Nepalese context. This study analyzed pro-
duction and productivity by analyzing satellite images taken spatially and temporally on 
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and private agro-vets.

3.2. Climate change realities and farmers’ perceptions

However, all the changes in agriculture of Terai are not well informed by existing climate 
change. It seems more autonomous with certain climate stimuli and market. There exist huge 
gaps in understanding the climate adaptability of these changes and adaptation responses. 
Local people shared some experiences of the climate conditions, but most of the respondents 
were not aware about climate change. However, they have felt different climate extreme 
events and negative impact to agricultural production. Farmers were showing their direct 
concerns on precipitation rather than temperature-related issues. Rice farmers were wor-
ried about uncertain monsoon rainfall. Delayed and uncertain monsoon has left farmers in 
dilemma specially in raising the nursery bed.

One of the farmers of Gargatti village of Rupandehi remembered. “It used to be delay in mon-
soon rainfall in the past years but this year it was early rain and we did not have rice seedlings for 
transplanting. Rainfall was continuous but we were unable to transplant rice”. A Chief of District 
Agriculture Development Office (DADO) added “monsoon came early in last year and very less 
precipitation was seen in August and September, drastic reduction in mid and late varieties like Sawa 
Mansuli and Sunaulo Sugandha varieties of rice”.

While asking famers about their future risk perception, 49% farmers said drought as very seri-
ous risk in future as well and 55% farmers feel that somewhat serious.

In case of temperature related changes, only few of them linked to their current agricultural 
practices. Wheat farmers have felt that wheat-growing season is being delayed. Usually, the 
farmers used to seed wheat during first week of November. But now, they have shifted to the 
third week of November. Senior Scientist from National Wheat Research Program (NWRP) 
told us that generally November 15 is used to be the appropriate time for wheat sowing, but 
now wheat sown 10 days later gives more yield.

However, famers’ perception on climate change and overall ranking taken from weighted 
mean showed six major climatic stresses perceived by farmers. Rainfall difficult to predict, 
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drought, increasing summer temperature, monsoon starts earlier, winter has become cooler, 
and more rainfall intense rainfall during monsoon were ranked from one to six.

The analysis of 30 years climate data shows that there is evidence of climate change in the 
study site. Monsoon precipitation anomaly generated from 30 years monthly rainfall data 
from the nearest meteorological station (Bhairahawa Airport) highlighted the decreasing 
trend of precipitation in the area. This is linked with the farmers’ perceptions on increas-
ing drought condition and increasing summer temperature. Interestingly, drought was more 
emphasized by local leader farmers and district stakeholders and agro vets. However, there 
were floods in the years of 1981, 1984, 1989, 1998, and 2006.

However, our survey finding revealed drought as fifth important observation. This might be 
due to excess use of ground water for irrigation. Farmers were using their boring water for 
irrigation. Farmers in Hattibangai and Rupandehi areas have also perceived decline of water 
table. Farmers reported that deep-tube wells/boring sets need to go further depth for har-
vesting water. According to farmers’ perception, water table has declined from 180 to 280 ft. 
A research conducted by Dahal et al. [33] suggested decline of water table in nearby areas. 
Even some of the Shallow Tube Wells (7.62 m) were dried during dry season (from April 
to June) in many cases in the vicinity of the Tinau River. However, drying of Shallow Tube 
Wells (STW) was linked with excess riverbed extraction of Tinau River. In the same paper, it 
was clearly argued that decline of water table of deeper STW depths from 28.96 to 36.58 m 
were not affected by the extraction in the Tinau River. In the case of Hattibangai and nearby 
VDCs, Bhairawa Lumbini Groundwater Project constructed number of deep boring sets for 
irrigation purpose. Excess of ground water harvesting by deep boring sets led to the decline 
of water table. In case of declining precipitation, water table failed to recharge as per required. 
So, we can conclude that decline of water table is more linked with decrease of precipitation.

The analysis of 30 years of temperature data shows a slight increase in minimum tempera-
tures while maximum temperatures have remained the same [29]. While taking farmers 
perceptions, 49% respondent farmers’ perceived decrease of winter temperature and 81% 
of farmers accepted negative effects due to chilling winter. However, climate data showed 
increase of minimum temperature. Few farmers’ perceptions were matched with the climate, 
while others did not. While analyzing the perception of farmers on rainfall, around 42% of 
respondents reported that intensity of rainfall was increasing, while precipitation analysis 
showed a decline of rainfall during the last 10 years. However, if we look at the precipitation 
of Butwal station, sharp increase in rate of precipitation was observed [28].

Late monsoon and hotter winter were insignificant to explain influencing climatic factors to 
switch crops. Farmers experiencing drought were 5.5 times more likely to switch new crops, 
as compared to those who did not experience drought as a problem. Similarly, farmers expe-
riencing early winter more severe were 8 times more likely to switch new crops [28].

Since the study was conducted in rainfed area, farmers significantly used tube wells for 
irrigation. However, it was more costly and farmers were demotivated for frequent use of 
tube wells. Similar with our research finding, another research of Gauchan and Gumma [34] 
showed that drought incidence has increased in Nepalese context. This study analyzed pro-
duction and productivity by analyzing satellite images taken spatially and temporally on 
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rice crops and drought years. This can be predicted that with increasing climate change, such 
situation can be further devastating. Amgain et al. [35] in their simulation study in Indian 
context indicated that increments in both maximum and minimum temperatures by 4°C 
decreases rice yield by 34% and wheat yield by 4% as compared to base scenario with current 
weather data. However, in Nepalese context, hot summer was significant, but farmers were 
0.144 times less likely to switch crops as compared to that respondent who did not experience 
hot summer. These research findings suggest that farmers are changing cropping pattern as a 
short-term strategic actions to cope with problem of water.

It is obvious that farmers have experienced climate risk. Their perceptions on climate change 
and consequences were sometime matched with climate data analysis, whereas contradictory 
in many cases. There are strong gaps existing between the predicted level of climate change 
and the actual adaptive actions among both the farmers and other locally based agriculture 
stakeholders, suggesting the deficit of processes and institutions to facilitate adaptive inno-
vations. By and large, climate science data still remains within the research institutions, not 
readily accessible to agricultural actors.

3.3. Adaptive innovation support system

Adaptive activity does not occur in institutional vacuum [36]; range of institutions from 
household to community to government systems affect choices of individual farmers. Several 
institutional changes are noticeable.

Extension policies supported the formation of cooperative groups, which enable to continue 
banana farming, rice-wheat crop intensification, and farm mechanization. Promoting private 
sector policies encouraged to establish agro-vets in local level, providing seeds/pesticides and 
technical information to vegetables growers. Generally, farmers contact to government orga-
nizations for new agricultural implements, whereas co-operatives and private agro vets for 
seeds and pesticides, respectively. Farmers are usually depending on local institutions like 
co-operative, VDC level government agricultural service centers. However, climate informa-
tion was not shared by such institutions. Farmers have limited access to climate related infor-
mation. Only 23% farmers were getting weather forecasts. Among of them, 36.3% of them 
were receiving from radio. 31.5% from community meetings, 25% farmers from “extension 
workers” and 14% from “neighbors.” Whereas, the use of “mobile phone,” “email/internet,” 
and “newspaper” were relatively very low.

Farmers usually do not visit meso-level institutions located at district for climate agricultural 
information. Farmers’ perceptions and responses toward climate change are more autono-
mous actions and lesser based on scientific knowledge of climate change gained from exten-
sion services. Still there are key barriers like poor access to mass media, and poor information 
flow on climate change. Farmers think for need of more community meetings and workshop 
facilitated by meso-level extension agencies rather than mobile SMS and other mass media. 
Agricultural extension system, which is largely within government, is also slow to adapt and 
communicate climate science to farmers, as there is still limited institutional priority accorded 
in processing and communicating the scientific knowledge.
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Market is becoming an important driver to agricultural change. It is not just the market of 
agricultural inputs or outputs but also the opportunity costs or the relative value of substi-
tutes for producing agricultural commodities. With the shut down of the sugar factory in 
Rupandehi district, it was a poor demand for sugarcane and so farmers switched to banana 
crops. Market has become a handy provider of inputs and even technical advices to farmers. 
Seed store/agro-vets are examples local agribusinesses, which largely influence decisions of 
farmers. Larger equipment such as tractors/other farm mechanization tools are also available 
in the small and medium size towns. These also make it possible for the small farmers to 
access the services of relatively costly equipment on per hour basis without a need to own. 
Besides, sometime farmers suffered with numerous problems regarding different issues of 
crop failure due to seed sterility, low market price, and unavailability of seeds and fertiliz-
ers. Adaptive innovations are not just steered through incentives or disincentives offered by 
policy or something that occur in response to the market based incentives.

Technologies are being introduced in farms with multiple interactions of market, extension 
and farmers network. Currently, Terai of Nepal has different levels of technological sophis-
tication in agriculture. Government policies and market forces both promoted mechaniza-
tion. Subsidies exist to enable farmers to have access to technologies. But, the production 
focus is not clearly articulated with longer-term adaptation to climate change. Some climate-
friendly technologies introduced earlier are lesser practiced by farmers such as zero tillage, 
integrated pest management (IPM), and sustainable soil management (SSM). There is a lack of 
fundamental rethinking on the need to link technology with sustainability and resilience. In 
Rupandehi, zero tillage was introduced to farmers to sow wheat as soon as rice is harvested, 
and the crop matures before hot winds of spring shrivel undeveloped grains. However, farm-
ers are more attracted toward rotavator, which have many negative implications to soil prop-
erties and moisture conservation.

Civic engagement compliments an important part [37, 38] in climate adaptive innovation. This 
includes farmer-to farmer co-operation, formation of associations for advancing the interests 
and concerns, and even lobbying with political leaders on policy issues affecting agriculture. 
There seems increasing number of farmers’ organizations/network (formal/informal), espe-
cially groups of farmers. Hattbangai, Rupandehi has diverse groups—famer groups, women 
farmer groups, saving credit groups, few groups form by DDC/VDC and I/NGOs. They have 
introduced different agriculture practices and farmers were overwhelmingly positive to the 
opportunity they received in participating in various activities. More than 76% of respondent 
farmers found it useful. As the Nepal’s political environment is becoming democratic, farm-
ers have enjoyed more opportunities in organizing themselves. However, there was also a 
challenge to active civic engagement due to factional divisions among political parties.

Agriculture policy approach continues to be top-down and linear [39] while there is an 
increasing need for “a comprehensive and dynamic policy approach, covering a range of 
scales and issues” [40] in the context of climate change. The formulation of NAP-Agriculture 
and ADS 2015, which aimed to direct the climate change adaptation in agriculture, are more 
or less failed to consider ground realities and complexities of adaptation challenges in farm 
level. To enhance the adaptability of agriculture, short-term and farm-level adaptation actions 
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rice crops and drought years. This can be predicted that with increasing climate change, such 
situation can be further devastating. Amgain et al. [35] in their simulation study in Indian 
context indicated that increments in both maximum and minimum temperatures by 4°C 
decreases rice yield by 34% and wheat yield by 4% as compared to base scenario with current 
weather data. However, in Nepalese context, hot summer was significant, but farmers were 
0.144 times less likely to switch crops as compared to that respondent who did not experience 
hot summer. These research findings suggest that farmers are changing cropping pattern as a 
short-term strategic actions to cope with problem of water.

It is obvious that farmers have experienced climate risk. Their perceptions on climate change 
and consequences were sometime matched with climate data analysis, whereas contradictory 
in many cases. There are strong gaps existing between the predicted level of climate change 
and the actual adaptive actions among both the farmers and other locally based agriculture 
stakeholders, suggesting the deficit of processes and institutions to facilitate adaptive inno-
vations. By and large, climate science data still remains within the research institutions, not 
readily accessible to agricultural actors.

3.3. Adaptive innovation support system

Adaptive activity does not occur in institutional vacuum [36]; range of institutions from 
household to community to government systems affect choices of individual farmers. Several 
institutional changes are noticeable.

Extension policies supported the formation of cooperative groups, which enable to continue 
banana farming, rice-wheat crop intensification, and farm mechanization. Promoting private 
sector policies encouraged to establish agro-vets in local level, providing seeds/pesticides and 
technical information to vegetables growers. Generally, farmers contact to government orga-
nizations for new agricultural implements, whereas co-operatives and private agro vets for 
seeds and pesticides, respectively. Farmers are usually depending on local institutions like 
co-operative, VDC level government agricultural service centers. However, climate informa-
tion was not shared by such institutions. Farmers have limited access to climate related infor-
mation. Only 23% farmers were getting weather forecasts. Among of them, 36.3% of them 
were receiving from radio. 31.5% from community meetings, 25% farmers from “extension 
workers” and 14% from “neighbors.” Whereas, the use of “mobile phone,” “email/internet,” 
and “newspaper” were relatively very low.

Farmers usually do not visit meso-level institutions located at district for climate agricultural 
information. Farmers’ perceptions and responses toward climate change are more autono-
mous actions and lesser based on scientific knowledge of climate change gained from exten-
sion services. Still there are key barriers like poor access to mass media, and poor information 
flow on climate change. Farmers think for need of more community meetings and workshop 
facilitated by meso-level extension agencies rather than mobile SMS and other mass media. 
Agricultural extension system, which is largely within government, is also slow to adapt and 
communicate climate science to farmers, as there is still limited institutional priority accorded 
in processing and communicating the scientific knowledge.
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Market is becoming an important driver to agricultural change. It is not just the market of 
agricultural inputs or outputs but also the opportunity costs or the relative value of substi-
tutes for producing agricultural commodities. With the shut down of the sugar factory in 
Rupandehi district, it was a poor demand for sugarcane and so farmers switched to banana 
crops. Market has become a handy provider of inputs and even technical advices to farmers. 
Seed store/agro-vets are examples local agribusinesses, which largely influence decisions of 
farmers. Larger equipment such as tractors/other farm mechanization tools are also available 
in the small and medium size towns. These also make it possible for the small farmers to 
access the services of relatively costly equipment on per hour basis without a need to own. 
Besides, sometime farmers suffered with numerous problems regarding different issues of 
crop failure due to seed sterility, low market price, and unavailability of seeds and fertiliz-
ers. Adaptive innovations are not just steered through incentives or disincentives offered by 
policy or something that occur in response to the market based incentives.

Technologies are being introduced in farms with multiple interactions of market, extension 
and farmers network. Currently, Terai of Nepal has different levels of technological sophis-
tication in agriculture. Government policies and market forces both promoted mechaniza-
tion. Subsidies exist to enable farmers to have access to technologies. But, the production 
focus is not clearly articulated with longer-term adaptation to climate change. Some climate-
friendly technologies introduced earlier are lesser practiced by farmers such as zero tillage, 
integrated pest management (IPM), and sustainable soil management (SSM). There is a lack of 
fundamental rethinking on the need to link technology with sustainability and resilience. In 
Rupandehi, zero tillage was introduced to farmers to sow wheat as soon as rice is harvested, 
and the crop matures before hot winds of spring shrivel undeveloped grains. However, farm-
ers are more attracted toward rotavator, which have many negative implications to soil prop-
erties and moisture conservation.

Civic engagement compliments an important part [37, 38] in climate adaptive innovation. This 
includes farmer-to farmer co-operation, formation of associations for advancing the interests 
and concerns, and even lobbying with political leaders on policy issues affecting agriculture. 
There seems increasing number of farmers’ organizations/network (formal/informal), espe-
cially groups of farmers. Hattbangai, Rupandehi has diverse groups—famer groups, women 
farmer groups, saving credit groups, few groups form by DDC/VDC and I/NGOs. They have 
introduced different agriculture practices and farmers were overwhelmingly positive to the 
opportunity they received in participating in various activities. More than 76% of respondent 
farmers found it useful. As the Nepal’s political environment is becoming democratic, farm-
ers have enjoyed more opportunities in organizing themselves. However, there was also a 
challenge to active civic engagement due to factional divisions among political parties.

Agriculture policy approach continues to be top-down and linear [39] while there is an 
increasing need for “a comprehensive and dynamic policy approach, covering a range of 
scales and issues” [40] in the context of climate change. The formulation of NAP-Agriculture 
and ADS 2015, which aimed to direct the climate change adaptation in agriculture, are more 
or less failed to consider ground realities and complexities of adaptation challenges in farm 
level. To enhance the adaptability of agriculture, short-term and farm-level adaptation actions 
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of farmers should be made part of the efforts to secure long-term resilience of the entire agro-
ecological systems in the localities. However, regulatory responses have remained mixed, 
but largely ignorant of the current and future effects of climate change on agriculture. In 
Rupandehi, there was a number of ground water projects, which are currently not functioning 
with decline of ground water table. There is continuous deepening of Tinau River, affecting 
irrigation system in long run.

3.4. Outcome of agricultural changes and innovation

Adaptive Innovation and equity: Current status of adaptive innovation practices show a 
number of challenges related to distributional outcomes (equity). In fundamental sense, 
adaptability of agricultural systems also depends on its ability to deliver equity and fair-
ness. Agricultural changes in different farm practices were not always gender friendly. While 
assessing status of women’s workload changed over the past 5 years, 59% of respondent farm-
ers said that workload to women during agricultural field preparation has been decreased. 
However, in sowing crops, 51% of respondent farmers said that workload has been increased. 
With use of tractors, combine harvester, rotavators, and irrigation related used of boring sets 
supported the traditionally defined work of men. Whereas women-involved work such as 
intercultural operations and sowing of crops were less supported by current mechanization. 
In fact, in some cases, women suffered more. For example, women of those involved in banana 
farming invested their extra time and effort for fertilizer and pesticide applications. While on 
marketing, processing, and storage, we had mixed perceptions on increased, decreased, and 
no difference. However, slightly more percentage of farmers were saying that workload had 
decreased. Basically, decisions on these changes are done by male members who may lead 
to less adoption of women friendly technologies in sowing, transplanting, and post-harvest 
operations. More than 75% farmers told that farming decision was taken by male members 
(Table 3).

Activities Decreased Increased No difference

1. Getting agri-inputs 26 18 36

2. Agricultural field preparation 39 17 24

3. Sowing 10 41 29

4. Transplanting 8 48 24

5. Inter-cultural operation 10 53 17

6. Harvesting 25 41 14

7. Processing 30 27 23

8. Storage 34 27 19

9. Marketing 31 14 35

Field survey 2012.

Table 3. Status of women’s workload change over the past 5 years (in number).
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A number of observations can be made with regard to the equity aspects. Most of the agricul-
tural technology has favored large landholders, male members, and there is limited research 
attention to explore and develop pro-poor technology. In some instances, NGO support has 
allowed landless to have access to land and technology. But, there still remains a question on 
institutional sustainability, as there are no links with established and accountable system of 
local and national governments. Much of the technological innovations have not addressed 
the workload of women. Current farm mechanization failed to reduce burden of female farm 
worker.

Adaptive innovation and productivity: Farming systems are organized around small and 
fragmented land holding. In such situations, an adaptive action of farmers takes place in 
small pieces of land and shaped by motive of production maximization. There is little aware-
ness among the meso-level players of agricultural systems on how adaptation and production 
innovations could and should be combined together. The question then is how short adapta-
tion actions of farmers become part of long-term efficient production, such that short-term 
adaptive actions do not hamper the ability of the system to adapt to more intense and large 
scales shocks that are likely in the long run [40]. Some adapt practices such as crop rotation 
in rice-wheat crops with legumes and crop diversifications. Similarly, bio-intensification was 
done by 10% farmers with less priority. Only 23% of farmers carried out any resource con-
servation practices in farm, while none of the famers have conducted organic farming as a 
planned and systemic manner. Fallowing practice has also left by farmers. Only 16% farmers 
left fallow for scientific practice.

Current service delivery system is still dominated by state agencies and there is a lack of 
mechanisms to ensure other non-state institutions to be responsive to the needs of the farm-
ers. For instance, Nepal’s Agri-Input Corporation (AIC) had problems with farmers in regular 
supply of seeds and fertilizers. Famers often compelled to adopt other high-yielding varieties 
available in market; which are poorly tested local farm context. Famers are overwhelmingly 
using single crop varieties with aim to increased higher production lead to risk of crop failure. 
It requires going beyond “intensification” of agriculture, to link options for sustainability and 
resilience more seriously. Farmers’ ability to engage in climate adaptive innovative practice 
is substantially shaped and mediated by the stakeholders operating at local and meso-levels. 
The capacity of household to cope with climate risks depends to some degree on the enabling 
environment of the community, and the adaptive capacity of the community is reflective of 
the resources and processes of the region [41]. But, everywhere such meso-level institutions 
demonstrate much less adaptive response than the farmers.

Adaptive innovation and resilience: Different farm level changes in agriculture are outcome 
of their transformative learning; triggered disorienting dilemmas to farmers. Social learn-
ing in agricultural and natural resource management has remained a key aspect to keep the 
system resilient. Learning can take place as anticipatory [42] or can occur as transformative 
change [43] following some crisis. In Rupandehi, a severe hailstone in 2000 damaged one vari-
ety (Bhrikuti) of wheat, compared to others (NL 297 and UP-343). Famers are still continuing 
NL 297 variety, which is discouraged by DADO. Farmer shifted to banana from sugarcane 
after sudden shut down of sugar factory lead to extra burden to female farmers. Similarly, 
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with decline of ground water table. There is continuous deepening of Tinau River, affecting 
irrigation system in long run.
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adaptability of agricultural systems also depends on its ability to deliver equity and fair-
ness. Agricultural changes in different farm practices were not always gender friendly. While 
assessing status of women’s workload changed over the past 5 years, 59% of respondent farm-
ers said that workload to women during agricultural field preparation has been decreased. 
However, in sowing crops, 51% of respondent farmers said that workload has been increased. 
With use of tractors, combine harvester, rotavators, and irrigation related used of boring sets 
supported the traditionally defined work of men. Whereas women-involved work such as 
intercultural operations and sowing of crops were less supported by current mechanization. 
In fact, in some cases, women suffered more. For example, women of those involved in banana 
farming invested their extra time and effort for fertilizer and pesticide applications. While on 
marketing, processing, and storage, we had mixed perceptions on increased, decreased, and 
no difference. However, slightly more percentage of farmers were saying that workload had 
decreased. Basically, decisions on these changes are done by male members who may lead 
to less adoption of women friendly technologies in sowing, transplanting, and post-harvest 
operations. More than 75% farmers told that farming decision was taken by male members 
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attention to explore and develop pro-poor technology. In some instances, NGO support has 
allowed landless to have access to land and technology. But, there still remains a question on 
institutional sustainability, as there are no links with established and accountable system of 
local and national governments. Much of the technological innovations have not addressed 
the workload of women. Current farm mechanization failed to reduce burden of female farm 
worker.

Adaptive innovation and productivity: Farming systems are organized around small and 
fragmented land holding. In such situations, an adaptive action of farmers takes place in 
small pieces of land and shaped by motive of production maximization. There is little aware-
ness among the meso-level players of agricultural systems on how adaptation and production 
innovations could and should be combined together. The question then is how short adapta-
tion actions of farmers become part of long-term efficient production, such that short-term 
adaptive actions do not hamper the ability of the system to adapt to more intense and large 
scales shocks that are likely in the long run [40]. Some adapt practices such as crop rotation 
in rice-wheat crops with legumes and crop diversifications. Similarly, bio-intensification was 
done by 10% farmers with less priority. Only 23% of farmers carried out any resource con-
servation practices in farm, while none of the famers have conducted organic farming as a 
planned and systemic manner. Fallowing practice has also left by farmers. Only 16% farmers 
left fallow for scientific practice.

Current service delivery system is still dominated by state agencies and there is a lack of 
mechanisms to ensure other non-state institutions to be responsive to the needs of the farm-
ers. For instance, Nepal’s Agri-Input Corporation (AIC) had problems with farmers in regular 
supply of seeds and fertilizers. Famers often compelled to adopt other high-yielding varieties 
available in market; which are poorly tested local farm context. Famers are overwhelmingly 
using single crop varieties with aim to increased higher production lead to risk of crop failure. 
It requires going beyond “intensification” of agriculture, to link options for sustainability and 
resilience more seriously. Farmers’ ability to engage in climate adaptive innovative practice 
is substantially shaped and mediated by the stakeholders operating at local and meso-levels. 
The capacity of household to cope with climate risks depends to some degree on the enabling 
environment of the community, and the adaptive capacity of the community is reflective of 
the resources and processes of the region [41]. But, everywhere such meso-level institutions 
demonstrate much less adaptive response than the farmers.

Adaptive innovation and resilience: Different farm level changes in agriculture are outcome 
of their transformative learning; triggered disorienting dilemmas to farmers. Social learn-
ing in agricultural and natural resource management has remained a key aspect to keep the 
system resilient. Learning can take place as anticipatory [42] or can occur as transformative 
change [43] following some crisis. In Rupandehi, a severe hailstone in 2000 damaged one vari-
ety (Bhrikuti) of wheat, compared to others (NL 297 and UP-343). Famers are still continuing 
NL 297 variety, which is discouraged by DADO. Farmer shifted to banana from sugarcane 
after sudden shut down of sugar factory lead to extra burden to female farmers. Similarly, 
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farmers started to sow more than two to three varieties of rice after they suffered with a heavy 
insect infestation in one variety, whereas less in others. However, such transformative learn-
ing and knowledge are remained within small farm level.

In some cases, especially when farmers have access to services and information, farmers have 
resorted to adaptive and innovative practices—such as changing cropping patterns, techno-
logical changes. But again, such innovations lack backing by adaptation thinking informed 
by an analysis of current and future effects of climate change and variability. Farmers’ per-
ception toward climate is not part of their systemic analysis of long-term changes in climate. 
Farmers are aware of noticeable variation in weather patterns. Farmers linked their problems 
with hot summer days, erratic nature of monsoon rainfall and drought. However, there exist 
strong gaps between perceptions of climate change and the adaptive actions among both the 
farmers and local stakeholders, suggesting the deficit of processes and institutions to translate 
information into adaptive actions.

Adaptation planning and policy systems have followed traditional sectoral, administrative 
paths, and at times contributed to maladaptation. The nature of risk varies tremendously 
across sites and so are the capacities and resources of the actors. The case of water decline 
is more noteworthy from this point of view—as farmers are all set to maximize individual 
farm production, while there are little public concerns over the declining water quality and 
groundwater stock.

4. Conclusion

This study confirms that farmers are the active agent of change in agriculture. They experi-
ment, introduce, and experiment different farm level changes with a motive to enhance their 
farm production, productivity, and sustaining their agrarian livelihood. Farmers have identi-
fied different adaptive and innovative responses. However, there is still a lack of framework 
to understand and catalyze adaptive responses in such a way that it is informed by long-
term trends in climate change. There are fundamental institutional, technological, and policy 
challenges that restrict the prospect of agricultural innovation required to adapt to changing 
climate. Most of actors have considered private risks in the short run and predominance of 
market logic. This lacks attention to adaptive aspects—still focusing on productivity aspects, 
i.e., monoculture of few crops, high yield varieties (HYVs) face major risks, such as over har-
vesting of natural capital, e.g., ground water.

Farmers’ perception toward climate is not part of their systemic analysis of long-term changes 
in climate. There exist strong gaps between perceptions of climate change and the adaptive 
actions among both the farmers and local stakeholders, suggesting the deficit of processes 
and institutions to translate information into adaptive actions. By and large, climate science 
data still remains within the research institutions, not readily accessible to agricultural actors. 
Agricultural extension system, which is largely within the government, is also slow to adapt and 
communicate climate science to farmers, as there is still limited institutional priority accorded in 
processing and communicating the scientific knowledge. In order to flow of climate information 
and alertness about climate change are essential. It is necessary to cautiously design effective 
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climate information flow system to reached larger numbers farmers. For an agricultural innova-
tion to be climate adaptive, it has to be informed by the expected change in the climate.

Farmers have responded to climatic and socio-economic drivers to agriculture, which involve 
a wide range of social, technological, political, environmental adjustments, often in association 
with a wide range of agricultural stakeholders in the region. But, these changes have not been 
internalized adequately by the institutions and policy systems. In overall, we can conclude 
that current agricultural system demonstrates a number of practices that contribute to adapta-
tion, but it should be well informed by climate information and facilitated by institution and 
policy system that enables agricultural innovation climate adaptive to changing climate.
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Abstract

Warming is expected to lead to drier environments worldwide, especially in the tropics, 
and it is unclear how crops will react. Drought tolerance often varies at small spatial 
scales in natural ecosystems, where many of the wild relatives and landraces of the main 
crops have been collected. Through a series of examples, we will show that collections of 
wild relatives and landraces, many of those deposited at germplasm banks, may repre-
sent this desired source of variation, as they are genetically diverse and phenotypically 
variable. For instance, using a spectrum of genotyping and phenotyping approaches, we 
have studied the extent of genetic and phenotypic diversity for drought tolerance in wild 
and landraces of common bean (Phaseolus vulgaris L.) and compared it with the one avail-
able at cultivated varieties. Not surprisingly, most of the naturally available variation 
to cope with drought in the natural environments was lost through domestication and 
recent plant breeding. It is therefore imperative to exploit the reservoir of wild relatives 
and landraces to make crops more tolerant. Yet, it remains to be seen if the rate at which 
this naturally available variation can be incorporated into the cultivated varieties may 
keep pace with the rate of climate change.

Keywords: drought tolerance, environmental adaptation, genomic signatures of 
selection, agroecological models, divergent selection

1. Common bean: a model to explore the usefulness of wild relatives 
and landraces as a resource for the future

In the present chapter, we review the utility of genome-environment association approaches 
to infer the potential of wild accessions and landraces to make tropical crops more resis-
tant to climate change, using the food crop common bean (Phaseolus vulgaris L.) as a 
model. Wild bean is thought to have diversified and adapted locally in South and Central 
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America from an original range in Central America [1, 2], after which domestication in 
the southern and northern ends of each region gave origin to Andean and Mesoamerican 
domesticates, respectively [3–7]. Both genepools followed somewhat parallel pathways of 
dissemination through the world, generating new secondary centers of diversity in Africa  
and Asia [8].

Common bean is a source of nutrients and protein for over 500 million people in Latin America 
and Africa, and more than 4.5 out of 23 million hectares are grown in zones where drought 
is severe, such as in northeastern Brazil, coastal Peru, the central and northern highlands 
of Mexico, and Eastern and Southern Africa [9, 10]. This situation may worsen as increased 
drought due climate change will reduce global crop production in >10% by 2050 [11]. Increasing 
drought tolerance in common bean varieties is therefore needed. Characterizing geo-refer-
enced landraces and wild accessions of common bean at the genetic level (e.g., Figure 1) and 
quantifying SNP allelic associations with a bioclimatic-based drought index offer an efficient 
path to identify adaptive variation suitable to breed new drought-tolerant varieties.

In the following two sections, we first explain the theoretical bases behind genome-environ-
ment associations, as well as its caveats, (Section 2) and later we exemplify it with concrete 
cases that used geo-referenced landraces and wild accessions of common bean to infer natu-
rally available adaptive variation (Section 3).

2. Strategies to infer adaptability of wild relatives and landraces to 
their natural habitats

Understanding the genomic signatures associated with environmental variation provides 
insights into how species adapt to their environment [13–15]. Recent genomic studies in wild 
populations have demonstrated that genome-environment associations, which are associa-
tions between single-nucleotide polymorphism (SNP) alleles and accessions’ environment of 
origin, can indeed be used to identify adaptive loci and predict phenotypic variation. For 
instance, Turner and Bourne [16] predicted genetic adaptive variation to serpentine soils in 
Arabidopsis lyrata, Hancock and Brachi [17] identified climate-adaptive genetic loci among a 
set of geographically diverse Arabidopsis thaliana, Fischer and Rellstab [18] predicted adaptive 
variation to topo-climatic factors in Arabidopsis halleri, Pluess and Frank [19] predicted genetic 
local adaptation to climate at a regional scale in Fagus sylvatica, and Yeaman and Kathryn [20] 
detected convergent local adaptation in two distantly related species of conifers.

This genome-environment association approach has also been explored in some crop acces-
sions as a prospection strategy of germplasm, alternative to traditional phenotyping. For 
example, Yoder and Stanton-Geddes [21] were able to capture adaptive variation to ther-
mal tolerance, drought tolerance, and resistance to pathogens in Medicago truncatula; Lasky 
and Upadhyaya [22] predicted genotype-by-environment interactions to drought stress and 
aluminum toxicity in Sorghum bicolor; and Berthouly-Salazar and Thuillet [23] uncovered 
genomic regions involved in adaption to abiotic and biotic stress on two climate gradients in 
Cenchrus americanus.
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America from an original range in Central America [1, 2], after which domestication in 
the southern and northern ends of each region gave origin to Andean and Mesoamerican 
domesticates, respectively [3–7]. Both genepools followed somewhat parallel pathways of 
dissemination through the world, generating new secondary centers of diversity in Africa  
and Asia [8].

Common bean is a source of nutrients and protein for over 500 million people in Latin America 
and Africa, and more than 4.5 out of 23 million hectares are grown in zones where drought 
is severe, such as in northeastern Brazil, coastal Peru, the central and northern highlands 
of Mexico, and Eastern and Southern Africa [9, 10]. This situation may worsen as increased 
drought due climate change will reduce global crop production in >10% by 2050 [11]. Increasing 
drought tolerance in common bean varieties is therefore needed. Characterizing geo-refer-
enced landraces and wild accessions of common bean at the genetic level (e.g., Figure 1) and 
quantifying SNP allelic associations with a bioclimatic-based drought index offer an efficient 
path to identify adaptive variation suitable to breed new drought-tolerant varieties.

In the following two sections, we first explain the theoretical bases behind genome-environ-
ment associations, as well as its caveats, (Section 2) and later we exemplify it with concrete 
cases that used geo-referenced landraces and wild accessions of common bean to infer natu-
rally available adaptive variation (Section 3).

2. Strategies to infer adaptability of wild relatives and landraces to 
their natural habitats

Understanding the genomic signatures associated with environmental variation provides 
insights into how species adapt to their environment [13–15]. Recent genomic studies in wild 
populations have demonstrated that genome-environment associations, which are associa-
tions between single-nucleotide polymorphism (SNP) alleles and accessions’ environment of 
origin, can indeed be used to identify adaptive loci and predict phenotypic variation. For 
instance, Turner and Bourne [16] predicted genetic adaptive variation to serpentine soils in 
Arabidopsis lyrata, Hancock and Brachi [17] identified climate-adaptive genetic loci among a 
set of geographically diverse Arabidopsis thaliana, Fischer and Rellstab [18] predicted adaptive 
variation to topo-climatic factors in Arabidopsis halleri, Pluess and Frank [19] predicted genetic 
local adaptation to climate at a regional scale in Fagus sylvatica, and Yeaman and Kathryn [20] 
detected convergent local adaptation in two distantly related species of conifers.

This genome-environment association approach has also been explored in some crop acces-
sions as a prospection strategy of germplasm, alternative to traditional phenotyping. For 
example, Yoder and Stanton-Geddes [21] were able to capture adaptive variation to ther-
mal tolerance, drought tolerance, and resistance to pathogens in Medicago truncatula; Lasky 
and Upadhyaya [22] predicted genotype-by-environment interactions to drought stress and 
aluminum toxicity in Sorghum bicolor; and Berthouly-Salazar and Thuillet [23] uncovered 
genomic regions involved in adaption to abiotic and biotic stress on two climate gradients in 
Cenchrus americanus.
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Nonetheless, since genomic signatures associated with habitat heterogeneity can result 
from causes other than adaptation and selection [24, 25], for example, random genetic drift 
(Figure 2), and are also influenced by differences in ancestral variation and recombination in 
the genome [27–29], some further approaches need to be undertaken to clarify the truth nature 
of the divergent regions. For instance, the origin of habitat-associated variants from novel 
or standing genetic variation leads to distinctively different patterns of genomic divergence 
[30–32]. One approach that can help to distinguish these underlying causes of divergence 
is comparing summary statistics (i.e., Tajima’s D) from different genomic sections because 
demographic processes usually leave genome-wide signatures while selection tends to 
imprint more localized regions [33]. Specifically, habitat-mediated purifying selection is asso-
ciated with localized low values of nucleotide diversity (π) [34] and Tajima’s D [35] and high 
scores of the Watterson’s theta (θ) estimator [36] because only low-frequency polymorphisms 
can avoid being eliminated by widespread directional selection. Although recent population 
bottlenecks tend to achieve the same reduction in nucleotide variation, this pattern is expected 
at a more genome-wide level. Similarly, local adaptation tends to homogenize haplotypes 
within the same niche, fix polymorphisms in different populations, and eliminate low-fre-
quency polymorphism. Consequently, few haplotypes with high frequency are retained, cor-
responding to high values of nucleotide diversity (π) and Tajima’s D and low scores of the 

Figure 2. Multiple causes explain genome-environment associations. External processes, such as divergent selection, 
which is the main focus when assessing adaptation in wild relatives and landraces of crops, is only one of many possible 
causes. At the same time, the genomic background may be homogenized by gene flow [26]. Similarly, background 
selection and genomic features in regions of reduced recombination rate and shared ancestral polymorphism (more 
prone to genetic drift due to their reduced effective population size) could induce hotspots of spurious genome-
environment associations. Therefore, besides external processes driven by natural selection, both inherent properties of 
the genome and the demographic and evolutionary history of the crop influence the extent of the genome-environment 
associations. Modified from Ravinet, Faria [64].
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Watterson’s theta (θ) estimator [33]. Although independent domestication events, extensive 
population structure, and population expansions after bottlenecks can produce the same pat-
terns, these demographic processes also imprint genomes at a more genome-wide level.

In the following two subsections, we explain how to implement genome-environment associa-
tions in order to infer adaptability of wild relatives and landraces to their natural habitats (Section 
2.1) and discuss ways to account for causes, other than adaptation and selection that may be 
shaping the genomic landscape of signatures associated with habitat heterogeneity (Section 2.2).

2.1. Using genome-environment association scans to identify loci associated with 
bioclimatic-based indexes

First of all, in order to account for possible demographic effects, subpopulation structure must 
be determined in geo-referenced landraces and wild accessions using principal coordinate 
analysis (PCoA) implemented in the software Trait Analysis by aSSociation, Evolution and 
Linkage, Tassel v.5 [37]. The same dataset and software can be used to perform association 
analyses between the SNP markers and bioclimatic-based indexes (e.g., [12, 38, 39]).

As a rule of thumb, a total of 10 generalized (GLM) and mixed linear models (MLM) should be 
compared [40]. Within each model family, five models are usually built as follows: (1) model with 
the genepool identity and the first two PCoA axes scores as covariates; (2) models with the within-
genepool subpopulation identity (e.g., [41]) and the first two PCoA axes scores as covariates; (3) 
model with the first two PCoA axes scores as covariates; (4) model with the within- genepool sub-
population identity (e.g., [41]), as covariate; and (5) model with the genepool identity as covari-
ate. All five MLMs usually use a centered IBS kinship matrix as a random effect to control for 
genomic background implementing the EMMA and P3D algorithms to reduce computing time 
[42]. QQ-plots of the P-values should be inspected to assess whether excessive numbers of false 
positives are generated and choose in this way the optimum model. Significant associations are 
determined using strict Bonferroni corrections of P-values at alpha = 0.001, leading, for example, 
to a significance threshold of 4.4 × 10−8 in a usual dataset of ca. 23,000 SNP markers (0.001 divided 
by the number of markers) or -log10(4.4 x 10−8) = 7.36. The construction of customized PCoA and 
Manhattan diagrams can be carried out with the software R v.3.3.1 (R Core Team).

Finally, candidate genes for habitat adaptation can be identified within the 1000 bp sections 
flanking each SNP marker that is associated with a bioclimatic-based index by using the cor-
responding reference genome (e.g., [5]) and the PhytoMine and BioMart tools in Phytozome 
v.12 (phytozome.jgi.doe.gov).

2.2. Accounting for genomic constrains by inspecting genome-wide patterns of 
variation

In order to identify causes other than adaptation and selection that may be shaping the genomic 
landscape of signatures associated with habitat heterogeneity (i.e., genomic  constrains and 
genetic drift), sliding window approaches (e.g., window size = 1 x 106 bps, step size = 200 kb) 
can be implemented to describe patterns of variation and overall divergence across the 
genome. For instance, SNP density, nucleotide diversity as measured by π [34], Watterson’s 
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Nonetheless, since genomic signatures associated with habitat heterogeneity can result 
from causes other than adaptation and selection [24, 25], for example, random genetic drift 
(Figure 2), and are also influenced by differences in ancestral variation and recombination in 
the genome [27–29], some further approaches need to be undertaken to clarify the truth nature 
of the divergent regions. For instance, the origin of habitat-associated variants from novel 
or standing genetic variation leads to distinctively different patterns of genomic divergence 
[30–32]. One approach that can help to distinguish these underlying causes of divergence 
is comparing summary statistics (i.e., Tajima’s D) from different genomic sections because 
demographic processes usually leave genome-wide signatures while selection tends to 
imprint more localized regions [33]. Specifically, habitat-mediated purifying selection is asso-
ciated with localized low values of nucleotide diversity (π) [34] and Tajima’s D [35] and high 
scores of the Watterson’s theta (θ) estimator [36] because only low-frequency polymorphisms 
can avoid being eliminated by widespread directional selection. Although recent population 
bottlenecks tend to achieve the same reduction in nucleotide variation, this pattern is expected 
at a more genome-wide level. Similarly, local adaptation tends to homogenize haplotypes 
within the same niche, fix polymorphisms in different populations, and eliminate low-fre-
quency polymorphism. Consequently, few haplotypes with high frequency are retained, cor-
responding to high values of nucleotide diversity (π) and Tajima’s D and low scores of the 

Figure 2. Multiple causes explain genome-environment associations. External processes, such as divergent selection, 
which is the main focus when assessing adaptation in wild relatives and landraces of crops, is only one of many possible 
causes. At the same time, the genomic background may be homogenized by gene flow [26]. Similarly, background 
selection and genomic features in regions of reduced recombination rate and shared ancestral polymorphism (more 
prone to genetic drift due to their reduced effective population size) could induce hotspots of spurious genome-
environment associations. Therefore, besides external processes driven by natural selection, both inherent properties of 
the genome and the demographic and evolutionary history of the crop influence the extent of the genome-environment 
associations. Modified from Ravinet, Faria [64].
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Watterson’s theta (θ) estimator [33]. Although independent domestication events, extensive 
population structure, and population expansions after bottlenecks can produce the same pat-
terns, these demographic processes also imprint genomes at a more genome-wide level.

In the following two subsections, we explain how to implement genome-environment associa-
tions in order to infer adaptability of wild relatives and landraces to their natural habitats (Section 
2.1) and discuss ways to account for causes, other than adaptation and selection that may be 
shaping the genomic landscape of signatures associated with habitat heterogeneity (Section 2.2).

2.1. Using genome-environment association scans to identify loci associated with 
bioclimatic-based indexes

First of all, in order to account for possible demographic effects, subpopulation structure must 
be determined in geo-referenced landraces and wild accessions using principal coordinate 
analysis (PCoA) implemented in the software Trait Analysis by aSSociation, Evolution and 
Linkage, Tassel v.5 [37]. The same dataset and software can be used to perform association 
analyses between the SNP markers and bioclimatic-based indexes (e.g., [12, 38, 39]).

As a rule of thumb, a total of 10 generalized (GLM) and mixed linear models (MLM) should be 
compared [40]. Within each model family, five models are usually built as follows: (1) model with 
the genepool identity and the first two PCoA axes scores as covariates; (2) models with the within-
genepool subpopulation identity (e.g., [41]) and the first two PCoA axes scores as covariates; (3) 
model with the first two PCoA axes scores as covariates; (4) model with the within- genepool sub-
population identity (e.g., [41]), as covariate; and (5) model with the genepool identity as covari-
ate. All five MLMs usually use a centered IBS kinship matrix as a random effect to control for 
genomic background implementing the EMMA and P3D algorithms to reduce computing time 
[42]. QQ-plots of the P-values should be inspected to assess whether excessive numbers of false 
positives are generated and choose in this way the optimum model. Significant associations are 
determined using strict Bonferroni corrections of P-values at alpha = 0.001, leading, for example, 
to a significance threshold of 4.4 × 10−8 in a usual dataset of ca. 23,000 SNP markers (0.001 divided 
by the number of markers) or -log10(4.4 x 10−8) = 7.36. The construction of customized PCoA and 
Manhattan diagrams can be carried out with the software R v.3.3.1 (R Core Team).

Finally, candidate genes for habitat adaptation can be identified within the 1000 bp sections 
flanking each SNP marker that is associated with a bioclimatic-based index by using the cor-
responding reference genome (e.g., [5]) and the PhytoMine and BioMart tools in Phytozome 
v.12 (phytozome.jgi.doe.gov).

2.2. Accounting for genomic constrains by inspecting genome-wide patterns of 
variation

In order to identify causes other than adaptation and selection that may be shaping the genomic 
landscape of signatures associated with habitat heterogeneity (i.e., genomic  constrains and 
genetic drift), sliding window approaches (e.g., window size = 1 x 106 bps, step size = 200 kb) 
can be implemented to describe patterns of variation and overall divergence across the 
genome. For instance, SNP density, nucleotide diversity as measured by π [34], Watterson’s 
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theta (θ) estimator [36], and Tajima’s D [35] can be computed using the software Tassel v.5 
[37] and customized R scripts. Results of all windowed analyses are usually plotted against 
window midpoints in millions of base pairs (Mb) in the software R v.3.3.1 (R Core Team). The 
centromeres can be marked to visualize the extent of the centromeric repeats and its correla-
tion with overall patterns of diversity and divergence.

It is advisable to calculate bootstrap-based means and 95% confidence intervals around the 
mean for some summary statistics (i.e., SNP density, π, θ, and Tajima’s D) when computed 
in sliding windows that contained or did not contain at least one marker that was associated 
with a bioclimatic-based index. For this, each summary statistic of windows containing and 
not containing associated SNPs should be randomly resampled with replacement (bootstrap-
ping) across windows within grouping factor (associated vs. no associated). The overall mean 
is then stored for each grouping factor. This step should iterated at least 1000 times using 
customized R scripts. Bootstrapping must be performed independently for each summary 
statistic in order to eliminate correlations among these.

3. The adaptive potential of wild relatives and landraces in common 
bean

In common bean, ecological gradients related with drought stress are associated with diver-
gent selection at the genetic level, after accounting for genepool and subpopulation struc-
ture. This divergent selective pressure might be a consequence of local-level rainfall patterns. 
Specifically, in tropical environments near the equator with bimodal rainfall, a mid-season 
dry period occurs that can last to 2–4 weeks. In contrast in the subtropics, a dry period of 
three or more months can occur. In response to this mid-cycle drought of the subtropics,  
P. vulgaris enters a survival mode of slow growth and reduced physiological activity until 
rainfall resumes and flowering occurs [43]. Beans growing in wetter conditions on the other 
hand are less frequently subjected to these environmental pressures and have a fitness advan-
tage to mature in a shorter length of time. Given these ecological differences, and consistent 
with genomic signatures of divergent selection, the reaction typically associated with drought 
tolerance although favorable under dry conditions seems detrimental under more humid 
conditions. The awareness about this trade-off may aid the breeding of new drought-tolerant 
varieties specifically adapted to unique microenvironments (e.g., [44]) and local regions rather 
than varieties eventually obsolete, originally intended for a wider range of environments.

In the next two subsections, we summarize the concrete evidence supporting these statements 
(Section 3.1) and explain how we can discard other fortuitous causes that may also explain 
the same pattern (Section 3.2), based on the approaches that we introduced in the previous 
section (Section 2).

3.1. The signatures of adaptation in common bean are widespread throughout the 
genome

SNP markers are good at recovering the well-described Andean and Mesoamerican genepool 
structure and the five within-genepool subpopulations observed in wild common bean [41]. 
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Because of this, in a previous research from us with more than 22,000 SNP markers, QQ-plots 
from the association analyses between those SNP markers and a bioclimatic-based drought 
index [12] indicated that GLM analyses likely had excessive rates of false positives, whereas 
MLM models controlling for population structure and using a kinship matrix reduced more 
effectively the false-positive rate.

In that particular case, the MLM model with the first two PCoA axes scores used as covariates 
was the best at controlling for false positives. This model yielded a total of 115 SNP markers 
associated with the bioclimatic-based drought index at a Bonferroni-corrected significance 
threshold of 7.36 –log10(P-value). These markers explained on average 51.3% ± 0.4 of the vari-
ation in the bioclimatic-based drought index. The 115 SNPs were clustered in 90 different 
regions, defined as overlapping 1000 bp sections that flanked associated markers (Figure 3). 
Associated SNPs and regions were widespread in all 11 common bean chromosomes.

Following the previous example, chromosomes Pv3 and Pv8 had the highest number of 
associated SNPs with 21 and 32 SNPs clustered in 16 and 21 different regions, respectively. 
Chromosomes Pv1, Pv2, Pv4, Pv5, Pv6, and Pv9 contained an intermediate number of associ-
ated SNPs with 11, 6, 11, 7, 12, and 9 SNPs clustered in 11, 6, 8, 6, 8, and 9 different regions, 
respectively. Chromosomes Pv7, Pv10, and Pv11 had the fewest number of associated SNPs 
with 3, 2, and 1 SNPs clustered in 3, 1, and 1 different regions, respectively. Chromosome Pv8 
had more regions with at least two associated SNPs than any other chromosome, and these 
regions had more associated SNPs than in any other chromosome for a total of five regions with 
an average number of associated SNPs of 3.2. The single region that contained more associated 
SNPs was also situated in chromosome Pv8 with six SNPs explaining on average 51.1% ± 0.3 of 
the variation in the bioclimatic-based drought index. After chromosome Pv8, Pv3 was also out-
standing having four regions (with at least two associated SNPs) with an average number of 
associated SNPs of 2.5. Therefore, a total of 75 regions, comprising 99 SNP markers associated 
with the bioclimatic-based drought index, contained at least 1 gene, for a total of 77 genes. Most 
genes were in chromosomes Pv1, Pv3, and Pv8 with 11, 14, and 16 genes. Only two regions, 
at chromosomes Pv1 and Pv8 and containing a total of seven different SNPs, spanned two or 
more genes. The one in Pv8 was the region with more associated SNPs (six in total). One of the 
two genes in this region encoded an Ankyrin repeat-containing protein, which was associated 
with osmotic regulation via the assembly of cation channels in the membranes [45]. Among 
other identified candidate genes, there was a phototropic-responsive NPH3 gene [46] in Pv3.

3.2. Rampant divergent selection: interpreting genomic signatures of adaptation in 
common bean beyond genomic constrains

As a follow-up of the previous example, associated genomic windows were enriched for SNP 
density and positive Tajima’s D scores. This conclusion was achieved after implementing a 
sliding window analysis to explore the patterns of genome-wide diversity (Figure 3). Marker 
density decayed drastically toward the centromeres. This decay in diversity proportional to 
the decay in the rate of recombination was first described in D. melanogaster and has been 
confirmed in many organisms since then. The correlation was initially understood as an effect 
of genetic hitchhiking, but background selection has been increasingly appreciated as a con-
tributing factor [28], perhaps in many cases the dominating one.
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theta (θ) estimator [36], and Tajima’s D [35] can be computed using the software Tassel v.5 
[37] and customized R scripts. Results of all windowed analyses are usually plotted against 
window midpoints in millions of base pairs (Mb) in the software R v.3.3.1 (R Core Team). The 
centromeres can be marked to visualize the extent of the centromeric repeats and its correla-
tion with overall patterns of diversity and divergence.

It is advisable to calculate bootstrap-based means and 95% confidence intervals around the 
mean for some summary statistics (i.e., SNP density, π, θ, and Tajima’s D) when computed 
in sliding windows that contained or did not contain at least one marker that was associated 
with a bioclimatic-based index. For this, each summary statistic of windows containing and 
not containing associated SNPs should be randomly resampled with replacement (bootstrap-
ping) across windows within grouping factor (associated vs. no associated). The overall mean 
is then stored for each grouping factor. This step should iterated at least 1000 times using 
customized R scripts. Bootstrapping must be performed independently for each summary 
statistic in order to eliminate correlations among these.

3. The adaptive potential of wild relatives and landraces in common 
bean

In common bean, ecological gradients related with drought stress are associated with diver-
gent selection at the genetic level, after accounting for genepool and subpopulation struc-
ture. This divergent selective pressure might be a consequence of local-level rainfall patterns. 
Specifically, in tropical environments near the equator with bimodal rainfall, a mid-season 
dry period occurs that can last to 2–4 weeks. In contrast in the subtropics, a dry period of 
three or more months can occur. In response to this mid-cycle drought of the subtropics,  
P. vulgaris enters a survival mode of slow growth and reduced physiological activity until 
rainfall resumes and flowering occurs [43]. Beans growing in wetter conditions on the other 
hand are less frequently subjected to these environmental pressures and have a fitness advan-
tage to mature in a shorter length of time. Given these ecological differences, and consistent 
with genomic signatures of divergent selection, the reaction typically associated with drought 
tolerance although favorable under dry conditions seems detrimental under more humid 
conditions. The awareness about this trade-off may aid the breeding of new drought-tolerant 
varieties specifically adapted to unique microenvironments (e.g., [44]) and local regions rather 
than varieties eventually obsolete, originally intended for a wider range of environments.

In the next two subsections, we summarize the concrete evidence supporting these statements 
(Section 3.1) and explain how we can discard other fortuitous causes that may also explain 
the same pattern (Section 3.2), based on the approaches that we introduced in the previous 
section (Section 2).

3.1. The signatures of adaptation in common bean are widespread throughout the 
genome

SNP markers are good at recovering the well-described Andean and Mesoamerican genepool 
structure and the five within-genepool subpopulations observed in wild common bean [41]. 
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Because of this, in a previous research from us with more than 22,000 SNP markers, QQ-plots 
from the association analyses between those SNP markers and a bioclimatic-based drought 
index [12] indicated that GLM analyses likely had excessive rates of false positives, whereas 
MLM models controlling for population structure and using a kinship matrix reduced more 
effectively the false-positive rate.

In that particular case, the MLM model with the first two PCoA axes scores used as covariates 
was the best at controlling for false positives. This model yielded a total of 115 SNP markers 
associated with the bioclimatic-based drought index at a Bonferroni-corrected significance 
threshold of 7.36 –log10(P-value). These markers explained on average 51.3% ± 0.4 of the vari-
ation in the bioclimatic-based drought index. The 115 SNPs were clustered in 90 different 
regions, defined as overlapping 1000 bp sections that flanked associated markers (Figure 3). 
Associated SNPs and regions were widespread in all 11 common bean chromosomes.

Following the previous example, chromosomes Pv3 and Pv8 had the highest number of 
associated SNPs with 21 and 32 SNPs clustered in 16 and 21 different regions, respectively. 
Chromosomes Pv1, Pv2, Pv4, Pv5, Pv6, and Pv9 contained an intermediate number of associ-
ated SNPs with 11, 6, 11, 7, 12, and 9 SNPs clustered in 11, 6, 8, 6, 8, and 9 different regions, 
respectively. Chromosomes Pv7, Pv10, and Pv11 had the fewest number of associated SNPs 
with 3, 2, and 1 SNPs clustered in 3, 1, and 1 different regions, respectively. Chromosome Pv8 
had more regions with at least two associated SNPs than any other chromosome, and these 
regions had more associated SNPs than in any other chromosome for a total of five regions with 
an average number of associated SNPs of 3.2. The single region that contained more associated 
SNPs was also situated in chromosome Pv8 with six SNPs explaining on average 51.1% ± 0.3 of 
the variation in the bioclimatic-based drought index. After chromosome Pv8, Pv3 was also out-
standing having four regions (with at least two associated SNPs) with an average number of 
associated SNPs of 2.5. Therefore, a total of 75 regions, comprising 99 SNP markers associated 
with the bioclimatic-based drought index, contained at least 1 gene, for a total of 77 genes. Most 
genes were in chromosomes Pv1, Pv3, and Pv8 with 11, 14, and 16 genes. Only two regions, 
at chromosomes Pv1 and Pv8 and containing a total of seven different SNPs, spanned two or 
more genes. The one in Pv8 was the region with more associated SNPs (six in total). One of the 
two genes in this region encoded an Ankyrin repeat-containing protein, which was associated 
with osmotic regulation via the assembly of cation channels in the membranes [45]. Among 
other identified candidate genes, there was a phototropic-responsive NPH3 gene [46] in Pv3.

3.2. Rampant divergent selection: interpreting genomic signatures of adaptation in 
common bean beyond genomic constrains

As a follow-up of the previous example, associated genomic windows were enriched for SNP 
density and positive Tajima’s D scores. This conclusion was achieved after implementing a 
sliding window analysis to explore the patterns of genome-wide diversity (Figure 3). Marker 
density decayed drastically toward the centromeres. This decay in diversity proportional to 
the decay in the rate of recombination was first described in D. melanogaster and has been 
confirmed in many organisms since then. The correlation was initially understood as an effect 
of genetic hitchhiking, but background selection has been increasingly appreciated as a con-
tributing factor [28], perhaps in many cases the dominating one.
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Average marker density was 44 SNPs per million base pairs (95% CI, 4–143). Average nucleo-
tide diversity as measured by π was 0.3 per million base pairs (95% CI, 0.2–0.4). Average 
Watterson’s theta (θ) was 0.20 per million base pairs (95% CI, 0.19–0.21). Average Tajima’s D 
was 0.68 per million base pairs (95% CI, 0.05–1.22). These very same statistics were compared 
between 1 Mb sliding windows that contained (associated) or did not contain (no associated) 
at least one marker that was associated with the bioclimatic-based drought index. Genomic 
windows containing at least one associated SNP had overall higher SNP density (79 ± 6 vs. 
39 ± 2), lower values for Watterson’s theta (θ) scores (0.2016 ± 0.0001 vs. 0.2026 ± 0001), and 
more positive Tajima’s D scores (0.71 ± 0.02 vs. 0.678 ± 0.009) than windows without associ-
ated markers. Nucleotide diversity, as measured by π, was slightly elevated in associated 
windows when compared with no associated windows (0.322 ± 0.006 vs. 0.317 ± 0.003).

Selective process, such as purifying selection and local adaptation (divergent selection), dif-
ferentially imprints regions within the same genome, causing a heterogeneous departure of 
genetic variation from the neutral expectations and from the background trend [28]. Divergent 
selection tends to homogenize haplotypes within the same niche, fix polymorphisms in dif-
ferent populations, and eliminate low-frequency polymorphism. Consequently, few haplo-
types with high frequency are retained, corresponding to high values of nucleotide diversity 
and Tajima’s D and low scores of the Watterson’s theta (θ) estimator [33]. We have identified 
these signatures in the various genomic regions associated with a bioclimatic-based drought 
index. Therefore, it is unlikely that independent domestication events, extensive population 
structure, and population expansions after bottlenecks are responsible for these patterns 
because the mixed linear model that we used to identify the genome-environment associa-
tions accounted for population structure, while demographic processes would leave genome-
wide signatures in both, associated and no associated windows.

4. Conclusions

Wild accessions and landraces of common bean occupy more geographical regions with 
extreme ecologies [2] and extensive drought stress [12] than cultivated accessions. Those 
regions include the arid areas of Peru, Bolivia and Argentina, and the valleys of northwest 
Mexico. Hence, a broad habitat distribution for wild common bean has exposed these gen-
otypes to both dry and wetter conditions, while cultivated common bean has a narrower 
distribution and is traditionally considered susceptible to drought. These differences in the 
ecologies of wild and cultivated common bean have been associated with higher genetic 
diversity in the former group when surveying candidate genes for drought tolerance such as 
the ASR [47], DREB [48], and ERECTA [49] gene families, once population structure [41] and 
the background distribution of genetic diversity have been accounted for.

Also, as identified through the genome-environment association approach that was illustrated 
in this chapter, there are notorious differences between the adaptations of wild accessions and 
landraces found in arid and more humid environments, in congruence with natural diver-
gent selection acting for thousands of years. Several of these differences might be valuable for 
plant breeding. Therefore, we reinforce, as was envisioned by Acosta and Kelly [50], that wild 
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Average marker density was 44 SNPs per million base pairs (95% CI, 4–143). Average nucleo-
tide diversity as measured by π was 0.3 per million base pairs (95% CI, 0.2–0.4). Average 
Watterson’s theta (θ) was 0.20 per million base pairs (95% CI, 0.19–0.21). Average Tajima’s D 
was 0.68 per million base pairs (95% CI, 0.05–1.22). These very same statistics were compared 
between 1 Mb sliding windows that contained (associated) or did not contain (no associated) 
at least one marker that was associated with the bioclimatic-based drought index. Genomic 
windows containing at least one associated SNP had overall higher SNP density (79 ± 6 vs. 
39 ± 2), lower values for Watterson’s theta (θ) scores (0.2016 ± 0.0001 vs. 0.2026 ± 0001), and 
more positive Tajima’s D scores (0.71 ± 0.02 vs. 0.678 ± 0.009) than windows without associ-
ated markers. Nucleotide diversity, as measured by π, was slightly elevated in associated 
windows when compared with no associated windows (0.322 ± 0.006 vs. 0.317 ± 0.003).

Selective process, such as purifying selection and local adaptation (divergent selection), dif-
ferentially imprints regions within the same genome, causing a heterogeneous departure of 
genetic variation from the neutral expectations and from the background trend [28]. Divergent 
selection tends to homogenize haplotypes within the same niche, fix polymorphisms in dif-
ferent populations, and eliminate low-frequency polymorphism. Consequently, few haplo-
types with high frequency are retained, corresponding to high values of nucleotide diversity 
and Tajima’s D and low scores of the Watterson’s theta (θ) estimator [33]. We have identified 
these signatures in the various genomic regions associated with a bioclimatic-based drought 
index. Therefore, it is unlikely that independent domestication events, extensive population 
structure, and population expansions after bottlenecks are responsible for these patterns 
because the mixed linear model that we used to identify the genome-environment associa-
tions accounted for population structure, while demographic processes would leave genome-
wide signatures in both, associated and no associated windows.

4. Conclusions

Wild accessions and landraces of common bean occupy more geographical regions with 
extreme ecologies [2] and extensive drought stress [12] than cultivated accessions. Those 
regions include the arid areas of Peru, Bolivia and Argentina, and the valleys of northwest 
Mexico. Hence, a broad habitat distribution for wild common bean has exposed these gen-
otypes to both dry and wetter conditions, while cultivated common bean has a narrower 
distribution and is traditionally considered susceptible to drought. These differences in the 
ecologies of wild and cultivated common bean have been associated with higher genetic 
diversity in the former group when surveying candidate genes for drought tolerance such as 
the ASR [47], DREB [48], and ERECTA [49] gene families, once population structure [41] and 
the background distribution of genetic diversity have been accounted for.

Also, as identified through the genome-environment association approach that was illustrated 
in this chapter, there are notorious differences between the adaptations of wild accessions and 
landraces found in arid and more humid environments, in congruence with natural diver-
gent selection acting for thousands of years. Several of these differences might be valuable for 
plant breeding. Therefore, we reinforce, as was envisioned by Acosta and Kelly [50], that wild 
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accessions and landraces of common bean be taken into account to exploit naturally available 
divergent variation for drought tolerance. We envision that this lesson from common bean 
will inspire the exploitation of wild relatives and landraces of other crops to face the threats 
imposed by current climate change.

5. Prospects

This chapter ultimately illustrates that genomic signatures of environmental adaptation (e.g., 
[51]) are useful for germplasm characterization, potentially enhancing future marker-assisted 
selection and crop improvement. We envision that genome-environment association studies 
coupled with estimates of genome-wide diversity will become more common in the oncom-
ing years. These types of studies will likely go beyond estimates of drought tolerance, as 
exemplified here, to also include estimates regarding frost stress (i.e., [52–54]), nutrient limi-
tation [55, 56], as well as other threats imposed by climate change [57, 58] in different types 
of ecosystems (e.g., [59]) and screened by a variety/wide range of genotyping techniques 
[60–63]. Genomic selection models [64] could also incorporate at some point environmental 
variables in order to improve the prediction of phenotypic variation and the estimation of the 
genotype-by-environment interactions [65] in the light of linkage disequilibrium (LD) [66] 
and various stochastic models [67, 68].
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Abstract

Crop sustainability can be threatened by new environmental challenges regarding
predicted climate changes and global warming. Therefore, the study of real biological
impacts of future environmental conditions (e.g., increased air [CO2], supra-optimal
temperature and water scarcity) on crop plants, as well as the re-evaluation of manage-
ment procedures and strategies, must be undertaken in order to improve crop adapta-
tion and promote mitigation of negative environmental impacts, thus affording crop
resilience. Coffee is a tropical crop that is grown in more than 80 countries, making it one
of the world’s most traded agricultural products, while involving millions of people
worldwide in the whole chain of value. It has been argued that this crop will be highly
affected by climate changes, resulting in decreases in both suitable areas for cultivation
and productivity, as well as impaired beverage quality in the near future. Here, we report
recent findings regarding coffee species exposure to combined supra-optimal air tempera-
tures and enhanced air [CO2], and impacts of drought stress on the crop. Ultimately, we
discuss key strategies to improve coffee performance in the context of new environmental
scenarios. The recent findings clearly show that high [CO2] has a positive impact on coffee
plants, increasing their tolerance to high temperatures. This has been related to a better
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plant vigor, to the triggering of protective mechanisms, and to a higher functional status of
the photosynthetic machinery. Even so, coffee plant is expected to suffer from water
scarcity in a changing world. Therefore, discussion is focused on some important manage-
ment strategies (e.g., shade systems, crop management and soil covering and terracing),
which can be implemented to improve coffee performance and sustain coffee production
in a continually changing environment.

Keywords: coffee crop sustainability, climate changes, mitigation, heat stress, drought

1. Introduction

Global emissions of the main greenhouses gases in the Earth’s atmosphere raised in the mid-
eighteenth century during the industrial revolution associated with the use of fossil fuels. Since
then, the CO2 concentration [CO2] has increased from 280 to 400 μL CO2 L

�1 in 2014, and it is
expected to rise to values between ca. 730 and 1020 μL CO2 L�1 by 2100 [1]. Agricultural
activity has also directly contributed to this process, being responsible for 1/3 of the CO2

emissions but also with additional N2O and CH4 production, intensified mainly by inadequate
management of crops and pastures [2], especially in low- and middle-income countries with
predominating family farming [3].

Increased greenhouse gas emissions are expected to cause a temperature rise between 0.3 and
4.8�C by 2100, depending on future emissions and adequate measures to strongly limit them.
Altered temperature may further promote extreme weather events, alter intra- and inter-
annual precipitation patterns with long periods of drought and/or heavy rainfalls, partial
melting of glacial ice, and consequently rising of the sea level [1]. Climate changes, particularly
global warming, has a severe impact on the Earth’s ecosystem and pose serious threats to
agricultural sustainability [4–6], which is one of the human activities most vulnerable to
climatic variation, since plants require optimal growing conditions to produce desired quan-
tity and quality products [7, 8]. On the other hand, global demand for food is increasing as it is
linked to the rapidly growing populations, which together with climate constraints, may
compromise world food security [9]. In addition, increase in [CO2] can affect the fundamental
plant processes, such as photosynthesis and respiration, and, therefore, growth is also antici-
pated to be affected accordingly [10–12].

With regard to the coffee crop, it is known that plant growth, development, and productivity, as
well as bean quality, are highly sensitive to climatic conditions [3, 13–16]. Accordingly, recent
modeling studies have predicted important reductions of suitable areas for coffee cultivation in
several producing regions [7, 16–19], with severe productivity losses in Mexico [20, 21], Nicara-
gua [3] and Tanzania [22], and extinction of wild populations of C. arabica in Ethiopia [23].
Although world coffee production has increased significantly in recent decades [24], studies state
that climate change has caused substantial production losses [18], associated with periods of
extreme droughts combined with supra-optimal temperatures [22, 25, 26], reducing coffee yields
and bean quality as well as increasing the incidence of pests and diseases [16, 27]. In fact, it is
believed that the recognized present climate changes have already caused yield losses in several
coffee-producing countries, including Brazil, Ethiopia and Tanzania [22, 28, 29].
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The negative estimates of future impacts on coffee crop were based on modeling approaches
mostly focusing on increased air temperatures. However, these studies have only taken into
account the current cultivars [30], and did not consider the considerable ability of some geno-
types to endure various environment constraints, through metabolic adjustments and morpho-
logical and anatomical changes. Additionally, it was recently reported that coffee plants can
respond positively to increased air [CO2] [31–33], improving plant physiological and metabolic
performance, and mitigating warming impacts [11, 33–35]. Such beneficial effect could even
overcome these impacts, allowing some yield increase under adequate water availability to the
crop [36], particularly at higher altitudes [37]. Nevertheless, given that coffee is one of the most
important agronomic products, and that possible implications of ongoing climate changes may
affect the sustainability of this crop in many actual areas, with potential dramatic economic,
social and environmental implications, there is an urgent need for improving our knowledge
regarding the plant performance under a wide range of environmental conditions. It is also
equally important to identify adequate mitigation and adaptation strategies to be implemented,
such as shading system crop management and soil cover and terracing, together with breeding
new cultivars, in order to alleviate the impacts of climate changes on coffee plants.

Studies dealing with water stress in coffee species and genotypes have provided a detailed
picture of biological mechanisms involved in drought tolerance [38–48], whereas recent
works also showed that some genotypes of both C. arabica and C. canephora can endure
temperatures much higher than what was traditionally accepted [11, 35]. As referred, plant
resilience can even be improved under the exposure to high atmospheric [CO2] [11, 34–37,
49]. In this context, the objective of this review chapter is to report the recent findings
regarding the coffee plant responses to the single and combined exposure to atmosphere-
supra-optimal temperatures and [CO2], as well as to drought stress, together with the
envisagement of some important crop management strategies (e.g., intercropping/shade
systems, soil covering and terracing), which can be implemented to improve coffee perfor-
mance and to mitigate the impact of environmental constraints, aiming at sustaining coffee
production in a permanent changing environment.

2. General aspects of production, origin and favorable environmental
conditions for Coffea arabica and C. canephora

Coffee, one of the most traded commodities in the world, is supported by C. arabica L. and
C. canephora Pierre ex A. Froehner species [14]. It is estimated that the coffee chain of value
generates a global income of ca. US$ 173,000 million [50], having as well great social implications.
In fact, this tropical crop is grown in approximately 80 countries [51], and about 25 million
farmers, mainly smallholders, depend on this highly labor-intensive crop [52], with a worldwide
involvement of ca. 125 million people in the entire chain [53]. Brazil, Vietnam, Colombia, Indo-
nesia, Ethiopia, India, Honduras and Uganda are the major coffee producers, for a world annual
production of green coffee beans which has been increasing steadily in the last decades, being
consistently near or above 9 million tons since 2011/2012 [54]. This supports over 2.5 billion cups
of coffee consumed every day around the world [55], with promising prospects for increased
consumption in the coming years, especially among young people in Asia.
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modeling studies have predicted important reductions of suitable areas for coffee cultivation in
several producing regions [7, 16–19], with severe productivity losses in Mexico [20, 21], Nicara-
gua [3] and Tanzania [22], and extinction of wild populations of C. arabica in Ethiopia [23].
Although world coffee production has increased significantly in recent decades [24], studies state
that climate change has caused substantial production losses [18], associated with periods of
extreme droughts combined with supra-optimal temperatures [22, 25, 26], reducing coffee yields
and bean quality as well as increasing the incidence of pests and diseases [16, 27]. In fact, it is
believed that the recognized present climate changes have already caused yield losses in several
coffee-producing countries, including Brazil, Ethiopia and Tanzania [22, 28, 29].
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The negative estimates of future impacts on coffee crop were based on modeling approaches
mostly focusing on increased air temperatures. However, these studies have only taken into
account the current cultivars [30], and did not consider the considerable ability of some geno-
types to endure various environment constraints, through metabolic adjustments and morpho-
logical and anatomical changes. Additionally, it was recently reported that coffee plants can
respond positively to increased air [CO2] [31–33], improving plant physiological and metabolic
performance, and mitigating warming impacts [11, 33–35]. Such beneficial effect could even
overcome these impacts, allowing some yield increase under adequate water availability to the
crop [36], particularly at higher altitudes [37]. Nevertheless, given that coffee is one of the most
important agronomic products, and that possible implications of ongoing climate changes may
affect the sustainability of this crop in many actual areas, with potential dramatic economic,
social and environmental implications, there is an urgent need for improving our knowledge
regarding the plant performance under a wide range of environmental conditions. It is also
equally important to identify adequate mitigation and adaptation strategies to be implemented,
such as shading system crop management and soil cover and terracing, together with breeding
new cultivars, in order to alleviate the impacts of climate changes on coffee plants.

Studies dealing with water stress in coffee species and genotypes have provided a detailed
picture of biological mechanisms involved in drought tolerance [38–48], whereas recent
works also showed that some genotypes of both C. arabica and C. canephora can endure
temperatures much higher than what was traditionally accepted [11, 35]. As referred, plant
resilience can even be improved under the exposure to high atmospheric [CO2] [11, 34–37,
49]. In this context, the objective of this review chapter is to report the recent findings
regarding the coffee plant responses to the single and combined exposure to atmosphere-
supra-optimal temperatures and [CO2], as well as to drought stress, together with the
envisagement of some important crop management strategies (e.g., intercropping/shade
systems, soil covering and terracing), which can be implemented to improve coffee perfor-
mance and to mitigate the impact of environmental constraints, aiming at sustaining coffee
production in a permanent changing environment.

2. General aspects of production, origin and favorable environmental
conditions for Coffea arabica and C. canephora

Coffee, one of the most traded commodities in the world, is supported by C. arabica L. and
C. canephora Pierre ex A. Froehner species [14]. It is estimated that the coffee chain of value
generates a global income of ca. US$ 173,000 million [50], having as well great social implications.
In fact, this tropical crop is grown in approximately 80 countries [51], and about 25 million
farmers, mainly smallholders, depend on this highly labor-intensive crop [52], with a worldwide
involvement of ca. 125 million people in the entire chain [53]. Brazil, Vietnam, Colombia, Indo-
nesia, Ethiopia, India, Honduras and Uganda are the major coffee producers, for a world annual
production of green coffee beans which has been increasing steadily in the last decades, being
consistently near or above 9 million tons since 2011/2012 [54]. This supports over 2.5 billion cups
of coffee consumed every day around the world [55], with promising prospects for increased
consumption in the coming years, especially among young people in Asia.
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The coffee plant is characterized as a perennial woody shrub that belongs to the Rubiaceae
family. Although there are at least 125 species within the Coffea genus [56], Coffea arabica
L. (Arabica coffee) and Coffea canephora Pierre ex A. Froehner (Robusta coffee) are responsible
for approximately 99% of the world coffee production [23, 57], with the former accounting for
~65% of total coffee production [55, 58]. Besides differences in origin, these species present
important ecological differences in plant traits, as well in bean chemical composition, among
them aroma precursors. In fact, the levels of these compounds have implications on sensory
attributes, namely on astringency, taste, aroma, and flavor after roasting. Such chemical com-
position is not only genetic related but also strongly depend on environmental conditions (e.g.,
soil, shade, temperature), bean maturation stage, and to agricultural management and post-
harvest procedures [59–64].

C. arabica are originated from the tropical forests of Ethiopia, Sudan and Kenya, at altitudes of
1500–2800 m, annual averages air temperatures between 18 and 22�C, precipitation from 1600 to
more than 2000 mm l distributed throughout the year, with a well-dry season (3–4 months),
coinciding with the cold annual period. Currently, C. arabica coffee is grown in areas with cooler
temperatures (18–23�C), at altitude mostly between 400 and 1200 m [7, 30, 65, 66], although
cultivation up to 2000 m can be found in some countries in Central America. In contrast, C.
canephora originated from the lowland forests of the Congo River basin, which extend to Lake
Victoria in Uganda at altitudes up to 1200 m, are subjected to annual averages air temperatures
between 23 and 26�C with minor fluctuations, and average precipitation exceeding 2000 mm
distributed along 9–10 months [67–69]. Currently, cultivation occurs predominantly in lower
altitude areas and higher temperatures, showing satisfactory development when the daily aver-
age temperature is above 22�C so that minimum is above 17�C and the average maximum air
temperatures are below 31.5�C, with regular pattern of precipitation [70–74].

3. The impact of climate changes on coffee crop: warming and water
scarcity

Coffee plants require both adequate water supply and optimal temperature, which are consid-
ered the most important environmental variables, since water and temperature-limited condi-
tions cause negative impacts on growth, yield and productivity [14, 16, 30, 75]. Although in
many coffee producing areas water scarcity occurs in the cooler season, climate modifications
has increased the situations where low water availability and elevated temperature occur
concomitantly under field conditions, which, as observed in other plants, will have the poten-
tial to exacerbate the limitations to the photosynthetic functioning [76].

In plants, photosynthesis and respiration are among the most sensitive metabolic processes to
increasing temperatures [77]. High temperatures can cause protein denaturation and aggrega-
tion, increased production of reactive oxygen species [14], and ethylene synthesis [78]. More-
over, supra-optimal temperatures can reduce stomatal conductance and light energy use as
well as alter thylakoid ultrastructure and diffusion of gas through mesophyll [15, 79–81] with a
direct impact on net C gain. The latter will be even more amplified due to the increase of O2

solubility in relation to CO2 under higher temperatures, favoring the oxygenase activity of
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RuBisCO over its carboxylation activity, thus increasing photorespiration rates [82, 83]. Alto-
gether, this ultimately may lead to the decline in the availability of carbohydrates for energy
supply as well as carbon skeletons to support plant growth [77]. Thus, warmer temperatures
can affect crop yield at any time from sowing to grain maturity, but it is the time around
flowering, when the number of grains per land area is established, and during the grain-filling
stage, when the average grain weight is determined, that high temperatures causes major
impacts on the final harvestable crop [9, 73, 84]. In addition, it causes a reduction in the
production of leaves and consequently alters the photosynthetic activity [85].

Coffee trees presented a remarkable tolerance to temperatures relatively high (up to 37/30�C;
day/night) when air humidity was maintained at 75%, occurring relevant physiological/bio-
chemical impairments only at 42/34�C, associated, namely, to large activity reductions of
RuBisCO and Ru5PK [35], despite large accumulation of RuBisCO transcripts [86]. The
reported heat tolerance was related with increases in protective molecules, namely, enzyme
and non-enzyme antioxidant molecules, heat shock protein 70 (HSP70) reinforcement, and
altered gene expression [11, 86]. However, under field conditions, rising temperature may lead
to increase in air vapor pressure deficit (VPDair), what may result in decreased stomatal and
canopy conductance in Coffea spp., due to a high sensitivity of coffee stomata to VPDair values
above 2 kPa [87–89]. In addition, elevated temperatures can contribute to a gradual increase in
soil water depletion, particularity in areas lacking sufficient precipitation, resulting in water
stress, which further exacerbates the adverse effects of high temperatures.

Stomatal closure is one of the first responses to water deficit in coffee plants, aiming at
limiting water loss through transpiration flow. However, this directly decreases the CO2

availability in the chloroplasts, reducing the photosynthetic rates [14]. In this context,
irradiance reaching the chloroplasts may exceed the light energy needed to saturate photo-
synthesis, which in turn can lead to the formation of reactive oxygen species (ROS). ROS
can cause oxidative damage to multiple cell and chloroplast components, namely to the
D1 protein, lipids, RNA and DNA molecules, associated with increased cellular and meta-
bolic disorders, resulting in cell death [47, 90, 91]. Moreover, ethylene synthesis often
increases under drought stress conditions, promoting leaf senescence and slowing growth
[10]. However, coffee plants display a noticeable metabolic plasticity to cope with environ-
mental stresses [14, 51], as referred above for supra-optimal temperatures. Additionally,
air [CO2] enrichment improved both coffee antioxidant defense system and photosynthetic
performance regardless of temperatures, but maintaining a relevant photosynthetic
functioning at temperature as high as 42�C. This prevented an energy overcharge in the
photosynthetic apparatus, eventually reducing the need for energy dissipation and PSII
photoinhibition [11, 35].

Considering water stress, a large number of early studies have reported that coffee plants can
cope with drought stress through morphological, biochemical, and physiological modifica-
tions [14], as discussed later in this chapter. However, prolonged drought events associated
with elevated temperatures can lead to very severe conditions, with a general impact on cell
metabolism, associated as well to increased oxidative stress, altogether resulting in intense
defoliation and yield losses (Figure 1), although genotypic difference in stomatal sensitivity to
water stress among C. canephora genotypes have been reported [43, 45]. Furthermore, drought
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more than 2000 mm l distributed throughout the year, with a well-dry season (3–4 months),
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Coffee plants require both adequate water supply and optimal temperature, which are consid-
ered the most important environmental variables, since water and temperature-limited condi-
tions cause negative impacts on growth, yield and productivity [14, 16, 30, 75]. Although in
many coffee producing areas water scarcity occurs in the cooler season, climate modifications
has increased the situations where low water availability and elevated temperature occur
concomitantly under field conditions, which, as observed in other plants, will have the poten-
tial to exacerbate the limitations to the photosynthetic functioning [76].

In plants, photosynthesis and respiration are among the most sensitive metabolic processes to
increasing temperatures [77]. High temperatures can cause protein denaturation and aggrega-
tion, increased production of reactive oxygen species [14], and ethylene synthesis [78]. More-
over, supra-optimal temperatures can reduce stomatal conductance and light energy use as
well as alter thylakoid ultrastructure and diffusion of gas through mesophyll [15, 79–81] with a
direct impact on net C gain. The latter will be even more amplified due to the increase of O2
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RuBisCO over its carboxylation activity, thus increasing photorespiration rates [82, 83]. Alto-
gether, this ultimately may lead to the decline in the availability of carbohydrates for energy
supply as well as carbon skeletons to support plant growth [77]. Thus, warmer temperatures
can affect crop yield at any time from sowing to grain maturity, but it is the time around
flowering, when the number of grains per land area is established, and during the grain-filling
stage, when the average grain weight is determined, that high temperatures causes major
impacts on the final harvestable crop [9, 73, 84]. In addition, it causes a reduction in the
production of leaves and consequently alters the photosynthetic activity [85].

Coffee trees presented a remarkable tolerance to temperatures relatively high (up to 37/30�C;
day/night) when air humidity was maintained at 75%, occurring relevant physiological/bio-
chemical impairments only at 42/34�C, associated, namely, to large activity reductions of
RuBisCO and Ru5PK [35], despite large accumulation of RuBisCO transcripts [86]. The
reported heat tolerance was related with increases in protective molecules, namely, enzyme
and non-enzyme antioxidant molecules, heat shock protein 70 (HSP70) reinforcement, and
altered gene expression [11, 86]. However, under field conditions, rising temperature may lead
to increase in air vapor pressure deficit (VPDair), what may result in decreased stomatal and
canopy conductance in Coffea spp., due to a high sensitivity of coffee stomata to VPDair values
above 2 kPa [87–89]. In addition, elevated temperatures can contribute to a gradual increase in
soil water depletion, particularity in areas lacking sufficient precipitation, resulting in water
stress, which further exacerbates the adverse effects of high temperatures.

Stomatal closure is one of the first responses to water deficit in coffee plants, aiming at
limiting water loss through transpiration flow. However, this directly decreases the CO2

availability in the chloroplasts, reducing the photosynthetic rates [14]. In this context,
irradiance reaching the chloroplasts may exceed the light energy needed to saturate photo-
synthesis, which in turn can lead to the formation of reactive oxygen species (ROS). ROS
can cause oxidative damage to multiple cell and chloroplast components, namely to the
D1 protein, lipids, RNA and DNA molecules, associated with increased cellular and meta-
bolic disorders, resulting in cell death [47, 90, 91]. Moreover, ethylene synthesis often
increases under drought stress conditions, promoting leaf senescence and slowing growth
[10]. However, coffee plants display a noticeable metabolic plasticity to cope with environ-
mental stresses [14, 51], as referred above for supra-optimal temperatures. Additionally,
air [CO2] enrichment improved both coffee antioxidant defense system and photosynthetic
performance regardless of temperatures, but maintaining a relevant photosynthetic
functioning at temperature as high as 42�C. This prevented an energy overcharge in the
photosynthetic apparatus, eventually reducing the need for energy dissipation and PSII
photoinhibition [11, 35].

Considering water stress, a large number of early studies have reported that coffee plants can
cope with drought stress through morphological, biochemical, and physiological modifica-
tions [14], as discussed later in this chapter. However, prolonged drought events associated
with elevated temperatures can lead to very severe conditions, with a general impact on cell
metabolism, associated as well to increased oxidative stress, altogether resulting in intense
defoliation and yield losses (Figure 1), although genotypic difference in stomatal sensitivity to
water stress among C. canephora genotypes have been reported [43, 45]. Furthermore, drought
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should be envisaged as contributing to a multidimensional stress, exacerbating the negative
impacts of elevated irradiance and supra-optimal temperatures [13, 14, 42]. Therefore, drought-
resistant coffee genotypes are a useful strategy for improving coffee performance in regions that
are predicted to face moderate to severe drought [49].

Overall, drought-sensitive C. canephora genotypes show a shallow root system and ineffective
stomatal control, whereas drought-resistant coffee genotypes show considerably deeper root
system, the strengthening of antioxidant defense system, and higher stomata sensitivity to
reduced water availability (both in soil and atmosphere) [43, 92]. Increased wood density
reinforcing vessels and, in turn improving resistance to cavitation, was correlated with toler-
ance to hydraulic dysfunctions [45]. On the other hand, C. canephora genotypes with specific
traits conferring drought tolerance generally show reduced yield under optimal environments
conditions due to their increased stomata sensitivity to VPDair. This is related to hydraulic
limitations to water flow from roots to leaves [43, 45]. Therefore, coffee genotypes displaying
increased phenotypic plasticity as, e.g., deep root system, substantial hydraulic conductance,
intermediate stomatal control and strengthening of antioxidant defense system, could be used
in regions which are predicted to face moderate water deficit, while drought-resistant geno-
types could be used in regions predicted to face severe drought.

In addition to the traits outlined above, leaf size as well as canopy architecture should also be
considered as important traits associated with drought tolerance. For example, although the
leaf hydraulic conductivity (Kleaf) values found in C. arabica plants are typically low, probably
linked to their native shade habitat [44, 93], C. arabica coffee genotypes with smaller leaves
displayed higher vein density, higher Kleaf, increased gas exchange and reduced drought
vulnerability [40, 44]. Drought tolerance was also found to be higher for C. canephora geno-
types displaying smaller leaves [42]. In fact, it is known in other plants that smaller leaves
allow for more rapid convective heat loss, resulting in lower transpiration and water loss likely
due to smaller boundary layer [94]. Furthermore, a more compact crown structure may result
in reduced VPDair within the coffee canopy, decreasing the transpiration demand [14], besides
allowing to increase plant density coupled with improved soil covering and reducing the
negative impacts of elevated temperatures, and high wind speed on coffee trees. On the other

Figure 1. Intensive defoliation and yield losses due to prolonged severe drought (A), together with high temperatures
(B) in C. canephora cultivations in Espírito Santo State, Brazil.
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hand, C. arabica genotypes displaying open architecture crown show high transpiration rates
(as measured by the sap flow technique) depleting accessible soil water more rapidly [40].
Therefore, although the water use efficiency in coffee genotypes is associated with the hydrau-
lic capacity of the soil and stem to supply the leaves with water [95], coffee traits linked to
water safety, e.g., a more compact crown structure and to greater extent an effective stomatal
control, seem to play an important role in drought tolerance.

A recent study by [48] reported that both drought-sensitive and drought-tolerant C. canephora
genotypes showed a drought stress “memory,” with plants exposed to multiple drought
events showing better recovery than those submitted to drought events for the first time. This
performance was mainly associated with substantial metabolic reprogramming, involving key
processes such as photosynthesis, respiration, photorespiration, and the antioxidant system. In
this sense, it would appear reasonable to suggest that multiple moderate water stress in coffee
seedlings at nursery stage may improve to some extent the initial coffee performance under
field conditions in areas prone to water scarcity.

4. Can elevated [CO2] help the mitigation of the negative impacts of high
temperature and water deficit?

Although climate models point CO2 as the major greenhouse gas responsible for global
warming due to its high accumulation rate in the atmosphere [6], the impacts of increased air
[CO2] at plant physiological and biochemical levels should not be neglected, namely in coffee
metabolism [11, 31, 32, 35], as well in yield [36, 37].

The current [CO2] in the atmosphere is still below the optimum for photosynthesis of C3
plants; therefore, leaf photosynthetic rates are predicted to increase in response to future
increase in air [CO2], due to increased carboxylase activity of RuBisCO [82, 83, 96]. This
C-fertilization may eventually reinforce plant vigor (and the defense systems), which, in turn,
could reinforce the plant ability to endure environmental stresses [97]. On the other hand,
elevated CO2 levels will especially benefit plants with strong sink capacity to use such
increased amounts of photoassimilates. Otherwise, an accumulation of soluble sugars may
occur which in turn will decrease the net photosynthetic rate through negative feedback
mechanisms, that is, will provoke downregulation of photosynthesis, not allowing the plant to
fully explore the positive effect of [CO2] increase [83].

In the case of coffee, significant increases of net photosynthesis, between 34 and 49%, were
observed for C. canephora (Clone 153) and C. arabica (Icatu and IPR 108) genotypes [31], when
comparing plants grown subjected to elevated [CO2] (700 μL L�1) or normal [CO2] (380 μL L�1)
under environmental controlled conditions. Furthermore, under such high [CO2], plants also
showed a better water-use efficiency, reinforcement of photosynthetic components and increased
activity of key enzymes involved in photosynthesis and respiration, without noticeable leaf
sugar accumulation. Therefore, these coffee genotypes were able to cope with enhanced [CO2],
maintaining the consumption of photosynthates and regeneration of RuBP associated with
continuous investment in vegetative and reproductive structures. The evidence of improved
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impacts of elevated irradiance and supra-optimal temperatures [13, 14, 42]. Therefore, drought-
resistant coffee genotypes are a useful strategy for improving coffee performance in regions that
are predicted to face moderate to severe drought [49].

Overall, drought-sensitive C. canephora genotypes show a shallow root system and ineffective
stomatal control, whereas drought-resistant coffee genotypes show considerably deeper root
system, the strengthening of antioxidant defense system, and higher stomata sensitivity to
reduced water availability (both in soil and atmosphere) [43, 92]. Increased wood density
reinforcing vessels and, in turn improving resistance to cavitation, was correlated with toler-
ance to hydraulic dysfunctions [45]. On the other hand, C. canephora genotypes with specific
traits conferring drought tolerance generally show reduced yield under optimal environments
conditions due to their increased stomata sensitivity to VPDair. This is related to hydraulic
limitations to water flow from roots to leaves [43, 45]. Therefore, coffee genotypes displaying
increased phenotypic plasticity as, e.g., deep root system, substantial hydraulic conductance,
intermediate stomatal control and strengthening of antioxidant defense system, could be used
in regions which are predicted to face moderate water deficit, while drought-resistant geno-
types could be used in regions predicted to face severe drought.

In addition to the traits outlined above, leaf size as well as canopy architecture should also be
considered as important traits associated with drought tolerance. For example, although the
leaf hydraulic conductivity (Kleaf) values found in C. arabica plants are typically low, probably
linked to their native shade habitat [44, 93], C. arabica coffee genotypes with smaller leaves
displayed higher vein density, higher Kleaf, increased gas exchange and reduced drought
vulnerability [40, 44]. Drought tolerance was also found to be higher for C. canephora geno-
types displaying smaller leaves [42]. In fact, it is known in other plants that smaller leaves
allow for more rapid convective heat loss, resulting in lower transpiration and water loss likely
due to smaller boundary layer [94]. Furthermore, a more compact crown structure may result
in reduced VPDair within the coffee canopy, decreasing the transpiration demand [14], besides
allowing to increase plant density coupled with improved soil covering and reducing the
negative impacts of elevated temperatures, and high wind speed on coffee trees. On the other

Figure 1. Intensive defoliation and yield losses due to prolonged severe drought (A), together with high temperatures
(B) in C. canephora cultivations in Espírito Santo State, Brazil.

Climate Resilient Agriculture - Strategies and Perspectives62
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(as measured by the sap flow technique) depleting accessible soil water more rapidly [40].
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control, seem to play an important role in drought tolerance.

A recent study by [48] reported that both drought-sensitive and drought-tolerant C. canephora
genotypes showed a drought stress “memory,” with plants exposed to multiple drought
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4. Can elevated [CO2] help the mitigation of the negative impacts of high
temperature and water deficit?

Although climate models point CO2 as the major greenhouse gas responsible for global
warming due to its high accumulation rate in the atmosphere [6], the impacts of increased air
[CO2] at plant physiological and biochemical levels should not be neglected, namely in coffee
metabolism [11, 31, 32, 35], as well in yield [36, 37].

The current [CO2] in the atmosphere is still below the optimum for photosynthesis of C3
plants; therefore, leaf photosynthetic rates are predicted to increase in response to future
increase in air [CO2], due to increased carboxylase activity of RuBisCO [82, 83, 96]. This
C-fertilization may eventually reinforce plant vigor (and the defense systems), which, in turn,
could reinforce the plant ability to endure environmental stresses [97]. On the other hand,
elevated CO2 levels will especially benefit plants with strong sink capacity to use such
increased amounts of photoassimilates. Otherwise, an accumulation of soluble sugars may
occur which in turn will decrease the net photosynthetic rate through negative feedback
mechanisms, that is, will provoke downregulation of photosynthesis, not allowing the plant to
fully explore the positive effect of [CO2] increase [83].

In the case of coffee, significant increases of net photosynthesis, between 34 and 49%, were
observed for C. canephora (Clone 153) and C. arabica (Icatu and IPR 108) genotypes [31], when
comparing plants grown subjected to elevated [CO2] (700 μL L�1) or normal [CO2] (380 μL L�1)
under environmental controlled conditions. Furthermore, under such high [CO2], plants also
showed a better water-use efficiency, reinforcement of photosynthetic components and increased
activity of key enzymes involved in photosynthesis and respiration, without noticeable leaf
sugar accumulation. Therefore, these coffee genotypes were able to cope with enhanced [CO2],
maintaining the consumption of photosynthates and regeneration of RuBP associated with
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coffee performance under enhanced [CO2] was further obtained with other C. arabica genotypes
(Obatã IAC 1669–20 and Catuaí Vermelho IAC 144) under field conditions using free-air CO2

enrichment (FACE) system, showing increased photosynthesis and decreased photorespiration,
without changes in stomatal and mesophyll conductance, for an air [CO2] of 550 μL L�1 [33].
Additionally, coffee plants grown under elevated [CO2] were more vigorous, with increased leaf
area, growth rate at height and stem diameter, showing as well increased grain yield by 14.6 and
12.0% for Catuaí Vermelho 144 and Obatã IAC 1669–20, respectively, [8, 32], although average
yield increases of 28% were also reported after three harvests [37] when compared to plant
grown at ambient [CO2]. Another study also demonstrated that coffee trees grown under
550 μL CO2 L

�1 presented increase in photosynthesis of leaves from upper and lower canopy
layers, inhibition of photorespiration, and no apparent sign of photosynthetic downregulation,
when compared to plants grown under ambient [CO2] (390 μL L�1) [98]. Finally, recent
studies based on modeling approaches accounting with high air [CO2] positive impact reported
that coffee yield losses associated mostly with high temperatures can be offset by the CO2

fertilization effect, with a probably yield increase by 2040–2070 [36], or 2050, particularly at
higher altitudes [37].

The simultaneous occurrence of various environmental constraints is the most common situation
under field conditions, and therefore, it has been argued that a positive plastic response from
plant experiencing a single stress can be increased, canceled or even reverted under the com-
bined action of multiple stresses [6]. Regarding the coffee plant, responses to the combined
effects of increased [CO2] and supra-optimal air temperature started to be investigated quite
recently, whereas the simultaneous exposure to elevated [CO2], heat and water deficit have never
been studied. The exposure to increased air [CO2] revealed interesting implications to plant
physiological response to supra-optimal conditions. This was the case in both C. arabica (cvs.
Icatu and IPR 108) and C. canephora cv. Conilon Clone 153 plants exposed to elevated [CO2] and
temperatures up to 42�C [11, 34, 35]. Notably, a remarkable heat tolerance was observed up to
37/30�C (day/night) irrespective of air [CO2]. The tolerance (and high physiological performance)
to such temperature was somewhat surprising as it is above what is traditionally accepted to be
tolerated by coffee plant [35]. Furthermore, enhanced [CO2] greatly mitigated the negative
impact of the temperature, especially at 42/34�C, with higher water-use efficiency (WUE) at
moderately higher temperature (31/25�C). Increased CO2 was observed to strengthen the photo-
synthetic apparatus, improving light energy use and biochemical functioning. These results were
linked to the maintenance or increase in the content of several protective molecules (neoxanthin,
lutein, β-carotene, α-tocopherol, heat shock protein-HSP70, raffinose), the activity of antioxidant
enzymes (superoxide dismutase, SOD; ascorbate peroxidase, APX, glutathione reductase, GR;
catalase, CAT) and the upregulation of some genes related to stress-protective molecules (ELIP,
HSP70, Chaperonin 20 and 60), and antioxidant enzymes (CAT, CuSOD2, APX Cyt, APX Chl)
[11]. In the same experiments, overall leaf mineral macro- and microelement contents have
remained within a range that could be considered largely adequate for coffee plants, with no
changes in macronutrient profile (N > K > Ca > Mg > S > P), that is, satisfactory mineral content
was maintained in the context of warming, under high [CO2] [34].

Climate changes are also predicted to affect intra- and inter-annual rainfall patterns, and the
decrease in precipitation amounts in conjunction with increased air temperature may reduce
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net photosynthesis at current [CO2]. Still, under increased air [CO2], a partial relief of negative
impacts of water deficit may occur [99]. Indeed, arabica coffee plants grown under severe
drought conditions and increased biotic pressure showed strategies which allow the mainte-
nance of structural and physiological integrity in the fourth period of winter growth [98]. This
occurs because of the dichotomous responses of net photosynthesis and stomatal conductance
to high [CO2], which lead to improved WUE, reducing soil moisture depletion during periods
of drought [9]. Studies by [10, 76] on Agropyron cristatum L. and Perilla frutescens var. japonica
Hara, respectively, reported positive results of elevated-CO2 mitigation of drought stress,
verifying increase in photosynthetic capacity and decrease in stomatal conductance with lower
transpiration rates. Consequently, increased intrinsic water-use efficiency (WUEi) and total
water-use efficiency (WUEt) were observed. Furthermore, high [CO2] can also alleviate oxida-
tive stress conditions, and photoinhibition status, likely associated to a higher photosynthetic
functioning (as also observed for high temperatures [11]), even under significant stomatal
closure. Altogether such responses may result in improved tolerance to drought stress, as
found in other plants [6, 10, 12]. Nevertheless, it is important to note that under severe
drought, such positive results might not be obtained, and that mitigation associated with high
[CO2] does not always occur [6].

In addition to the positive effects on the impacts of abiotic stresses, elevated [CO2] can also
reduce to some extent the incidence and severity of coffee pests and diseases. In fact, decrease
in leaf rust (Hemileia vastatrix) severity, number of lesions, leaf area injured, number of sporu-
lating lesions, percentage of damaged leaf area and area under disease progress were observed
in C. arabica cv. Catuaí IAC 144 grown under elevated [CO2] [8]. Reduced incidence of leaf
miner (Leucoptera coffeella) during periods of high infestation was also observed at elevated
[CO2] [32].

In summary, enhanced [CO2] can have a positive mitigation effect on the negative impacts of
high temperature and, probably, low water availability, as well as by reducing the severity of
some pests and diseases. However, since responses are highly species (and even cultivar)
dependent, it is urgent to implement long-term studies in coffee considering single and,
especially, combined stresses, with the simultaneous exposure to elevated [CO2], supra-
optimal temperatures and drought, relating them to phenological stages (e.g., flowering),
therefore, to increase knowledge on this crop in a context of climate changes.

5. Mitigating the impacts of climate changes through management
practices

To promote crop sustainability in the context of climate changes and global warming, adapta-
tion and mitigation measures must be implemented. Regarding adaptation, plant screening
and breeding are essential to provide new improved and stress-tolerant genotypes, but their
implementation are somewhat delayed due to the time needed to obtain new varieties. As an
example, the use of improved genotypes with an optimized architecture is a valuable tool. It is
known that small-size plants, with denser canopies, are prone to display lower transpiration
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coffee performance under enhanced [CO2] was further obtained with other C. arabica genotypes
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[11]. In the same experiments, overall leaf mineral macro- and microelement contents have
remained within a range that could be considered largely adequate for coffee plants, with no
changes in macronutrient profile (N > K > Ca > Mg > S > P), that is, satisfactory mineral content
was maintained in the context of warming, under high [CO2] [34].

Climate changes are also predicted to affect intra- and inter-annual rainfall patterns, and the
decrease in precipitation amounts in conjunction with increased air temperature may reduce
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net photosynthesis at current [CO2]. Still, under increased air [CO2], a partial relief of negative
impacts of water deficit may occur [99]. Indeed, arabica coffee plants grown under severe
drought conditions and increased biotic pressure showed strategies which allow the mainte-
nance of structural and physiological integrity in the fourth period of winter growth [98]. This
occurs because of the dichotomous responses of net photosynthesis and stomatal conductance
to high [CO2], which lead to improved WUE, reducing soil moisture depletion during periods
of drought [9]. Studies by [10, 76] on Agropyron cristatum L. and Perilla frutescens var. japonica
Hara, respectively, reported positive results of elevated-CO2 mitigation of drought stress,
verifying increase in photosynthetic capacity and decrease in stomatal conductance with lower
transpiration rates. Consequently, increased intrinsic water-use efficiency (WUEi) and total
water-use efficiency (WUEt) were observed. Furthermore, high [CO2] can also alleviate oxida-
tive stress conditions, and photoinhibition status, likely associated to a higher photosynthetic
functioning (as also observed for high temperatures [11]), even under significant stomatal
closure. Altogether such responses may result in improved tolerance to drought stress, as
found in other plants [6, 10, 12]. Nevertheless, it is important to note that under severe
drought, such positive results might not be obtained, and that mitigation associated with high
[CO2] does not always occur [6].

In addition to the positive effects on the impacts of abiotic stresses, elevated [CO2] can also
reduce to some extent the incidence and severity of coffee pests and diseases. In fact, decrease
in leaf rust (Hemileia vastatrix) severity, number of lesions, leaf area injured, number of sporu-
lating lesions, percentage of damaged leaf area and area under disease progress were observed
in C. arabica cv. Catuaí IAC 144 grown under elevated [CO2] [8]. Reduced incidence of leaf
miner (Leucoptera coffeella) during periods of high infestation was also observed at elevated
[CO2] [32].

In summary, enhanced [CO2] can have a positive mitigation effect on the negative impacts of
high temperature and, probably, low water availability, as well as by reducing the severity of
some pests and diseases. However, since responses are highly species (and even cultivar)
dependent, it is urgent to implement long-term studies in coffee considering single and,
especially, combined stresses, with the simultaneous exposure to elevated [CO2], supra-
optimal temperatures and drought, relating them to phenological stages (e.g., flowering),
therefore, to increase knowledge on this crop in a context of climate changes.

5. Mitigating the impacts of climate changes through management
practices

To promote crop sustainability in the context of climate changes and global warming, adapta-
tion and mitigation measures must be implemented. Regarding adaptation, plant screening
and breeding are essential to provide new improved and stress-tolerant genotypes, but their
implementation are somewhat delayed due to the time needed to obtain new varieties. As an
example, the use of improved genotypes with an optimized architecture is a valuable tool. It is
known that small-size plants, with denser canopies, are prone to display lower transpiration
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rates [13, 14]. Additionally, plants with larger and deeper root systems would have an ability
to explore increased soil volumes, reaching water resources that other plants with a more
superficial root system do not [14]. Still, several years will be needed until such new genotypes
can be available and, therefore, ready-to-use strategies should be implemented, namely those
regarding an effective mitigation of the environmental negative impacts on the actual cropped
genotypes. This can be even more important when dealing with tree crops that have a produc-
tive lifespan of several years or decades, as it is the case of coffee, which can last for more than
30 years [18].

A significant range of management techniques can be used to minimize the impact of different
stresses that can affect the performance of agricultural systems. For coffee crop, several differ-
ent agronomic tools stand to that purpose, e.g., the use of shade systems with tree species, as
well as other intercropping associations, to improve an efficient water use and minimize
warming at the plant level, maintaining a more suitable microenvironment concerning both
temperature and air humidity. Improved soil covering with other intercropped species, and
terracing under conditions of significant slopes, are also quite useful techniques to minimize
soil water loss (or to increase its infiltration), therefore, helping to maintain water resources
available to the plants for longer periods.

5.1. Fertilization management under high air [CO2] and warming conditions

Minerals have a wide number of roles in plant cell. Therefore, as in other plants, an adequate
mineral fertilization is recognized as crucial to allow the triggering of acclimation mechanisms
in face of environmental constraints in the coffee plant. This is the case of nitrogen (N) supply,
which is of utmost importance to allow the recovery from high irradiance impact, through the
triggering of repair mechanism, and the reinforcement of leaf defense mechanisms, including
the control of highly reactive molecules of chlorophyll and oxygen, whose production is
exacerbated under high irradiance/full sun exposure [100–102]. Additionally, the presence of
adequate contents of other minerals allows the plant to maintain high metabolic performance
due to their specific roles. For instance, copper, iron and manganese, which were shown to
promote the activities of, respectively, superoxide dismutase, ascorbate peroxidase, and pho-
tosystem II under cold exposure [103], as well as calcium, which is essential to the stabilization
of chlorophyll and the maintenance of photochemical efficiency at PS II level [104].

Changes in mineral contents may affect plant development, but may also have other important
consequences, namely as regards the quality of agricultural products for food and feed, her-
bivory, litter decomposition rates, etc. [105, 106]. It is known that mineral contents often
decline in the leaf biomass under high air [CO2] conditions. This was related to higher growth
rates, accumulation of non-structural sugars (mainly starch), lower transpiration rates, or to
changes in the nutrient allocation patterns under enhanced air [CO2] [107–109] This mineral
“dilution” effect on leaves can affect the photosynthetic apparatus (e.g., through N, S and Fe),
enzyme activity (e.g., through K, P, Mn and Fe), alters redox reactions (e.g., through Fe, Zn and
Cu), and modifies the structural integrity of chloroplast membranes (e.g., B) [105, 110–113].
However, this so called “dilution effect” may frequently reflect qualitative physiological
changes rather than a lack of nutrients [108], since in many cases, these plants did not present
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mineral nutrition disturbances. This seems just to be the case in Coffea spp., since it was
observed that under adequate temperature, long-term exposure to enhanced [CO2] (700 μL L�1)
net photosynthetic rate was increased by between 40 and 49% [31], concomitantly to a moderate
mineral reduction that ranged from 7 to 25% in N, Mg, Ca, Fe in C. canephora cv Conilon Clone
153, and in N, K and Fe in C. arabica cv. Icatu [34].

Most important was also the observation that contents (on a per leaf mass basis) of several
minerals increased under supra-optimal temperatures, largely offsetting the dilution effect
observed under control temperature (25�C), keeping the large majority of minerals and their
ratios within a range that is considered adequate, therefore, suggesting that coffee plant can
maintain its mineral balance in a context of climate changes and global warming [34]. Even so,
taking into account the importance of mineral dynamics to virtually all biological processes,
studies under field conditions must be implemented to better understand the possible CO2

implications for coffee fertilizer management in a context of climate changes and global
warming in a near future.

5.2. Reducing irradiance at the leaf level

Both C arabica and C. canephora have been cultivated under full sunlight in many regions
around the world, particularly in Brazil. In fact, coffee plant can successfully adjust its photo-
synthetic metabolism to high light conditions, namely if adequate mineral nutrition is pro-
vided [100–102]. Effective acclimation to other environmental constraints (e.g., cold, heat,
drought) was also reported [14]. Such acclimation ability depends on the presence and/or
reinforcement of several mechanisms, among them leaf antioxidants, and qualitative modifi-
cations on the lipid matrix of cell membranes, particularly in the chloroplast. This allows the
plant to maintain high metabolic activity, namely as regards the photosynthetic pathway,
depending on stress severity and on species and genotype capabilities [11, 41, 57, 93, 101,
114]. However, these coffee species have evolved and grow naturally under shaded understory
[14, 68, 69]. Not surprisingly, Coffee sp. presents some leaf traits usually associated with shade
plants, namely low light saturating point (ca. 500 μmol m�2 s�1) [115], therefore, quite below
the irradiance values occurring under field conditions. This increases the probability of
photoinhibition under high solar radiation [13, 14, 100, 116, 117]. Taking into account pre-
dictions of a global warming and lower water availability along the present century, the
implementation of coffee cultivation under shaded conditions (e.g., under agro-forestry sys-
tems) may be recommended as a cultural management practice to alleviate the combined
impacts of drought and elevated temperatures [118], while improving nutrient cycling, soil
fertility and soil organic matter accumulation [119–122]. Additionally, shade crops can
improve ecological aspects including increasing bio-diversity of flora and fauna [123, 124].

Traditionally, coffee trees grown under shaded conditions show reduced yield, since shade
trees may compete with coffee for essential requirements such as light, water and nutrient
depending on tree density [13, 119, 125], with less nodes per branch and fewer flowers at
existing nodes must be also considered. Additionally, coffee plants show limited light distri-
bution within their own canopies [88], thus leading to the further reduction of the light
availability at whole canopy scale. However, increased light-use efficiency can compensate
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rates [13, 14]. Additionally, plants with larger and deeper root systems would have an ability
to explore increased soil volumes, reaching water resources that other plants with a more
superficial root system do not [14]. Still, several years will be needed until such new genotypes
can be available and, therefore, ready-to-use strategies should be implemented, namely those
regarding an effective mitigation of the environmental negative impacts on the actual cropped
genotypes. This can be even more important when dealing with tree crops that have a produc-
tive lifespan of several years or decades, as it is the case of coffee, which can last for more than
30 years [18].

A significant range of management techniques can be used to minimize the impact of different
stresses that can affect the performance of agricultural systems. For coffee crop, several differ-
ent agronomic tools stand to that purpose, e.g., the use of shade systems with tree species, as
well as other intercropping associations, to improve an efficient water use and minimize
warming at the plant level, maintaining a more suitable microenvironment concerning both
temperature and air humidity. Improved soil covering with other intercropped species, and
terracing under conditions of significant slopes, are also quite useful techniques to minimize
soil water loss (or to increase its infiltration), therefore, helping to maintain water resources
available to the plants for longer periods.

5.1. Fertilization management under high air [CO2] and warming conditions

Minerals have a wide number of roles in plant cell. Therefore, as in other plants, an adequate
mineral fertilization is recognized as crucial to allow the triggering of acclimation mechanisms
in face of environmental constraints in the coffee plant. This is the case of nitrogen (N) supply,
which is of utmost importance to allow the recovery from high irradiance impact, through the
triggering of repair mechanism, and the reinforcement of leaf defense mechanisms, including
the control of highly reactive molecules of chlorophyll and oxygen, whose production is
exacerbated under high irradiance/full sun exposure [100–102]. Additionally, the presence of
adequate contents of other minerals allows the plant to maintain high metabolic performance
due to their specific roles. For instance, copper, iron and manganese, which were shown to
promote the activities of, respectively, superoxide dismutase, ascorbate peroxidase, and pho-
tosystem II under cold exposure [103], as well as calcium, which is essential to the stabilization
of chlorophyll and the maintenance of photochemical efficiency at PS II level [104].

Changes in mineral contents may affect plant development, but may also have other important
consequences, namely as regards the quality of agricultural products for food and feed, her-
bivory, litter decomposition rates, etc. [105, 106]. It is known that mineral contents often
decline in the leaf biomass under high air [CO2] conditions. This was related to higher growth
rates, accumulation of non-structural sugars (mainly starch), lower transpiration rates, or to
changes in the nutrient allocation patterns under enhanced air [CO2] [107–109] This mineral
“dilution” effect on leaves can affect the photosynthetic apparatus (e.g., through N, S and Fe),
enzyme activity (e.g., through K, P, Mn and Fe), alters redox reactions (e.g., through Fe, Zn and
Cu), and modifies the structural integrity of chloroplast membranes (e.g., B) [105, 110–113].
However, this so called “dilution effect” may frequently reflect qualitative physiological
changes rather than a lack of nutrients [108], since in many cases, these plants did not present

Climate Resilient Agriculture - Strategies and Perspectives66

mineral nutrition disturbances. This seems just to be the case in Coffea spp., since it was
observed that under adequate temperature, long-term exposure to enhanced [CO2] (700 μL L�1)
net photosynthetic rate was increased by between 40 and 49% [31], concomitantly to a moderate
mineral reduction that ranged from 7 to 25% in N, Mg, Ca, Fe in C. canephora cv Conilon Clone
153, and in N, K and Fe in C. arabica cv. Icatu [34].

Most important was also the observation that contents (on a per leaf mass basis) of several
minerals increased under supra-optimal temperatures, largely offsetting the dilution effect
observed under control temperature (25�C), keeping the large majority of minerals and their
ratios within a range that is considered adequate, therefore, suggesting that coffee plant can
maintain its mineral balance in a context of climate changes and global warming [34]. Even so,
taking into account the importance of mineral dynamics to virtually all biological processes,
studies under field conditions must be implemented to better understand the possible CO2

implications for coffee fertilizer management in a context of climate changes and global
warming in a near future.

5.2. Reducing irradiance at the leaf level

Both C arabica and C. canephora have been cultivated under full sunlight in many regions
around the world, particularly in Brazil. In fact, coffee plant can successfully adjust its photo-
synthetic metabolism to high light conditions, namely if adequate mineral nutrition is pro-
vided [100–102]. Effective acclimation to other environmental constraints (e.g., cold, heat,
drought) was also reported [14]. Such acclimation ability depends on the presence and/or
reinforcement of several mechanisms, among them leaf antioxidants, and qualitative modifi-
cations on the lipid matrix of cell membranes, particularly in the chloroplast. This allows the
plant to maintain high metabolic activity, namely as regards the photosynthetic pathway,
depending on stress severity and on species and genotype capabilities [11, 41, 57, 93, 101,
114]. However, these coffee species have evolved and grow naturally under shaded understory
[14, 68, 69]. Not surprisingly, Coffee sp. presents some leaf traits usually associated with shade
plants, namely low light saturating point (ca. 500 μmol m�2 s�1) [115], therefore, quite below
the irradiance values occurring under field conditions. This increases the probability of
photoinhibition under high solar radiation [13, 14, 100, 116, 117]. Taking into account pre-
dictions of a global warming and lower water availability along the present century, the
implementation of coffee cultivation under shaded conditions (e.g., under agro-forestry sys-
tems) may be recommended as a cultural management practice to alleviate the combined
impacts of drought and elevated temperatures [118], while improving nutrient cycling, soil
fertility and soil organic matter accumulation [119–122]. Additionally, shade crops can
improve ecological aspects including increasing bio-diversity of flora and fauna [123, 124].

Traditionally, coffee trees grown under shaded conditions show reduced yield, since shade
trees may compete with coffee for essential requirements such as light, water and nutrient
depending on tree density [13, 119, 125], with less nodes per branch and fewer flowers at
existing nodes must be also considered. Additionally, coffee plants show limited light distri-
bution within their own canopies [88], thus leading to the further reduction of the light
availability at whole canopy scale. However, increased light-use efficiency can compensate
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the low availability of photosynthetically active solar radiation in coffee trees grown under
shaded conditions [126]. Also, shade trees can increase the proportion of diffuse light under
their canopy by 60–90%, what may lead to increased penetration of radiation inside the coffee
canopy [126]. In fact, C. canephora Clone 02 (clonal variety “EMCAPA 8111” [127]), grown
under an irradiance retention of 70% promoted by Australian cedar (Toona ciliata M. Roem) in
southeastern region of Brazil showed similar yield to unshaded counterparts, although for a
study considering only one crop season [128] (Figure 2). Similar yield and leaf nutrient content
were also found in shaded C. canephora cv. Verdebras G35 plants intercropped with rubber
trees (Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg.) in the same region, with a reduction of
ca. 70% in total irradiation [129], while similar yield were reported for C. arabica cv. Caturra
intercropped with Erythina poeppigiana (reduction of ca. 70% in total irradiation) in the central
Valley of Costa Rica [126] and in six C. arabica genotypes shaded by E. verna and Musa sp.
(shade up to 80%) [130].

As referred above, coffee trees show increased stomatal sensitivity to VPDair, so that increase in
air temperature and/or decrease in air relative humidity (RH) can result in reduced stomatal

Figure 2. Coffea canephora cv. Conilon under shading conditions promoted by A) Australian cedar (Toona ciliate M. Roem.
var. Australis), B) papaya (Carica papaya L.), C) rubber tree (Hevea brasiliensis Willd. ex A. Juss), and D) African mahogany
(Khaya spp.), in northern Espírito Santo state, Brazil.
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aperture. In this sense, shaded systems with trees, including rubber [129] and Australian cedar
[128], can reduce air temperature, maintain higher air humidity, and decrease low wind speed
near the coffee plants, thus resulting in decreased VPDair between the leaf and the atmosphere,
and a lower water loss through transpiration [13]. Therefore, shade will promote a better
WUE, reducing plant transpiration and soil evaporation, while contributing to improve plant
physiological performance [117].

In addition to the impacts on photosynthetic machinery, rising temperature causes increases in
plant respiration rates, mainly associated with “maintenance respiration” to support protein
turnover and to maintain active ions transport across the membrane [81]. Recent studies have
reported decreases of 2 up to 6�C in air temperature surrounding coffee canopy under shaded
condition [125, 128, 129, 131]. Such reduction in air temperature can therefore reduce mainte-
nance respiration [126], as C. arabica cv. Caturra plants in the Central Valley of Costa Rica that
showed a 40% decrease in peak maintenance respiration under a 4�C decrease in maximum
temperature [125].

Coffee growers need to obtain high yields, while maintaining bean quality in order to guaran-
tee their income. Rising temperature may decrease coffee bean yields due to bud abortion or
development of infertile flowers, particularly when associated with prolonged dry periods
[65]. Additionally, increased temperature may accelerate fruit maturation and ripening, reduc-
ing the accumulation of sucrose and altering the content of several compounds that are known
precursors of taste, flavor and aroma after roasting [15, 60, 62, 64]. Shade trees may provide a
milder microclimate, attenuating temperature rise on coffee beans, and by lowering air tem-
perature close to the coffee plant can extend the maturation period so that the bean filling
period will be enlarged [132, 133], what can contribute to higher sucrose accumulation.

Besides the importance of shade in reducing thermal stress, other important benefits arise as
well. For instance, coffee trees grown under full sunlight show a typical biennial pattern, e.g.,
during one crop season, a heavy fruit load will constitute a major sink at the expense of new
leaves and branches, reducing productivity in the following year [134]. Moreover, high fruits
load may result in reduced bean size due to the carbohydrate competition among berries
during bean filling [133]. In this sense, depending on density, shade trees can reduce coffee
flowering intensity, resulting in a better coffee bean quality, as well as in higher yield stability
along the years. Although the central purpose of coffee cultivation under shaded conditions is
alleviating the impacts of both high irradiances and supra-optimal temperatures, it is worth to
mention that cultivation of trees of economic importance, such as Inga sp. [125], Australian
cedar [128], rubber tree (Figure 2) [129], can constitute important complementary sources of
income to coffee farmers.

The application of kaolin particles can also reduce the irradiance at leaf surface, increasing
radiation reflections, and, consequently decreasing leaf temperature [135]. Kaolin particle film
can as well improve light distribution inside the canopy, leading to increase in photosynthetic
rates, increasing crop water use efficiency at whole-canopy scale, as reported for apple (Malus
sylvestris) [136, 137] and grapevine (Vitis vinifera L.) [137]. Moreover, kaolin particle film
protected apple fruits from damage caused by excessive heat linked to high light conditions,
besides avoiding the direct impacts of ultraviolet radiation on fruits as well [135]. Additionally,
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the low availability of photosynthetically active solar radiation in coffee trees grown under
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under an irradiance retention of 70% promoted by Australian cedar (Toona ciliata M. Roem) in
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were also found in shaded C. canephora cv. Verdebras G35 plants intercropped with rubber
trees (Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg.) in the same region, with a reduction of
ca. 70% in total irradiation [129], while similar yield were reported for C. arabica cv. Caturra
intercropped with Erythina poeppigiana (reduction of ca. 70% in total irradiation) in the central
Valley of Costa Rica [126] and in six C. arabica genotypes shaded by E. verna and Musa sp.
(shade up to 80%) [130].

As referred above, coffee trees show increased stomatal sensitivity to VPDair, so that increase in
air temperature and/or decrease in air relative humidity (RH) can result in reduced stomatal
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aperture. In this sense, shaded systems with trees, including rubber [129] and Australian cedar
[128], can reduce air temperature, maintain higher air humidity, and decrease low wind speed
near the coffee plants, thus resulting in decreased VPDair between the leaf and the atmosphere,
and a lower water loss through transpiration [13]. Therefore, shade will promote a better
WUE, reducing plant transpiration and soil evaporation, while contributing to improve plant
physiological performance [117].

In addition to the impacts on photosynthetic machinery, rising temperature causes increases in
plant respiration rates, mainly associated with “maintenance respiration” to support protein
turnover and to maintain active ions transport across the membrane [81]. Recent studies have
reported decreases of 2 up to 6�C in air temperature surrounding coffee canopy under shaded
condition [125, 128, 129, 131]. Such reduction in air temperature can therefore reduce mainte-
nance respiration [126], as C. arabica cv. Caturra plants in the Central Valley of Costa Rica that
showed a 40% decrease in peak maintenance respiration under a 4�C decrease in maximum
temperature [125].

Coffee growers need to obtain high yields, while maintaining bean quality in order to guaran-
tee their income. Rising temperature may decrease coffee bean yields due to bud abortion or
development of infertile flowers, particularly when associated with prolonged dry periods
[65]. Additionally, increased temperature may accelerate fruit maturation and ripening, reduc-
ing the accumulation of sucrose and altering the content of several compounds that are known
precursors of taste, flavor and aroma after roasting [15, 60, 62, 64]. Shade trees may provide a
milder microclimate, attenuating temperature rise on coffee beans, and by lowering air tem-
perature close to the coffee plant can extend the maturation period so that the bean filling
period will be enlarged [132, 133], what can contribute to higher sucrose accumulation.

Besides the importance of shade in reducing thermal stress, other important benefits arise as
well. For instance, coffee trees grown under full sunlight show a typical biennial pattern, e.g.,
during one crop season, a heavy fruit load will constitute a major sink at the expense of new
leaves and branches, reducing productivity in the following year [134]. Moreover, high fruits
load may result in reduced bean size due to the carbohydrate competition among berries
during bean filling [133]. In this sense, depending on density, shade trees can reduce coffee
flowering intensity, resulting in a better coffee bean quality, as well as in higher yield stability
along the years. Although the central purpose of coffee cultivation under shaded conditions is
alleviating the impacts of both high irradiances and supra-optimal temperatures, it is worth to
mention that cultivation of trees of economic importance, such as Inga sp. [125], Australian
cedar [128], rubber tree (Figure 2) [129], can constitute important complementary sources of
income to coffee farmers.

The application of kaolin particles can also reduce the irradiance at leaf surface, increasing
radiation reflections, and, consequently decreasing leaf temperature [135]. Kaolin particle film
can as well improve light distribution inside the canopy, leading to increase in photosynthetic
rates, increasing crop water use efficiency at whole-canopy scale, as reported for apple (Malus
sylvestris) [136, 137] and grapevine (Vitis vinifera L.) [137]. Moreover, kaolin particle film
protected apple fruits from damage caused by excessive heat linked to high light conditions,
besides avoiding the direct impacts of ultraviolet radiation on fruits as well [135]. Additionally,
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some works have demonstrated that particle film technology can alleviate the negative impacts
of water stress, particularly associated with increase in light reflection and decrease in canopy
temperature [137, 138]. In coffee, kaolin particle film was observed to increase C-assimilation and
bean yield, linked to improved light distribution within the canopy, since sunlight is essential to
floral initiation [139], and can, therefore, constitute a promising alternative technique to reduce
the thermal energy at leaf level.

Considering the effects of supra-optimal temperatures, high density planting system can
alleviate the negative impacts of heat stress, because under such conditions, the air surround-
ing the coffee plants becomes more humid due to plant transpiration and low wind speed,
decreasing VPDair [14]. Additionally, in areas facing strong winds, the use of windbreaks or
tree shelters is recommended as both can avoid an extensive removal of boundary layer,
leading to decreased demand for water from the atmosphere. However, under high density
planting systems, coffee crop management through pruning is fundamental for renewal,
revitalizing and yield stability in coffee plantations [140], what can improve soil coverage.

5.3. Soil covering and terracing

The distance between coffee rows allows for growth of other plants, which may compete for
water and nutrients, depending on species involved. Overall, weed control aims at removing
the invasive plants, exposing soil to intense solar radiation which can result in increase in
water evaporation directly from the soil as well as facilitating the surface water runoff, leading
to erosion losses, especially in areas with a pronounced slope. Depending on weed species,
invasive plants are allowed to grow naturally between coffee rows without any management
strategy. Although such plants may reduce erosion losses and direct solar radiation, as well as
improve the infiltration of water into the soil stratum [141], they lose water during the day
through transpiration, decreasing soil moisture [142]. Therefore, weed management strategies
(for example, cut using a mower) can contribute for organic matter accumulation and, in turn,
increase the water retention capacity of the soil, improving water productivity.

Also, the use of some leguminous species, correctly managed between coffee rows, can protect
the soil, providing N to the coffee plants. Furthermore, soil coverage with herbaceous plants
between coffee rows increases soil moisture and reduces both soil temperature and weed
incidence, improves the physical and chemical soil properties [143, 144], promotes water
infiltration, reduces rainfall impact and erosion, stimulates microbial activity, and improves
organic matter in the soil [145]. Improved ground cover can be further obtained from weeds
control, and by keeping biomass from coffee plants pruning, a common practice used to
promote crop productivity [140] and soil microbiota diversity.

Coffee straw/husks, a by-product generated during coffee processing and discarded in many
farms, can also be used for soil covering, reducing water losses through soil evaporation. In
addition, coffee straw/husks can provide essential macro and micronutrients, namely N, P, K,
Ca, Mg, S, Fe, B, Mn, Zn and Cu [72], lowering the need of chemical fertilization regarding these
nutrients, and increasing coffee yield up to 25% [146]. Moreover, these coffee by-products
can improve the soil physical associated with increase in CTC and soil pH [147], and inhibit
seed germination of many weed species such as Amaranthus retroflexus, Bidens pilosa, Cenchrus
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echinatus and Amaranthus spinosus [148]. Therefore, coffee straw/husks can increase soil water
retention and reduce to some extent costs associated with weed managements and fertilizers.

Other strategies for areas with a high slope are terracing, contour plowing terrace and rectan-
gular ditches. Such practices contribute for preventing rapid surface runoff, allowing rain
water to percolate into the soil, contributing for soil conservation [149–151]. Therefore, the
establishment of terraces, although expensive, could constitute a worthwhile alternative to
reduce water losses through runoff and soil erosion, while promoting infiltration [152]. Rain
water storage in reservoirs should also be implemented. This will allow future water use
during periods of negligible rainfall, constituting an important mitigation strategy to avoid
drought stress. Therefore, increasing the water retention/storage capability in the farm can
delay or even prevent coffee water stress.

6. Future perspectives

Climate changes are expected to negatively affect the coffee crop, causing serious social and
economic impacts. Supra-optimal temperatures and water scarcity may decrease coffee yields
and some studies state that these stresses are already occurring in some coffee-growing coun-
tries. However, coffee plants show a potential ability to cope with several environmental
stresses and enhanced [CO2] can improve such ability and mitigate to some extent the negative
impacts of supra-optimal temperatures. Even so, some mitigation strategies will be necessary
to alleviate the impacts of elevated temperature and/or drought stress on coffee trees. We have
reviewed some strategies that can be implemented depending on main environmental stresses
occurring in specific regions, such as those based on coffee traits (root systems, size leaf,
canopy architecture and stomatal sensitivity) and crop management (nutrient managements
and pruning system), as well as those aiming at reducing excessive light at coffee tree level
(shaded systems, kaolin-based particle film and plant density), and at improving soil water
retention (soil covering and terracing). Notably, however, a single mitigation strategy may not
be enough to face severe stress conditions; thus, multiple strategies should be undertaken.

Future studies considering simultaneous exposure to the main environmental stresses (e.g.,
high temperatures and drought), taking into account as well elevated [CO2], will be necessary
to elucidate the mechanisms underlying plasticity and vulnerability of coffee plants under
conditions that are expected to occur in the fields in a near future. Such studies are a funda-
mental basis for plant breeders to obtain new/more adapted genotypes. Finally, these strategies
appear to be useful tools toward maintaining the coffee chain production.
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decreasing VPDair [14]. Additionally, in areas facing strong winds, the use of windbreaks or
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echinatus and Amaranthus spinosus [148]. Therefore, coffee straw/husks can increase soil water
retention and reduce to some extent costs associated with weed managements and fertilizers.
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water to percolate into the soil, contributing for soil conservation [149–151]. Therefore, the
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reduce water losses through runoff and soil erosion, while promoting infiltration [152]. Rain
water storage in reservoirs should also be implemented. This will allow future water use
during periods of negligible rainfall, constituting an important mitigation strategy to avoid
drought stress. Therefore, increasing the water retention/storage capability in the farm can
delay or even prevent coffee water stress.

6. Future perspectives

Climate changes are expected to negatively affect the coffee crop, causing serious social and
economic impacts. Supra-optimal temperatures and water scarcity may decrease coffee yields
and some studies state that these stresses are already occurring in some coffee-growing coun-
tries. However, coffee plants show a potential ability to cope with several environmental
stresses and enhanced [CO2] can improve such ability and mitigate to some extent the negative
impacts of supra-optimal temperatures. Even so, some mitigation strategies will be necessary
to alleviate the impacts of elevated temperature and/or drought stress on coffee trees. We have
reviewed some strategies that can be implemented depending on main environmental stresses
occurring in specific regions, such as those based on coffee traits (root systems, size leaf,
canopy architecture and stomatal sensitivity) and crop management (nutrient managements
and pruning system), as well as those aiming at reducing excessive light at coffee tree level
(shaded systems, kaolin-based particle film and plant density), and at improving soil water
retention (soil covering and terracing). Notably, however, a single mitigation strategy may not
be enough to face severe stress conditions; thus, multiple strategies should be undertaken.

Future studies considering simultaneous exposure to the main environmental stresses (e.g.,
high temperatures and drought), taking into account as well elevated [CO2], will be necessary
to elucidate the mechanisms underlying plasticity and vulnerability of coffee plants under
conditions that are expected to occur in the fields in a near future. Such studies are a funda-
mental basis for plant breeders to obtain new/more adapted genotypes. Finally, these strategies
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Abstract

Management practices used on croplands to enhance crop yields and quality can contrib-
ute about 10–20% of global greenhouse gases (GHGs: carbon dioxide [CO2], nitrous oxide 
[N2O], and methane [CH4]). Some of these practices are tillage, cropping systems, N fertil-
ization, organic fertilizer application, cover cropping, fallowing, liming, etc. The impact of 
these practices on GHGs in radiative forcing in the earth’s atmosphere is quantitatively esti-
mated by calculating net global warming potential (GWP) which accounts for all sources 
and sinks of CO2 equivalents from farm operations, chemical inputs, soil carbon sequestra-
tion, and N2O and CH4 emissions. Net GWP for a crop production system is expressed as 
kg CO2 eq. ha−1 year.−1 Net GWP can also be expressed in terms of crop yield (kg CO2 eq. kg−1 
grain or biomass yield) which is referred to as net greenhouse gas intensity (GHGI) or yield-
scaled GWP and is calculated by dividing net GWP by crop yield. This article discusses the 
literature review of the effects of various management practices on GWP and GHGI from 
croplands as well as different methods used to calculate net GWP and GHGI. The paper 
also discusses novel management techniques to mitigate net CO2 emissions from croplands 
to the atmosphere. This information will be used to address the state of global carbon cycle.

Keywords: crop yield, greenhouse gas, global warming, potential, management 
practice, soil carbon sequestration

1. Overview

Management practices on croplands can contribute about 10–20% of global greenhouse gases 
(GHGs: carbon dioxide [CO2], nitrous oxide [N2O], and methane [CH4]) [1, 2]. Quantitative esti-
mate of the impact of these GHGs in radiative forcing in the earth’s atmosphere is done by cal-
culating net global warming potential (GWP) which accounts for all sources and sinks of CO2 
equivalents from farm operations, chemical inputs, soil carbon (C) sequestration, and N2O and 
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CH4 emissions [3, 4]. Net GWP for a crop production system is expressed as kg CO2 eq. ha−1 year.−1 
Net GWP can also be expressed in terms of crop yield (kg CO2 eq. kg−1 grain or  biomass yield) 
which is referred to as net greenhouse gas intensity (GHGI) or yield-scaled GWP and is calcu-
lated by dividing net GWP by crop yield [3]. These values can be affected both by net GHG emis-
sions and crop yields. Sources of GHGs in agroecosystems include N2O and CH4 emissions (or 
CH4 uptake) as well as CO2 emissions associated with farm machinery used for tillage, planting, 
harvesting, and manufacture, transportation, and applications of chemical inputs, such as fertil-
izers, herbicides, and pesticides, while soil carbon sequestration rate can be either a sink or source 
of CO2 [4–6]. In the calculations of net GWP and GHGI, emissions of N2O and CH4 are converted 
into their CO2 equivalents of global warming potentials which are 265 and 28, respectively, for 
a time horizon of 100 year [2]. The balance between soil carbon sequestration rate, N2O and CH4 
emissions (or CH4 uptake), and crop yield typically controls net GWP and GHGI [3, 4, 7].

Some of the improved management practices used for reducing net GWP and GHGI from 
croplands are no-till, increased cropping intensity, diversified crop rotation, cover cropping, 
and reduced N fertilization rates [3, 4, 7–10]. Soil organic carbon can usually be increased by 
adopting no-tillage practice which decreases microbial activity and CO2 emissions as a result 
of reduced soil disturbance and residue incorporation compared with conventional tillage 
practice [3, 11]. Tillage, however, can interact with crop residue carbon input on soil carbon 
sequestration which varies by region [12]. When carbon input is <15% due to reduced crop 
yields, soil organic carbon is often lower with no-tillage than conventional tillage in regions 
with wetter and cooler climate, such as in eastern USA and Canada [12]. In such regions, till-
age often redistributes crop residues in the soil profile, resulting in lower soil organic carbon 
in the surface soil and greater in the subsurface soil, with overall lower soil profile carbon is 
greater in conventional tillage than no-tillage [13, 14]. The reverse is true when carbon input 
is >15% [12]. With double rather than single crop in a year, Luo et al. [14] found that no-
tillage increased soil organic carbon in the soil profile compared with conventional tillage. In 
regions with subtropical humid and semiarid climates, such as in southern USA and northern 
Great Plains, no-tillage can increase soil organic carbon compared with conventional tillage 
by increasing carbon input as well as reducing soil organic matter mineralization [12].

Soil organic carbon can also be increased by increasing the quality and quantity of crop residue 
returned to the soil due to diversified cropping systems, such as intensive cropping, crop rotation, 
and cover cropping, compared with non-diversified systems, such as crop-fallow, monocrop-
ping, and no cover crop [3, 15]. Crop rotation can increase soil organic carbon by increasing car-
bon input through increased crop yield compared with monocropping [3, 15, 16]. Similarly, cover 
cropping can increasing soil organic carbon by increasing the amount of crop residue returned 
to the soil [17]. In contrast, fallowing can reduce soil organic carbon by reducing carbon input 
and by increasing soil organic matter mineralization as a result of increased soil temperature and 
water content [16, 18]. The effect of nitrogen fertilization on soil organic carbon is variable [18–20].

Nitrogen is usually required in large amounts to sustain crop yield and quality compared 
with other nutrients, such as phosphorus and potassium. Nitrogen fertilization typically stim-
ulates N2O emissions when the amount of applied nitrogen exceeds crop nitrogen demand 
[3, 8–10, 21]. Nitrogen fertilization, however, can have a variable effect on CO2 and CH4 emis-
sions [15, 22]. Because N2O emissions has a large effect on net GWP and GHGI, practices that 
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can reduce N fertilization rates without influencing crop yields can substantially reduce net 
GHG emissions [3, 4]. Other factors that can influence N2O emissions are type, placement, and 
method of application of nitrogen fertilizers. Applying nitrogen fertilizer in the spring com-
pared with autumn and using split application compared with one single application at plant-
ing can reduce N2O emissions in some cases [23–25]. Applying N fertilizer at various depths 
can have variable effects on N2O emissions [26–29]. Anhydrous ammonia can increase N2O 
emissions compared with urea [27, 30, 31]. Similarly, chemical additives to reduce nitrification 
from nitrogen fertilizers, such as polymer-coated urea and nitrification inhibitors, can sub-
stantially reduce N2O emissions compared with ordinary urea and non-nitrification inhibitors 
fertilizers [32–34]. Some nitrogen fertilizers, such as urea, emit both CO2 and N2O. Nitrogen 
fertilizers also indirectly emit N2O through ammonia volatilization and nitrate leaching [31].

Some management practices used for reducing GHG emissions can have adverse effects. 
Examples of such practices are no-tillage systems where denitrification resulting from higher 
soil water content can increase N2O emissions compared with conventional tillage systems in 
humid regions, thereby reducing the GHG mitigation potential [35]. In contrast, N2O emis-
sions can be similar [36] or lower [3, 37] with no-tillage compared with conventional tillage 
in semiarid and arid regions. Sainju et al. [37] reported that crop rotation had no effect on 
N2O emissions, but CH4 uptake was greater with barley-pea rotation than continuous barley 
in the semiarid region. Cover crops also have variable effect on N2O emissions [38]. Legume 
cover crops can increase N2O emissions compared with nonlegume cover crops during their 
growth, but emissions can be similar among cover crops when measured over the entire year 
[38]. Similarly, root respiration and mineralization of crop residue and soil organic carbon can 
have negative impacts on GHG mitigation, although greater root biomass and distribution 
can increase carbon sequestration [15, 39]. Therefore, while calculating net GWP and GHGI, 
all of these factors should be accounted for, regardless of management practices used [3, 4, 40].

Several methods have been used to calculate net GWP and GHGI. Some have used the sum of 
CO2 equivalents of N2O and CH4 emissions [21, 41, 42], while others [43, 44] have included CO2 
equivalents of all three GHGs. Still others have used CO2 equivalents of N2O and CH4 emis-
sions and soil carbon sequestration rate [45–47]. A full accounting of all sources and sinks of 
CO2 emissions to calculate net GWP and GHGI includes CO2 equivalents from farm operations, 
N fertilization, and other inputs in addition to above parameters [3, 7, 9, 10, 40, 48–51]. Several 
researchers have used DAYCENT and GREET models to estimate GWP and GHGI [52, 53]. 
Some have excluded N2O and CH4 emissions, but used CO2 equivalents of all other sources and 
sinks [6]. An alternative method of calculating net GWP and GHGI includes substituting soil 
carbon sequestration rate by soil respiration and the amount of previous year’s crop residue 
returned to the soil [3, 9, 10, 50, 51, 54]. Each method has its own advantages and drawbacks.

2. Impact of management practices

2.1. Tillage

Various studies have shown that both net GWP and GHGI were lower with no-tillage than 
conventional tillage, regardless of soil and climatic conditions, cropping systems, and  methods 
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CH4 emissions [3, 4]. Net GWP for a crop production system is expressed as kg CO2 eq. ha−1 year.−1 
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Nitrogen is usually required in large amounts to sustain crop yield and quality compared 
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can reduce N fertilization rates without influencing crop yields can substantially reduce net 
GHG emissions [3, 4]. Other factors that can influence N2O emissions are type, placement, and 
method of application of nitrogen fertilizers. Applying nitrogen fertilizer in the spring com-
pared with autumn and using split application compared with one single application at plant-
ing can reduce N2O emissions in some cases [23–25]. Applying N fertilizer at various depths 
can have variable effects on N2O emissions [26–29]. Anhydrous ammonia can increase N2O 
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Examples of such practices are no-tillage systems where denitrification resulting from higher 
soil water content can increase N2O emissions compared with conventional tillage systems in 
humid regions, thereby reducing the GHG mitigation potential [35]. In contrast, N2O emis-
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growth, but emissions can be similar among cover crops when measured over the entire year 
[38]. Similarly, root respiration and mineralization of crop residue and soil organic carbon can 
have negative impacts on GHG mitigation, although greater root biomass and distribution 
can increase carbon sequestration [15, 39]. Therefore, while calculating net GWP and GHGI, 
all of these factors should be accounted for, regardless of management practices used [3, 4, 40].
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of calculations [3, 7, 44, 47, 49, 55]; Sainju [56] observed that reductions in net GWP and GHGI 
due to no-tillage vs. conventional tillage vary among regions with various soil and climatic 
conditions, but largest difference occurred in sandy soil under moderate annual precipitation 
(900 mm). Net GWP values, however, increased in regions with higher air temperature. A 
meta-analysis of nine experiments by the same author on the effect of tillage showed that no-
tillage reduced net GWP by 55% and net GHGI by 58% compared with conventional tillage 
when all sources and sinks of CO2 were accounted for. With the partial accounting of sources 
and sinks, the reductions in net GWP and GHGI due to no-tillage vs. conventional tillage were 
81 and 73%, respectively, indicating that partial accounting can inflate net GWP and GHGI 
values [56]. Differences in crop yields among cropping systems and regions resulted in dif-
ferent proportion of reductions in net GWP and GHGI due to no-tillage vs. conventional till-
age [56]. Increased soil carbon sequestration rate due to reduced soil disturbance and carbon 
mineralization reduces net GWP and GHGI in no-tillage [4, 40, 57]. In contrast, increased crop 
residue incorporation and aeration increases microbial activity which reduces carbon seques-
tration, thereby reducing net GWP and GHGI in conventional tillage [3, 7, 9]. Reduction in 
tillage intensity can also reduce net GWP and GHGI [58].

The duration of study can also have a profound influence on net GWP and GHGI with no-
tillage vs. conventional tillage. Under corn-soybean rotation in clay loam soil in Colorado, 
Mosier et al. [3, 7] found that net GWP with no-tillage vs. conventional tillage was lower after 
1 year than after 3 year due to differences in soil carbon sequestration rates. In contrast, Six 
et al. [57] reported that reduction in net GWP with no-tillage vs. conventional tillage was real-
ized only after 10 year in the humid region and 20 year in the dry region due to increased soil 
aggregation, reduced aeration, and increased soil carbon sequestration. In a meta-analysis of 
nine experiments, Sainju [56] found that changes in net GWP and GHGI due to no-tillage vs. 
conventional tillage increased with the duration of the experiment, regardless of the method 
used for calculation. When soil and climatic conditions, such as soil texture, annual precipi-
tation, and average air temperature of the experimental sites were included in the multiple 
linear regressions, the relationships were further improved. While air temperature had a neg-
ative effect on net GWP and GHGI, the effect of soil texture varied. This could be explained by 
several factors: (1) no-till can some time increases N2O emissions due to increased soil water 
content and denitrification compared with conventional till, especially in the humid region, 
thereby reducing net GWP and GHGI [4, 40, 57], (2) the potential for soil carbon seques-
tration using no-tillage decreases and reaches a steady state as the duration of the experi-
ment increases [57, 59], and (3) there is a high uncertainty in spatial and temporal variability 
in GHG emissions within and among regions due to variations in soil and climatic condi-
tions and management practices [7, 9, 10, 40]. Nevertheless, more long-term experiments are 
needed to relate the effect of tillage with the duration of experiment on net GWP and GHGI.

2.2. Cropping system

Crop type and cropping systems can affect net GWP and GHGI. Various researchers [3, 7, 
48, 49] reported that both net GWP and GHGI were lower with continuous corn than corn-
soybean rotation, but net GHGI was lower with soybean than corn when grown alone [53]. 
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Increased soil carbon sequestration due to greater amount of crop residue returned to the soil 
reduced net GWP and GHGI under continuous corn compared with corn-soybean rotation, 
although nitrogen fertilization rate to produce sustainable yield was higher in continuous 
corn [3, 7, 48, 49]. In contrast, greater N2O emissions following soybean increased net GWP 
and GHGI in corn-soybean rotation [3, 7, 48, 49]. Under small grain crops, however, several 
researchers [9, 10, 60, 61] have found that including legumes, such as pea and lentil, in rota-
tion with nonlegumes, such as wheat and barley, reduced net GWP and GHGI compared with 
continuous nonlegumes. They observed this because (1) no nitrogen fertilizer was applied 
to legumes compared with nonlegumes which required large amount of nitrogen fertilizers 
to sustain yields, as nitrogen fertilizer stimulates N2O emissions and (2) legumes supplied 
greater amount of nitrogen to succeeding crops due to higher nitrogen concentration when 
above- and belowground residues were returned to the soil and reduced nitrogen fertilization 
rate compared with nonlegumes. Sainju et al. [9, 10] also found that legume-nonlegume rota-
tion increased soil carbon sequestration because of increased turnover rate of plant carbon to 
soil carbon compared to continuous nonlegume.

In a meta-analysis of 11 experiments on the effect of crop rotation containing small and large 
grain crops on net GWP and GHGI, Sainju [56] reported that crop rotation increased net GWP 
by 46% and net GHGI by 41% compared with monocropping. This was especially true for 
large grain crops, such as corn and soybean where net GWP and GHGI were 215 and 325%, 
respectively, greater under corn-soybean than continuous corn. In contrast, for small grain 
crops, such as barley and pea, net GWP was 22% lower under barley-pea than continuous 
barley. Both net GWP and GHGI were 168 and 215%, respectively, lower with perennial than 
annual crops. Greater number of experiments and magnitude of changes, however, resulted 
in higher net GWP and GHGI in monocropping than crop rotation under large than small 
grain crops when values were averaged across experiments during data analysis [56].

As cropping intensity increased, net GWP and GHGI reduced [56]. Greater amount of crop 
residue returned to the soil and increased carbon sequestration reduced net GWP and GHGI 
when cropping intensity was increased [9, 50]. Increased carbon sequestration with increased 
cropping intensity in the semiarid regions with limited precipitation is well known [18, 62]. 
Several researchers [7, 9, 50] have found that fallowing or crop-fallow rotation increased GHG 
emissions and therefore net GWP and GHGI compared with continuous cropping due to 
increased soil temperature and water content that enhanced microbial activity and absence of 
crops to utilize mineralized nitrogen during fallow. Using partial accounting of CO2 sources 
and sinks, Liebig et al. [63], however, did not found significant difference in net GWP between 
alternate-year fallow and continuous cropping in North Dakota. Perennial crops can reduce 
net GWP and GHGI compared with annual crops [7, 44, 50] due to higher root biomass pro-
duction [64, 65] and increased soil carbon sequestration [55]. Because land under perennial 
crops is not tilled and perennial crops are not applied with fertilizers, herbicides, and pesti-
cides, GHG emissions are usually lower with perennial than annual crops [4].

Sainju [56] found that changes in net GWP and GHGI due to crop rotation vs. monocrop 
and corn-soybean vs. continuous corn decreased with increased duration of experiment, 
but increased due to annual vs. perennial cropping systems. The relationships were further 
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tration, thereby reducing net GWP and GHGI in conventional tillage [3, 7, 9]. Reduction in 
tillage intensity can also reduce net GWP and GHGI [58].

The duration of study can also have a profound influence on net GWP and GHGI with no-
tillage vs. conventional tillage. Under corn-soybean rotation in clay loam soil in Colorado, 
Mosier et al. [3, 7] found that net GWP with no-tillage vs. conventional tillage was lower after 
1 year than after 3 year due to differences in soil carbon sequestration rates. In contrast, Six 
et al. [57] reported that reduction in net GWP with no-tillage vs. conventional tillage was real-
ized only after 10 year in the humid region and 20 year in the dry region due to increased soil 
aggregation, reduced aeration, and increased soil carbon sequestration. In a meta-analysis of 
nine experiments, Sainju [56] found that changes in net GWP and GHGI due to no-tillage vs. 
conventional tillage increased with the duration of the experiment, regardless of the method 
used for calculation. When soil and climatic conditions, such as soil texture, annual precipi-
tation, and average air temperature of the experimental sites were included in the multiple 
linear regressions, the relationships were further improved. While air temperature had a neg-
ative effect on net GWP and GHGI, the effect of soil texture varied. This could be explained by 
several factors: (1) no-till can some time increases N2O emissions due to increased soil water 
content and denitrification compared with conventional till, especially in the humid region, 
thereby reducing net GWP and GHGI [4, 40, 57], (2) the potential for soil carbon seques-
tration using no-tillage decreases and reaches a steady state as the duration of the experi-
ment increases [57, 59], and (3) there is a high uncertainty in spatial and temporal variability 
in GHG emissions within and among regions due to variations in soil and climatic condi-
tions and management practices [7, 9, 10, 40]. Nevertheless, more long-term experiments are 
needed to relate the effect of tillage with the duration of experiment on net GWP and GHGI.

2.2. Cropping system

Crop type and cropping systems can affect net GWP and GHGI. Various researchers [3, 7, 
48, 49] reported that both net GWP and GHGI were lower with continuous corn than corn-
soybean rotation, but net GHGI was lower with soybean than corn when grown alone [53]. 
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Increased soil carbon sequestration due to greater amount of crop residue returned to the soil 
reduced net GWP and GHGI under continuous corn compared with corn-soybean rotation, 
although nitrogen fertilization rate to produce sustainable yield was higher in continuous 
corn [3, 7, 48, 49]. In contrast, greater N2O emissions following soybean increased net GWP 
and GHGI in corn-soybean rotation [3, 7, 48, 49]. Under small grain crops, however, several 
researchers [9, 10, 60, 61] have found that including legumes, such as pea and lentil, in rota-
tion with nonlegumes, such as wheat and barley, reduced net GWP and GHGI compared with 
continuous nonlegumes. They observed this because (1) no nitrogen fertilizer was applied 
to legumes compared with nonlegumes which required large amount of nitrogen fertilizers 
to sustain yields, as nitrogen fertilizer stimulates N2O emissions and (2) legumes supplied 
greater amount of nitrogen to succeeding crops due to higher nitrogen concentration when 
above- and belowground residues were returned to the soil and reduced nitrogen fertilization 
rate compared with nonlegumes. Sainju et al. [9, 10] also found that legume-nonlegume rota-
tion increased soil carbon sequestration because of increased turnover rate of plant carbon to 
soil carbon compared to continuous nonlegume.

In a meta-analysis of 11 experiments on the effect of crop rotation containing small and large 
grain crops on net GWP and GHGI, Sainju [56] reported that crop rotation increased net GWP 
by 46% and net GHGI by 41% compared with monocropping. This was especially true for 
large grain crops, such as corn and soybean where net GWP and GHGI were 215 and 325%, 
respectively, greater under corn-soybean than continuous corn. In contrast, for small grain 
crops, such as barley and pea, net GWP was 22% lower under barley-pea than continuous 
barley. Both net GWP and GHGI were 168 and 215%, respectively, lower with perennial than 
annual crops. Greater number of experiments and magnitude of changes, however, resulted 
in higher net GWP and GHGI in monocropping than crop rotation under large than small 
grain crops when values were averaged across experiments during data analysis [56].

As cropping intensity increased, net GWP and GHGI reduced [56]. Greater amount of crop 
residue returned to the soil and increased carbon sequestration reduced net GWP and GHGI 
when cropping intensity was increased [9, 50]. Increased carbon sequestration with increased 
cropping intensity in the semiarid regions with limited precipitation is well known [18, 62]. 
Several researchers [7, 9, 50] have found that fallowing or crop-fallow rotation increased GHG 
emissions and therefore net GWP and GHGI compared with continuous cropping due to 
increased soil temperature and water content that enhanced microbial activity and absence of 
crops to utilize mineralized nitrogen during fallow. Using partial accounting of CO2 sources 
and sinks, Liebig et al. [63], however, did not found significant difference in net GWP between 
alternate-year fallow and continuous cropping in North Dakota. Perennial crops can reduce 
net GWP and GHGI compared with annual crops [7, 44, 50] due to higher root biomass pro-
duction [64, 65] and increased soil carbon sequestration [55]. Because land under perennial 
crops is not tilled and perennial crops are not applied with fertilizers, herbicides, and pesti-
cides, GHG emissions are usually lower with perennial than annual crops [4].

Sainju [56] found that changes in net GWP and GHGI due to crop rotation vs. monocrop 
and corn-soybean vs. continuous corn decreased with increased duration of experiment, 
but increased due to annual vs. perennial cropping systems. The relationships were further 
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improved when soil and climatic conditions were accounted for in the multiple linear regres-
sions of net GWP and GHGI with the duration of the experiment. He observed that soil tex-
ture had a positive effect on net GWP and GHGI for cropping intensity, but negative effect 
on net GWP for crop rotation vs. monocrop and perennial vs. annual crop. The trend was 
opposite for mean air temperature while annual precipitation had small effect. Because the 
magnitude of carbon sequestration rate is lower and time for carbon saturation is longer for 
the effect of cropping systems than for tillage systems [57, 59], reduced net GWP and GHGI 
for increased cropping intensity and crop rotation vs. monocrop with increased duration of 
experiment was due to increased carbon sequestration. Sainju [56] reported that crop rotation 
had a greater potential to reduce net GWP and GHGI compared with monocropping in the 
long run, but the potential can vary for perennial vs. annual cropping systems.

2.3. Nitrogen fertilization

Nitrogen fertilizer application rate, source, and timing and method of application can influ-
ence net GWP and GHGI. Increased nitrogen fertilization rate enhanced net GWP and GHGI 
due to increased N2O emissions and CO2 emissions associated with manufacture, transport, 
and application of nitrogen fertilizers, regardless of cropping systems and methods of calcu-
lations [3, 7, 21, 33, 42, 55]. In a meta-analysis of 12 experiments, Sainju [56], after accounting 
for all sources and sinks of CO2 emissions, reported that net GWP decreased from 0 to ≤45 kg 
N ha−1 and net GHGI from 0 to ≤145 kg N ha−1 and then increased with increased nitrogen 
fertilization rate. Using partial accounting, net GWP decreased from 0 to 88 kg N ha−1 and net 
GHGI from 0 to ≤213 kg N ha−1 and then increased with increased nitrogen rate. These nitro-
gen rates probably corresponded to crop nitrogen demand when crops used most of the soil 
available nitrogen, leaving little residual nitrogen in the soil that reduced N2O emissions and 
therefore net GWP and GHGI. When nitrogen rates exceeded crop nitrogen demand, net GWP 
and GHGI increased linearly [56], suggesting that excessive application of nitrogen fertilizers 
can induce net GHG emissions. Similar results have been reported by several researchers [8, 
66, 67]. Therefore, nitrogen fertilizers should be applied at optimum rates to reduce net GWP 
and GHGI while sustaining crop yields. The optimum nitrogen rates, however, depended on 
net GWP measured either per unit area or per unit crop yield.

Sainju [56] observed that the relationships between net GWP, net GHGI, and nitrogen rate 
were further improved when the duration of the experiment and soil and climatic conditions 
were taken into account in the multiple linear regressions. Duration of experiment and annual 
precipitation had positive effects, but air temperature and soil texture had negative effects 
on net GWP when all sources and sinks of CO2 emissions were accounted for. With partial 
accounting, only air temperature had positive effect on net GWP, but other factors had nega-
tive effects. For net GHGI, the factors having negative effects were air temperature using the 
complete accounting of CO2 emissions and annual precipitation and soil texture using the 
partial accounting.

Alder et al. [58] reported that anhydrous ammonia reduced net GHGI compared with urea, 
urea ammonium nitrate, and polymer-coated urea under corn, wheat and switchgrass due 
to lower energy requirement for fertilizer production. They found that polymer-coated 
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urea reduced net GHGI by slowly releasing nitrogen to the soil and reducing indirect N2O 
emissions compared with urea ammonium nitrate. Little is known about the placement and 
methods of nitrogen fertilizer applications on net GWP and GHGI, although various results 
have been reported on N2O emissions using these practices [23–29]. More research is needed 
about the effects of source, placement, and timing of nitrogen fertilizer application on net 
GWP and GHGI.

2.4. Other fertilizers

Application of combination of nitrogen, phosphorus, and potassium increased net GWP com-
pared with no application and net GWP further increased as these nutrients were applied with a 
combination of inorganic fertilizer, green manure, and farmyard manure, although total amount 
of nutrients applied from various sources were similar under rice in China and India [43, 46]. They 
found that increased substrate availability from fertilizers and organic amendments increased 
N2O and CH4 emissions and therefore net GWP. Shang et al. [46], however, found lower net 
GHGI with these nutrient applications than without due to increased crop yield. Adviento-Borbe 
et al. [48] also observed increased net GWP and GHGI with combined application of nitrogen, 
phosphorus, and potassium compared with no application under corn in Nebraska.

2.5. Miscellaneous practices

Burning of crop residue increased net GWP and GHGI compared with residue retained in 
the soil due to reduced carbon input and soil carbon sequestration in upland crop produc-
tion [40, 47]. Sainju et al. [55] found that irrigation increased net GWP and GHGI compared 
with no irrigation due to lower soil carbon sequestration as a result of increased carbon min-
eralization and loss of water soluble carbon from increased soil water availability. Under 
lowland rice, Li et al. [68] found that midseason and shallow drainage reduced net GWP and 
GHGI by 21–205% compared with continuous flooding. Under upland rice where flooding 
is minimized, they found that drainage reduced net GWP and GHGI from 17 to 322% com-
pared with no drainage. They also found that application of nitrogen fertilizer and straw in 
flooded rice reduced net GWP and GHGI from 16 to 91% compared with no application, but 
net GWP increased by 18% by using slow N release fertilizer compared with normal nitrogen 
fertilizer.

2.6. Combined management practices

Using combined effects of tillage, crop rotation, and nitrogen fertilization rates, various 
researchers [3, 7, 49] found that net GWP and GHGI were lower with no-tillage continuous 
corn with reduced nitrogen rate than conventional tillage corn-soybean rotation with recom-
mended nitrogen rate. They attributed this to increased soil carbon sequestration and reduced 
N2O emissions, as corn used most of nitrogen during growth, leaving little soil residual nitro-
gen. They found that soybean increased N2O emissions compared with corn, thereby increasing 
net GWP and GHGI with corn-soybean compared with corn. Similarly, Adviento-Borbe et al. 
[48] reported that net GWP and GHGI were lower with lower rates of nitrogen, phosphorus, 
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improved when soil and climatic conditions were accounted for in the multiple linear regres-
sions of net GWP and GHGI with the duration of the experiment. He observed that soil tex-
ture had a positive effect on net GWP and GHGI for cropping intensity, but negative effect 
on net GWP for crop rotation vs. monocrop and perennial vs. annual crop. The trend was 
opposite for mean air temperature while annual precipitation had small effect. Because the 
magnitude of carbon sequestration rate is lower and time for carbon saturation is longer for 
the effect of cropping systems than for tillage systems [57, 59], reduced net GWP and GHGI 
for increased cropping intensity and crop rotation vs. monocrop with increased duration of 
experiment was due to increased carbon sequestration. Sainju [56] reported that crop rotation 
had a greater potential to reduce net GWP and GHGI compared with monocropping in the 
long run, but the potential can vary for perennial vs. annual cropping systems.

2.3. Nitrogen fertilization

Nitrogen fertilizer application rate, source, and timing and method of application can influ-
ence net GWP and GHGI. Increased nitrogen fertilization rate enhanced net GWP and GHGI 
due to increased N2O emissions and CO2 emissions associated with manufacture, transport, 
and application of nitrogen fertilizers, regardless of cropping systems and methods of calcu-
lations [3, 7, 21, 33, 42, 55]. In a meta-analysis of 12 experiments, Sainju [56], after accounting 
for all sources and sinks of CO2 emissions, reported that net GWP decreased from 0 to ≤45 kg 
N ha−1 and net GHGI from 0 to ≤145 kg N ha−1 and then increased with increased nitrogen 
fertilization rate. Using partial accounting, net GWP decreased from 0 to 88 kg N ha−1 and net 
GHGI from 0 to ≤213 kg N ha−1 and then increased with increased nitrogen rate. These nitro-
gen rates probably corresponded to crop nitrogen demand when crops used most of the soil 
available nitrogen, leaving little residual nitrogen in the soil that reduced N2O emissions and 
therefore net GWP and GHGI. When nitrogen rates exceeded crop nitrogen demand, net GWP 
and GHGI increased linearly [56], suggesting that excessive application of nitrogen fertilizers 
can induce net GHG emissions. Similar results have been reported by several researchers [8, 
66, 67]. Therefore, nitrogen fertilizers should be applied at optimum rates to reduce net GWP 
and GHGI while sustaining crop yields. The optimum nitrogen rates, however, depended on 
net GWP measured either per unit area or per unit crop yield.

Sainju [56] observed that the relationships between net GWP, net GHGI, and nitrogen rate 
were further improved when the duration of the experiment and soil and climatic conditions 
were taken into account in the multiple linear regressions. Duration of experiment and annual 
precipitation had positive effects, but air temperature and soil texture had negative effects 
on net GWP when all sources and sinks of CO2 emissions were accounted for. With partial 
accounting, only air temperature had positive effect on net GWP, but other factors had nega-
tive effects. For net GHGI, the factors having negative effects were air temperature using the 
complete accounting of CO2 emissions and annual precipitation and soil texture using the 
partial accounting.

Alder et al. [58] reported that anhydrous ammonia reduced net GHGI compared with urea, 
urea ammonium nitrate, and polymer-coated urea under corn, wheat and switchgrass due 
to lower energy requirement for fertilizer production. They found that polymer-coated 
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urea reduced net GHGI by slowly releasing nitrogen to the soil and reducing indirect N2O 
emissions compared with urea ammonium nitrate. Little is known about the placement and 
methods of nitrogen fertilizer applications on net GWP and GHGI, although various results 
have been reported on N2O emissions using these practices [23–29]. More research is needed 
about the effects of source, placement, and timing of nitrogen fertilizer application on net 
GWP and GHGI.

2.4. Other fertilizers

Application of combination of nitrogen, phosphorus, and potassium increased net GWP com-
pared with no application and net GWP further increased as these nutrients were applied with a 
combination of inorganic fertilizer, green manure, and farmyard manure, although total amount 
of nutrients applied from various sources were similar under rice in China and India [43, 46]. They 
found that increased substrate availability from fertilizers and organic amendments increased 
N2O and CH4 emissions and therefore net GWP. Shang et al. [46], however, found lower net 
GHGI with these nutrient applications than without due to increased crop yield. Adviento-Borbe 
et al. [48] also observed increased net GWP and GHGI with combined application of nitrogen, 
phosphorus, and potassium compared with no application under corn in Nebraska.

2.5. Miscellaneous practices

Burning of crop residue increased net GWP and GHGI compared with residue retained in 
the soil due to reduced carbon input and soil carbon sequestration in upland crop produc-
tion [40, 47]. Sainju et al. [55] found that irrigation increased net GWP and GHGI compared 
with no irrigation due to lower soil carbon sequestration as a result of increased carbon min-
eralization and loss of water soluble carbon from increased soil water availability. Under 
lowland rice, Li et al. [68] found that midseason and shallow drainage reduced net GWP and 
GHGI by 21–205% compared with continuous flooding. Under upland rice where flooding 
is minimized, they found that drainage reduced net GWP and GHGI from 17 to 322% com-
pared with no drainage. They also found that application of nitrogen fertilizer and straw in 
flooded rice reduced net GWP and GHGI from 16 to 91% compared with no application, but 
net GWP increased by 18% by using slow N release fertilizer compared with normal nitrogen 
fertilizer.

2.6. Combined management practices

Using combined effects of tillage, crop rotation, and nitrogen fertilization rates, various 
researchers [3, 7, 49] found that net GWP and GHGI were lower with no-tillage continuous 
corn with reduced nitrogen rate than conventional tillage corn-soybean rotation with recom-
mended nitrogen rate. They attributed this to increased soil carbon sequestration and reduced 
N2O emissions, as corn used most of nitrogen during growth, leaving little soil residual nitro-
gen. They found that soybean increased N2O emissions compared with corn, thereby increasing 
net GWP and GHGI with corn-soybean compared with corn. Similarly, Adviento-Borbe et al. 
[48] reported that net GWP and GHGI were lower with lower rates of nitrogen, phosphorus, 
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and potassium applied to continuous corn than lower or higher rates applied to corn-soybean. 
Johnson et al. [51] reported that minimum till diversified crop rotation with appropriate rates 
of nitrogen, phosphorus, and potassium reduced net GWP and GHGI compared with conven-
tional tillage with less diversified crop rotation and high rates of nutrients. In small grain crop-
ping systems, Sainju et al. [9, 55] observed that net GWP and GHGI were lower with no-tillage 
malt-barley pea with reduced nitrogen fertilization rate than conventional tillage continuous 
malt barley or malt barley-fallow with recommended nitrogen rate. They attributed this to 
increased soil carbon sequestration, reduced N2O emissions, and sustained crop yields.

Using a meta-analysis of nine experiments, Sainju [56] reported that the improved combined 
management practice that included no-tillage, diversified cropping system (crop rotation, 
increased cropping intensity, cover crop, and perennial cropping system) and reduced nitro-
gen rate reduced net GWP and GHGI by 70–88% compared with the traditional combined 
practice that included conventional till, less diversified cropping system (monocropping, 
crop-fallow, no cover crop, and annual cropping system) and recommended nitrogen rate. 
He also found that combined management practice further reduced net GWP and GHGI com-
pared with individual management practices. He found that changes in net GWP and GHGI 
due to improved vs. traditional combined management practice increased with the duration 
of the experiment. The relationships were further improved by including soil and climatic 
factors in the multiple linear regressions. Some of the possible reasons for increased net GWP 
and GHGI for improved vs. traditional combined management with increased duration of 
the experiment are: (1) high spatial and temporal variations of GHG emissions due to differ-
ences in soil and climatic conditions and management practices, (2) reduced potential for soil 
C sequestration with increasing duration of the experiment, (3) use of full or partial account-
ing of sources and sinks of GHG emissions, and (4) uncertainty in the methods of measuring 
GHG emissions, such as variations in type and size of static chambers, placement of chamber 
in the plot (row vs. inter-row or including vs. excluding plants in the chamber), time of GHG 
measurement during the day, and calculation of GHG fluxes (linear or nonlinear emissions 
with time).

When crop residue was burned compared with residue retained in the soil under wheat 
applied with or without nitrogen fertilizer with various tillage practices, Wang et al. [47] 
found that net GWP and GHGI were lower in conventional tillage wheat without nitrogen 
fertilizer where residue was burned than conventional tillage or no-tillage wheat with nitro-
gen fertilizer where reside was either burned or retained in the soil. They found that the 
larger impact of N2O emissions than soil carbon sequestration on global warming potential 
increased net GWP and GHGI with N fertilization than without.

Using an alternative method where soil respiration and previous year’s crop residue returned 
to the soil are used in place of soil carbon sequestration rate to calculate net GWP and GHGI, 
Mosier et al. [3] observed that no-tillage continuous corn with reduced nitrogen fertilization 
rate reduced net GWP and GHGI compared with conventional tillage corn-soybean with rec-
ommended N rate, a case similar to that calculated by the regular method above. They attrib-
uted this to increased amount of crop residue returned to the soil and grain yield. Similarly, 
using this method, Sainju et al. [55] found lower net GHGI in nonirrigated no-tillage barley-pea 
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with nitrogen fertilizer than conventional tillage continuous barley with nitrogen fertilizer, a 
case similar to that obtained for the regular method. They, however, observed different trends 
for net GWP. Similarly, using the alternative method, Johnson et al. [51] found lower net GWP 
and GHGI in conventional tillage corn-soybean with nitrogen and phosphorus fertilizers than 
no-tillage continuous corn with the same fertilizers, a case different to that obtained by using 
the regular method. Popp et al. [54] using the alternative method, found that net GWP was 
lower with nonirrigated corn than irrigated and nonirrigated cotton, soybean, sorghum, irri-
gated rice, and nonirrigated wheat. The magnitude of net GWP and GHGI obtained by two 
methods can be different, but both methods showed that no-till with continuous cropping pro-
duced lower net GWP and GHGI compared with conventional tillage with crop fallow [3, 9].

2.7. Implications of management practices

These studies showed that no-tillage systems, in general, can reduce net GWP and GHGI 
compared with conventional tillage systems. Perennial crops can reduce net GWP and GHGI 
compared with annual crops and wheat can reduce net GWP and GHGI compared with rice 
and corn. Inclusion of legumes in rotation with nonlegumes has variable effects on net GWP 
and GHGI compared with continuous nonlegumes. Inclusion of fallow in the crop rotation, 
however, can increase net GWP and GHGI compared with continuous cropping. Crops ade-
quately fertilized with nitrogen, phosphorus, and potassium fertilizers can reduce net GWP 
and GHGI compared with no fertilized treatments, but excessive nitrogen fertilization beyond 
crop nitrogen demand can increase net GWP and GHGI. Burning of crop residue slightly can 
increase net GWP and GHGI compared with residue retained in the soil, but irrigation has 
minor effect compared with non-irrigation. Improving drainage or using shallow flooding in 
rice can lower net GWP and GHGI compared with continuous flooding. Values of net GWP 
and GHGI measured by the regular and alternative methods are variable, depending on soil 
and climatic conditions and management practices. Both methods, however, showed that the 
improved management practice can reduce net GHG emissions compared with the tradi-
tional management practice. Changes in net GWP and GHGI due to improved vs. traditional 
management varied with duration of the experiment and inclusion of soil and climatic factors 
improved their relationships. Also, combined management practice can lower net GWP and 
GHGI compared with the individual practice. Net GWP and GHGI values can be more reli-
able by accounting full than partial sources and sinks of CO2 emissions. Because of the limited 
data, further studies are needed to evaluate the effects of management practices on net GWP 
and GHGI.
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and potassium applied to continuous corn than lower or higher rates applied to corn-soybean. 
Johnson et al. [51] reported that minimum till diversified crop rotation with appropriate rates 
of nitrogen, phosphorus, and potassium reduced net GWP and GHGI compared with conven-
tional tillage with less diversified crop rotation and high rates of nutrients. In small grain crop-
ping systems, Sainju et al. [9, 55] observed that net GWP and GHGI were lower with no-tillage 
malt-barley pea with reduced nitrogen fertilization rate than conventional tillage continuous 
malt barley or malt barley-fallow with recommended nitrogen rate. They attributed this to 
increased soil carbon sequestration, reduced N2O emissions, and sustained crop yields.

Using a meta-analysis of nine experiments, Sainju [56] reported that the improved combined 
management practice that included no-tillage, diversified cropping system (crop rotation, 
increased cropping intensity, cover crop, and perennial cropping system) and reduced nitro-
gen rate reduced net GWP and GHGI by 70–88% compared with the traditional combined 
practice that included conventional till, less diversified cropping system (monocropping, 
crop-fallow, no cover crop, and annual cropping system) and recommended nitrogen rate. 
He also found that combined management practice further reduced net GWP and GHGI com-
pared with individual management practices. He found that changes in net GWP and GHGI 
due to improved vs. traditional combined management practice increased with the duration 
of the experiment. The relationships were further improved by including soil and climatic 
factors in the multiple linear regressions. Some of the possible reasons for increased net GWP 
and GHGI for improved vs. traditional combined management with increased duration of 
the experiment are: (1) high spatial and temporal variations of GHG emissions due to differ-
ences in soil and climatic conditions and management practices, (2) reduced potential for soil 
C sequestration with increasing duration of the experiment, (3) use of full or partial account-
ing of sources and sinks of GHG emissions, and (4) uncertainty in the methods of measuring 
GHG emissions, such as variations in type and size of static chambers, placement of chamber 
in the plot (row vs. inter-row or including vs. excluding plants in the chamber), time of GHG 
measurement during the day, and calculation of GHG fluxes (linear or nonlinear emissions 
with time).

When crop residue was burned compared with residue retained in the soil under wheat 
applied with or without nitrogen fertilizer with various tillage practices, Wang et al. [47] 
found that net GWP and GHGI were lower in conventional tillage wheat without nitrogen 
fertilizer where residue was burned than conventional tillage or no-tillage wheat with nitro-
gen fertilizer where reside was either burned or retained in the soil. They found that the 
larger impact of N2O emissions than soil carbon sequestration on global warming potential 
increased net GWP and GHGI with N fertilization than without.

Using an alternative method where soil respiration and previous year’s crop residue returned 
to the soil are used in place of soil carbon sequestration rate to calculate net GWP and GHGI, 
Mosier et al. [3] observed that no-tillage continuous corn with reduced nitrogen fertilization 
rate reduced net GWP and GHGI compared with conventional tillage corn-soybean with rec-
ommended N rate, a case similar to that calculated by the regular method above. They attrib-
uted this to increased amount of crop residue returned to the soil and grain yield. Similarly, 
using this method, Sainju et al. [55] found lower net GHGI in nonirrigated no-tillage barley-pea 
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with nitrogen fertilizer than conventional tillage continuous barley with nitrogen fertilizer, a 
case similar to that obtained for the regular method. They, however, observed different trends 
for net GWP. Similarly, using the alternative method, Johnson et al. [51] found lower net GWP 
and GHGI in conventional tillage corn-soybean with nitrogen and phosphorus fertilizers than 
no-tillage continuous corn with the same fertilizers, a case different to that obtained by using 
the regular method. Popp et al. [54] using the alternative method, found that net GWP was 
lower with nonirrigated corn than irrigated and nonirrigated cotton, soybean, sorghum, irri-
gated rice, and nonirrigated wheat. The magnitude of net GWP and GHGI obtained by two 
methods can be different, but both methods showed that no-till with continuous cropping pro-
duced lower net GWP and GHGI compared with conventional tillage with crop fallow [3, 9].

2.7. Implications of management practices

These studies showed that no-tillage systems, in general, can reduce net GWP and GHGI 
compared with conventional tillage systems. Perennial crops can reduce net GWP and GHGI 
compared with annual crops and wheat can reduce net GWP and GHGI compared with rice 
and corn. Inclusion of legumes in rotation with nonlegumes has variable effects on net GWP 
and GHGI compared with continuous nonlegumes. Inclusion of fallow in the crop rotation, 
however, can increase net GWP and GHGI compared with continuous cropping. Crops ade-
quately fertilized with nitrogen, phosphorus, and potassium fertilizers can reduce net GWP 
and GHGI compared with no fertilized treatments, but excessive nitrogen fertilization beyond 
crop nitrogen demand can increase net GWP and GHGI. Burning of crop residue slightly can 
increase net GWP and GHGI compared with residue retained in the soil, but irrigation has 
minor effect compared with non-irrigation. Improving drainage or using shallow flooding in 
rice can lower net GWP and GHGI compared with continuous flooding. Values of net GWP 
and GHGI measured by the regular and alternative methods are variable, depending on soil 
and climatic conditions and management practices. Both methods, however, showed that the 
improved management practice can reduce net GHG emissions compared with the tradi-
tional management practice. Changes in net GWP and GHGI due to improved vs. traditional 
management varied with duration of the experiment and inclusion of soil and climatic factors 
improved their relationships. Also, combined management practice can lower net GWP and 
GHGI compared with the individual practice. Net GWP and GHGI values can be more reli-
able by accounting full than partial sources and sinks of CO2 emissions. Because of the limited 
data, further studies are needed to evaluate the effects of management practices on net GWP 
and GHGI.
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Abstract

Anthropogenic activities have altered the atmospheric composition since the industrial 
era, especially with the increasing greenhouse gas emission due to fossil fuel combustion, 
cement production, and land-use change. The Brazilian semiarid, covering approximately 
969.589 km2 with 21 million people, region has 1.6 million agricultural establishments 
and 95% are classified as family farms. The typical agricultural systems are characterized 
by high grazing density, slash and burn practices, and fruits and legumes by irrigated 
monocultures. Consequently, soil degradation occurs due unsustainable soil manage-
ment, decreasing soil carbon stock, and the biodiversity. The soil carbon depletion is also 
associated with saline, water, and thermal stresses. Saline, water, and thermal stresses 
in dryland, the impact of the land-use change associated with climate change, and few 
technological resources available for use in agricultural systems are the main reasons 
responsible for low productivity in the Brazilian semiarid region. Low-cost agricultural 
practices can contribute to build healthy and sustainable agroecosystems: among these, 
the selection of plant species tolerant to saline, water, and thermal stresses, the use of 
rhizobial inoculants, adoption of no-tillage, sowing green manure, and adoption of tech-
nologies to stock water to improve its efficiency and productivity.
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All the governments of the world have been concerned about climate change and how they can 
ensure access to sufficient food, water, and energy resources to safeguard human well-being 
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[1–3]. The anthropogenic activities have altered the atmospheric composition since the indus-
trial era, especially by the increasing of greenhouse gas emission due to fossil fuel combustion, 
cement production, land-use change, and land use [2, 4, 5]. Land use and land-use changes affect 
soil carbon stocks, which are particularly important because they are the largest and most stable 
active compartment of the planet that can be handled [5–7]. In Brazil, land use and land-use 
changes, caused by deforestation or agricultural practices, can have a large participation on total 
national greenhouse gas emission (GHG) having reached 58% of all CO2eq emitted in 2005 [7].

The most optimistic greenhouse gas emission (GHG) scenarios projected that planet tempera-
ture will increase at least by 2°C until the year 2100 [8, 9]. Managing with different climate 
change scenarios, in December 2015, Parties of the United Nations Framework Convention 
on Climate Change (UNFCCC) adopted the Paris Agreement to manage climate change. The 
Paris Agreement stipulated that it is necessary to limit temperature increase to 1.5°C above 
preindustrial levels by 2050 [10, 11]. Although, even if all national commitments in the Paris 
Agreement are accomplished, mean planet temperature is likely to increase at least by 2.6–
3.1°C until the year 2100 compared to preindustrial levels [12]. Even at the face of difficulties, 
many Parties formulated and submitted Intended Nationally Determined Contributions or 
INDCs that outline the post-2020 climate action plans they intend to take under the Paris 
Agreement. On that basis, Brazil undertook to reduce until 2025 the greenhouse gas emis-
sions by 37% below 2005 levels and until 2030 reduce greenhouse gas emissions to 43% below 
2005 levels. All regions of the country will be developing local actions to achieve the national 
goal. As much of the country’s emissions are linked to land-use change and agriculture, these 
themes are prominent in research, extension, and public policy actions [13, 14].

In that way, one of the main programs established by the country that will support the reach 
of the INDCs is the Sectorial Plan of Mitigation and Adaptation to the Climate Change for the 
Consolidation of a Low Carbon Economy in agriculture—ABC Plan—created in 2010 and whose 
objectives are to promote the reduction of greenhouse gas emissions in agricultural activities; 
reduce deforestation; increase agricultural production on a sustainable basis; adapt rural proper-
ties to environmental legislation; expand the area of cultivated forests; and stimulate the recovery 
of degraded areas. Thus, the ABC Plan represents a set of applied technologies in agriculture and 
livestock, able to promote the reduction of GHG emissions by improving management practices 
and increasing carbon retention in soil and vegetation, while raising rural farming income [15, 16].

The Brazilian semiarid region, covering approximately 969,589 km2, is situated in the 
Northeastern part (Figure 1), with unique native dryland vegetation and adapted to the peri-
odic droughts called Caatinga. With 21 million people, this region has 1.6 million agricultural 
establishments and 95% are classified as family farms [17, 18]. Much of this population still 
seeks their livelihood in agropastoral activities and based on natural resources existing on or 
around their properties. Consequently, the land-use change from woody plants used for energy 
production, together with the conversion of use aimed at agricultural production, is responsible 
for the removal of 46.38% of the Caatinga vegetation [10, 19]. The native vegetation, to produce 
firewood and charcoal, is more than 30% of the energy matrix of the Brazilian semiarid region, 
and the demand for these products increases the deforested areas to improve farmers’ income.

The climatic scenarios point out an increase in average air temperature up to 4.8°C and a 
50% reduction in rainfall distribution by the end of the century (2071–2100) [8]. Rising air 
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temperatures can intensify hydric deficiency, affecting the availability of water for human 
consumption and for the rain-dependent agricultural activities. The increase of drought in the 
Northeast and changes in the characteristics and distribution of vegetation warn the risk of 
aridization of the region [20]. With these characteristics, the semiarid region is the most vul-
nerable Brazilian region to climate changes due to the increased difficulty of accessing water, 
food, and energy and due to the economic and social crisis [21].

This chapter aims to demonstrate the importance of low carbon agriculture to ensure 
access to food, energy, and water and to ensure human well-being facing the global climate 
change scenarios in the Brazilian semiarid region. In this regard, we understand that the 
way forward is to provide tools (technologies, products, processes, and knowledge) so that 
government, farmers, and private initiatives can create structures and links to implement 
sustainable agroecosystems, integrating concepts of resilience, adaptation, mitigation, 
and transformation of the biosphere in a unique approach to reflective and collaborative 
science.

Figure 1. Map of Brazilian semiarid region.
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2. Dryland characteristics and fragilities

It is important to highlight the large asymmetry between the geographic distributions of the 
CO2 emissions and warming rates and work with indicators of corn yield, floods, drought, and 
climate suitability for malaria transmission. Researches point out over the past century that sur-
face warming over global drylands has been 20–40% higher than that over humid lands, while 
anthropogenic CO2 emissions from drylands have been only 30% of those generated from humid 
lands. For the twenty-first century, warming over global drylands could reach 3.2–4.0°C, while 
in humid lands warming of 2.4–2.6°C due to anthropogenic CO2 emissions [22]. With this, it is 
evident that drylands should receive more attention because they are most sensitive and vul-
nerable to climate change. Additionally, we should consider that currently drylands represent 
45.4% of the 147,000 km2 of Earth’s total terrestrial area [23]. Studies, based on aridity data analy-
sis simulated under scenario RCP8.5, by the year 2100, estimate that the drylands will represent 
56.10% of the Earth’s total terrestrial area. Areas covered by hyperarid, arid, semiarid, and dry 
subhumid systems are expected to reach shares of 12.6, 14.9, 20.3, and 8.3%, respectively [22].

The Brazilian semiarid region, with 11% of the national territory (Figure 1), has average insolation 
of 2800 h year−1, average annual temperatures of 23–27°C, average evaporation of 2000 mm year−1 
(Figure 2), relative humidity of about 50%, and maximum annual rainfall of 800 mm (Figure 2), 
with rainfall marked by scarcity, irregularity, and concentration of rainfall in a short period of 
the year, on average, from 3 to 4 months. The water volumes stored in lakes and reservoirs are 
often insufficient to achieve the needs of the population and to feed the animals [24], and farmers 
often become dependent on government water trucks [25, 26]. The Caatinga Biome is the main 
semiarid ecosystem. Botanically unique in the world, its vegetation is resilient due to the differ-
ent adaptation strategies to the water, saline, and thermal stresses, due to the high temperatures 
and periodic droughts that characterize this region. Expressed in a multifaceted mosaic of frag-
ments of small dimensions, with soils of extremely different characteristics occurring in close 
proximity, the soil diversity of the semiarid region is the largest in Brazil [27].

The land use and occupation in the semiarid region happened due to the expansion of the 
area for cattle breeding in the eighteenth century, the period of colonial Brazil. However, this 
occupation occurred in a disorderly way and without taking into consideration the fragility 
of natural resources. The management of these animals was carried out in an ultra-extensive 
way (animals released in the open field and having as food source the tree, shrub, and herba-
ceous species of the Caatinga) [28]. Thus, cattle ranching was responsible for the demographic 
occupation of the semiarid region, giving rise to settlements, which later became large cit-
ies. At that time, subsistence agriculture also began, characterized by exploitation during the 
rainy season, in small orchards surrounded by sticks, with cassava, corn, and beans.

The livestock and subsistence crops are still the main land uses. The most diverse arrangements 
can be observed in the Brazilian semiarid region, but all of them stand out due to the small area 
organized; approximately 95% of the establishments are family farms (Table 1) [17, 28]. The 
existing demand for firewood and charcoal extends the deforested areas of native vegetation to 
improve income from the sale of wood. The production of firewood and charcoal from native 
vegetation constitutes more than 30% of the energy matrix [29]. Subsistence agriculture, with 
cassava, beans, maize, and several annual crops, occupies small spaces and does not promote a 
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deforestation front. Small farming or pasture plots are exploited for a few years and abandoned 
for longer periods of time [30]. However, its itinerant characteristic increases deforested areas 
in a pulverized form. To a lesser extent, irrigation projects that produce fruits for export are 
responsible for the deforestation of the Caatinga [27, 28].

The livestock, characterized by overgrazing, itinerant subsistence agriculture, wood extrac-
tion, poorly designed irrigation projects, and increase of severe drought are contributing to 
enhance the water, thermal, and salt stresses (Figure 3).

Climate change, land-use change, and land use are expanding degraded and desertified areas, 
leading to loss of biodiversity, soil carbon stock, and vegetation [6], and, in general, degrading 
physical and chemical properties of soil that does not support primary productivity [6, 24, 31–33]. 
However, Brazilian semiarid region presents a great diversity of soil types and land use expressed 
in a multifaceted mosaic of small fragments occurring in the vicinity [27] (Figure 4).

Studies on the impact of land-use change and climate change on the Brazilian semiarid region 
show that resilience can be drastically affected by atrophic action and climate change. In a 
study by means of time series of difference vegetation index satellite normalized derivative 
(NDVI) 2008–2013 and weather data, the cleared areas had significantly lower normalized 
difference vegetation index (NDVI) and greening delay in response to precipitation. On the 
other hand, strictly protected areas presented higher productivity and considerable resilience 
at low levels of precipitation compared to sustainable use or unprotected areas [34]. Changes 
in the characteristics and distribution of vegetation associated with increased drought and 

Figure 2. Evaporation (a) and precipitation (b) maps of the Brazilian semiarid region.
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temperatures and atrophic action point to the risk of degradation and aridization of the 
region [20]. These studies allow us to verify two important questions: first, the importance 
of preserved areas and second, the need to develop agricultural systems and to use natural 

Production systems Characteristics

Survival farming - Crops for high consumption (rice, corn, beans, and fava beans)

- Have no animal breeding

Subsistence farming - Survival cultures

- Maximum of 3 ha in crops of commercial value

Commercial agriculture > 3 ha of commercial agriculture

Livestock production - Maximum of five animal units

- Self-consumption crops

Diversified livestock subsistence - Up to five animal units

- Maximum of 3 ha of commercial crops

Diversified livestock with commercial agriculture - Up to five animal units

> 3 ha of commercial crops

Livestock - Crops for self-consumption

- Five animal units

- Produce <7000 L milk/year

Diversified livestock - Up to five animal units

- Maximum of 3 ha of commercial crops

- Produce <7000 L milk/year

Livestock with commercial agriculture - >5 units animal

- Maximum 7000 L milk/year

- More than 3 ha of commercial crops

Livestock milk - >5 animal units

- Crops for self-consumption

- Produce >7000 L/year milk

Diversified livestock milk - >5 animal units

- 3 ha of commercial crops

- Produce >7000 L/year milk

Livestock milk with commercial agriculture - >5 animal units

- >3 ha of commercial crops

- Produce >7000 L/year milk

Adapted from [28].

Table 1. Types of production systems in the Brazilian semiarid region.
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Figure 3. Images of the Caatinga in the dry period (a), current model of goat breeding, exploring native vegetation and 
degraded pastures (b), area in which vegetation was removed and burnt (c), and area cultivated with forage palm (d). 
Source: Embrapa image bank.

Figure 4. Soil (a) and vegetation (b) maps of the Brazilian semiarid region.
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temperatures and atrophic action point to the risk of degradation and aridization of the 
region [20]. These studies allow us to verify two important questions: first, the importance 
of preserved areas and second, the need to develop agricultural systems and to use natural 

Production systems Characteristics

Survival farming - Crops for high consumption (rice, corn, beans, and fava beans)

- Have no animal breeding

Subsistence farming - Survival cultures

- Maximum of 3 ha in crops of commercial value

Commercial agriculture > 3 ha of commercial agriculture

Livestock production - Maximum of five animal units

- Self-consumption crops

Diversified livestock subsistence - Up to five animal units

- Maximum of 3 ha of commercial crops

Diversified livestock with commercial agriculture - Up to five animal units

> 3 ha of commercial crops

Livestock - Crops for self-consumption

- Five animal units

- Produce <7000 L milk/year

Diversified livestock - Up to five animal units

- Maximum of 3 ha of commercial crops

- Produce <7000 L milk/year

Livestock with commercial agriculture - >5 units animal

- Maximum 7000 L milk/year

- More than 3 ha of commercial crops

Livestock milk - >5 animal units

- Crops for self-consumption

- Produce >7000 L/year milk

Diversified livestock milk - >5 animal units

- 3 ha of commercial crops

- Produce >7000 L/year milk

Livestock milk with commercial agriculture - >5 animal units

- >3 ha of commercial crops

- Produce >7000 L/year milk

Adapted from [28].

Table 1. Types of production systems in the Brazilian semiarid region.

Climate Resilient Agriculture - Strategies and Perspectives110

Figure 3. Images of the Caatinga in the dry period (a), current model of goat breeding, exploring native vegetation and 
degraded pastures (b), area in which vegetation was removed and burnt (c), and area cultivated with forage palm (d). 
Source: Embrapa image bank.

Figure 4. Soil (a) and vegetation (b) maps of the Brazilian semiarid region.

Low Carbon Technologies for Agriculture in Dryland: Brazilian Experience
http://dx.doi.org/10.5772/intechopen.72363

111



resources that do not affect biodiversity and the regeneration capacity of Caatinga and that 
do not put pressure on the preserved areas while adapting to the impacts of climate change.

Impacts due to temperature rise and precipitation anomalies can cause socioeconomic and 
ecological damage. From the economic point of view, climatic variations have a direct impact 
on agricultural production, representing a challenge for food security. Similarly, in semiarid 
regions, climate change can further aggravate and accelerate the process of degradation/
desertification, affecting ecosystem function and biodiversity, causing loss of landscape het-
erogeneity [35, 36] in addition to increasing emissions of greenhouse gases and decreasing the 
capacity to store carbon in soil and vegetation.

3. Direct impacts of climate change on productive systems

The increase in temperature and changes in precipitation patterns may cause significant impacts 
on the different types of production systems in the semi-arid region. This is because the air tem-
perature is one of the main climatic elements for the growth and development of plants. It is 
known that high temperatures can reduce the metabolic activity and increase breathing [37]. 
Cowpea, for example, is a crop of great socioeconomic importance for the semiarid region and 
this leguminous develops well between temperatures of 20 and 30°C, being that high tempera-
tures cause spontaneous abortion of flowers and the retention of pods in the plant [38]. Thus, in 
places where the average temperature varies between 26 and 27°C, an increase of 4.8°C [8] could 
change the development of the plants, harming their production.

Some studies based on climatic zoning of crops have also shown that climate change may 
have an impact on semiarid agricultural production, negatively interfering with the yield 
of some traditional crops of family agriculture, such as cassava [39]. This is because, climate 
change changes the hydrographic cycle, generating changes in hydric availability. And in the 
cassava case, the plants can be grown in temperatures ranging between 16 and 38°C; how-
ever, due to the scenarios of the dry season increase, this cultivation may have an increase in 
the risk area for its production. Thus, the amount of soil water available for cassava may be 
a negative factor if the hydric deficit occurs during the first 5 months after planting, needing 
adaptation measures to avoid possible losses [39].

Within the production systems existing in the Brazilian semiarid region, livestock farming plays 
an important role both for income generation and for the maintenance of families in the coun-
tryside. For the goats and sheep, about 80% of the properties use the Caatinga as a source of for-
age. In drought years, other practices such as the consumption of grains/pods, hay, fodder palm 
in the trough, and buffel grass are adopted for food management. However, irregular use and 
insufficient offer are the major bottlenecks of the current production system [40]. With climate 
change scenarios, hydric deficiency can directly affect the yield of forage species, thus increasing 
pressure on the Caatinga and intensifying also the lack of water for animal consumption.

A study carried out in the state of Pernambuco, in the Brazilian semiarid region, verifying 
the impact of land-use change on the carbon stock in different ones, showed that the carbon 
stock is higher in soils with higher clay content and these are more sensitive to use changes in 
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the first layer (0–0,1 m). However, in the layer of 0–60 cm, land-use change has a significantly 
greater impact on sandy soils when compared to clayey soils (Table 2) [41].

In the Brazilian semiarid region, sandy and low carbon soils predominate [30, 41] (Table 3). 
Thus, facing climate change scenarios, primary productivity would be compromised and car-
bon stocks would drastically reduce because of the predominant soil characteristics, aggravat-
ing both emissions and carbon storage capacity.

The impacts of climate change are not only restricted to agricultural production. The reduc-
tion in soil water availability may promote the vegetation replacement from semiarid regions 
by arid vegetation regions [20]. In this sense, some studies indicate biodiversity losses and 
increase of vulnerable areas to desertification. For the population that uses native plants as a 
source of animal feed and medicinal use and that even explores the diversity of fruit species 
for human consumption and to increase family income, the advent of climate change may 
be more of a challenge that needs to be understood to avoid the process of environmental 
degradation. This is because the climatic variability in semiarid regions coupled with human 
activities has led to the loss of biological and economic productivity of agricultural lands, pas-
tures, and native forest areas, losing the ability to recover. Thus, understanding how changes 
in climate can influence the distribution of species, as well as establishment and regeneration, 
is a challenge that needs to be investigated to maintain the sustainability of this ecosystem.

The negative impact of a fall in agricultural production, with a consequent decrease in income, 
may apply a reduction of jobs, as well as a rural exodus. In this way, the rainwater harvest-
ing and storage technologies implantation, the use of genetic materials resistant to drought 
and high temperatures, the integration of technologies, and the use of polycultures will be 
extremely important to achieve sustainable development of the region against the climate 
change, reducing risks and promoting the maintenance of family farming.

The main reasons responsible for the low productivity in the Brazilian semiarid region are 
water, thermal, and saline stresses in dryland, the impact of the land-use change associated 
with climate change, as well as few technological resources available for use in agricultural 
systems. The use of integrated technologies is important to increase the carbon stock and to 
mitigate climate change, increasing the productivity of agroecosystems in Brazilian’s drylands. 

Land use Carbon (Mg ha−1)

Acrisol Ferralsols Leptosol Planosol

Dense Caatinga 63.8 (5.5*) 47.2 (6.8) 54.5 (11.8) 26.2 (4.2)

Open Caatinga 45.9 (4.6) 39.7 (6.7) 39.1 (4.5) 26.2 (3.1)

Pasture 51.3 (10.4) 39.4 (4.6) 51.4 (0.7) 17.6 (2.8)

Agriculture 56.0 (5.7) 34.4 (5.6) 22.2 (1.5) 13.3 (0.7)

*Mean standard error.
Pernambuco, Brazil, 2014. Adapted from [41].

Table 2. Carbon stocks (mg ha−1) in the top 0–60 cm soil layer under different land uses and soil types.
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resources that do not affect biodiversity and the regeneration capacity of Caatinga and that 
do not put pressure on the preserved areas while adapting to the impacts of climate change.
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on agricultural production, representing a challenge for food security. Similarly, in semiarid 
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known that high temperatures can reduce the metabolic activity and increase breathing [37]. 
Cowpea, for example, is a crop of great socioeconomic importance for the semiarid region and 
this leguminous develops well between temperatures of 20 and 30°C, being that high tempera-
tures cause spontaneous abortion of flowers and the retention of pods in the plant [38]. Thus, in 
places where the average temperature varies between 26 and 27°C, an increase of 4.8°C [8] could 
change the development of the plants, harming their production.

Some studies based on climatic zoning of crops have also shown that climate change may 
have an impact on semiarid agricultural production, negatively interfering with the yield 
of some traditional crops of family agriculture, such as cassava [39]. This is because, climate 
change changes the hydrographic cycle, generating changes in hydric availability. And in the 
cassava case, the plants can be grown in temperatures ranging between 16 and 38°C; how-
ever, due to the scenarios of the dry season increase, this cultivation may have an increase in 
the risk area for its production. Thus, the amount of soil water available for cassava may be 
a negative factor if the hydric deficit occurs during the first 5 months after planting, needing 
adaptation measures to avoid possible losses [39].

Within the production systems existing in the Brazilian semiarid region, livestock farming plays 
an important role both for income generation and for the maintenance of families in the coun-
tryside. For the goats and sheep, about 80% of the properties use the Caatinga as a source of for-
age. In drought years, other practices such as the consumption of grains/pods, hay, fodder palm 
in the trough, and buffel grass are adopted for food management. However, irregular use and 
insufficient offer are the major bottlenecks of the current production system [40]. With climate 
change scenarios, hydric deficiency can directly affect the yield of forage species, thus increasing 
pressure on the Caatinga and intensifying also the lack of water for animal consumption.

A study carried out in the state of Pernambuco, in the Brazilian semiarid region, verifying 
the impact of land-use change on the carbon stock in different ones, showed that the carbon 
stock is higher in soils with higher clay content and these are more sensitive to use changes in 
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the first layer (0–0,1 m). However, in the layer of 0–60 cm, land-use change has a significantly 
greater impact on sandy soils when compared to clayey soils (Table 2) [41].

In the Brazilian semiarid region, sandy and low carbon soils predominate [30, 41] (Table 3). 
Thus, facing climate change scenarios, primary productivity would be compromised and car-
bon stocks would drastically reduce because of the predominant soil characteristics, aggravat-
ing both emissions and carbon storage capacity.

The impacts of climate change are not only restricted to agricultural production. The reduc-
tion in soil water availability may promote the vegetation replacement from semiarid regions 
by arid vegetation regions [20]. In this sense, some studies indicate biodiversity losses and 
increase of vulnerable areas to desertification. For the population that uses native plants as a 
source of animal feed and medicinal use and that even explores the diversity of fruit species 
for human consumption and to increase family income, the advent of climate change may 
be more of a challenge that needs to be understood to avoid the process of environmental 
degradation. This is because the climatic variability in semiarid regions coupled with human 
activities has led to the loss of biological and economic productivity of agricultural lands, pas-
tures, and native forest areas, losing the ability to recover. Thus, understanding how changes 
in climate can influence the distribution of species, as well as establishment and regeneration, 
is a challenge that needs to be investigated to maintain the sustainability of this ecosystem.

The negative impact of a fall in agricultural production, with a consequent decrease in income, 
may apply a reduction of jobs, as well as a rural exodus. In this way, the rainwater harvest-
ing and storage technologies implantation, the use of genetic materials resistant to drought 
and high temperatures, the integration of technologies, and the use of polycultures will be 
extremely important to achieve sustainable development of the region against the climate 
change, reducing risks and promoting the maintenance of family farming.

The main reasons responsible for the low productivity in the Brazilian semiarid region are 
water, thermal, and saline stresses in dryland, the impact of the land-use change associated 
with climate change, as well as few technological resources available for use in agricultural 
systems. The use of integrated technologies is important to increase the carbon stock and to 
mitigate climate change, increasing the productivity of agroecosystems in Brazilian’s drylands. 

Land use Carbon (Mg ha−1)

Acrisol Ferralsols Leptosol Planosol

Dense Caatinga 63.8 (5.5*) 47.2 (6.8) 54.5 (11.8) 26.2 (4.2)

Open Caatinga 45.9 (4.6) 39.7 (6.7) 39.1 (4.5) 26.2 (3.1)

Pasture 51.3 (10.4) 39.4 (4.6) 51.4 (0.7) 17.6 (2.8)

Agriculture 56.0 (5.7) 34.4 (5.6) 22.2 (1.5) 13.3 (0.7)

*Mean standard error.
Pernambuco, Brazil, 2014. Adapted from [41].

Table 2. Carbon stocks (mg ha−1) in the top 0–60 cm soil layer under different land uses and soil types.

Low Carbon Technologies for Agriculture in Dryland: Brazilian Experience
http://dx.doi.org/10.5772/intechopen.72363

113



We will describe in this chapter some low-cost agricultural practices that can contribute to 
build healthy and sustainable agroecosystems. Among these, we will focus on the selection 
of plant species tolerant to the saline, water, and thermal stress, use of rhizobial inoculants 
to benefit economic and environmental impacts for leguminous crops, adoption of no-tillage 
systems, sowing of different species of green manure called plant mixture or plant cocktail, and 
technologies to stock water to improve its efficiency and productivity.

4. Low-cost agricultural practices that can contribute to build healthy 
and sustainable agroecosystems

4.1. Plant species tolerant to the saline, water, and thermal stresses in drylands

The plant species of the Caatinga present adaptations to face the low hydric availability, high 
temperatures, and salinity. The occurrence of abiotic stresses provokes biochemical and phys-
iological responses in plants, to promote tolerance or increase their survival under adverse 
conditions. The plants adapted to drought, high temperatures, and salinity usually present 
some strategies such as succulence, dormancy, and leaves with serous layers or with capacity 
to store water and nutrients in specific structures of roots [42]. In this context, plant genetic 
resources, associated with biodiversity and biotechnology, are essential to explore new mate-
rials that make agriculture more competitive, secure, and sustainable The value of genetic 
resources is enormous, and their conservation, characterization, and use are fundamental for 

Soil type ON* Organic 
carbon

Clay Silt Sand Area

FAO-UNESCO USDA g kg−1 km2 %

Ferralsols Oxisols 41 9.7 250 130 620 203.614 21

Leptosols Lithic …Orthents 45 10.4 132 250 618 184.222 19

— Lithic…Psamments — —

Acrisols Ultisols 90 8.9 147 157 696 145.438 15

Luvisols Ultisols 47 11.8 176 258 566 126.047 13

Planosol Albic suborder 68 7.4 105 188 707 38.784 4

Regosols Orthents, Psamments 20 4.9 37 105 858 38.784 4

Cambisols Inceptisols 13 12.2 295 212 493 38.784 4

Vertisols Vertisols 16 12.3 374 238 388 9.696 1

Others 184.222 19

Total 969.589 100

Adapted from [27].
*ON, observation number.

Table 3. Soil types according to two different soil classification systems and relationship between carbon content and 
particle in surface horizons of the main types of soils in Brazilian semiarid region.
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improvement programs that aim to identify species adapted to adverse conditions, such as 
the semiarid climate [42]. However, the strategy of identifying the mechanisms of adaptation 
to the stresses in native species and the incorporation to the cultivated species is quite com-
plex and are currently linked with the association of genes, proteins, and others.

Genetic improvement of cultivated species is another important strategy aiming at tolerance 
to hydric deficit, temperature increases, and salt stress to guarantee the sustainability of agri-
cultural production.

For these strategies, viability, the use of tools such as bioinformatics, systems biology, interac-
tion ratio among them, the association of data deposited in databases, laboratory data, and 
field are essential. These studies require network projects, with complementary and inter-
disciplinary approaches, which need significant investments. To face this challenge, plant 
improvement programs are expanding the genetic base of prospecting and accelerating the 
search for novel phenotypic traits [42, 43].

In the semiarid region, some initiatives have contributed to the search for resistance genes to abi-
otic stresses. An example is the evaluation of cassava varieties resistant to dehydration in genetic 
improvement programs, searching for more productive varieties under conditions of water defi-
ciency [44, 45]. The cultivars of guandu beans (Guandu Petrolina and Guandu Taipeiro) developed to 
adapt to the irregular regime of semiarid rains [46] are also noteworthy. The onion cultivar “Alfa São 
Francisco” was launched to resist to high temperature and it is a good option to family agriculture 
[47]. Through the transcriptome and proteome analysis, associated with physiological studies, we 
seek to understand the genetic mechanisms of Tripogon spicatus adaptation to drought. The results of 
this research may contribute to the generation of biotechnological alternatives for the improvement 
of cultivated plants, through the identification of genes associated with stress tolerance [48].

Soil salinization can occur by natural processes, named primary salinization, or by induced pro-
cesses, named secondary salinization or anthropic. In the semiarid region, this process is accen-
tuated due to the negative water balance most of the year with potential evapotranspiration of 
2000 mm/year. Secondary salinity is a problem that affects the semiarid region of Brazil, espe-
cially in the irrigated perimeters. Studies investigating the evolution of salinity in an Argissol 
under irrigation in Petrolina—PE—observed that the indiscriminate use of salts in the fertiliza-
tion and the excessive use of water contributed to a process of anthropic salinization in irrigated 
area. However, it is possible to consider that the salinization process, being in its initial phase, 
could be reversible, and among some measures suggested are the correction of the excess water 
applied, as well as avoiding the use of fertilizers with high saline indices, and the use of organic 
fertilization and/or green manure as a management practice [49]. Thus, in order to maintain a 
sustainable agriculture in the semiarid region, it is necessary to follow the chemical evolution of 
the soils in order to characterize the salinization process, the adoption of management practices 
for mitigation, and the selection of tolerant species strategies to increase productivity.

Several plants are able to grow under salinity conditions. The species Atriplex nummularia is a 
halophyte forage that shows high tolerance to salinity (>25 dS/m) [50]. In the semiarid region, 
this species is produced under irrigated conditions with desalination waste, producing a total 
of 55 t ha−1 an−1 of dry matter [50]. The good productive performance of this species allows the 
mobilization of soil salts and the production of firewood and forage material [51].
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improvement programs that aim to identify species adapted to adverse conditions, such as 
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to the stresses in native species and the incorporation to the cultivated species is quite com-
plex and are currently linked with the association of genes, proteins, and others.
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to hydric deficit, temperature increases, and salt stress to guarantee the sustainability of agri-
cultural production.

For these strategies, viability, the use of tools such as bioinformatics, systems biology, interac-
tion ratio among them, the association of data deposited in databases, laboratory data, and 
field are essential. These studies require network projects, with complementary and inter-
disciplinary approaches, which need significant investments. To face this challenge, plant 
improvement programs are expanding the genetic base of prospecting and accelerating the 
search for novel phenotypic traits [42, 43].

In the semiarid region, some initiatives have contributed to the search for resistance genes to abi-
otic stresses. An example is the evaluation of cassava varieties resistant to dehydration in genetic 
improvement programs, searching for more productive varieties under conditions of water defi-
ciency [44, 45]. The cultivars of guandu beans (Guandu Petrolina and Guandu Taipeiro) developed to 
adapt to the irregular regime of semiarid rains [46] are also noteworthy. The onion cultivar “Alfa São 
Francisco” was launched to resist to high temperature and it is a good option to family agriculture 
[47]. Through the transcriptome and proteome analysis, associated with physiological studies, we 
seek to understand the genetic mechanisms of Tripogon spicatus adaptation to drought. The results of 
this research may contribute to the generation of biotechnological alternatives for the improvement 
of cultivated plants, through the identification of genes associated with stress tolerance [48].

Soil salinization can occur by natural processes, named primary salinization, or by induced pro-
cesses, named secondary salinization or anthropic. In the semiarid region, this process is accen-
tuated due to the negative water balance most of the year with potential evapotranspiration of 
2000 mm/year. Secondary salinity is a problem that affects the semiarid region of Brazil, espe-
cially in the irrigated perimeters. Studies investigating the evolution of salinity in an Argissol 
under irrigation in Petrolina—PE—observed that the indiscriminate use of salts in the fertiliza-
tion and the excessive use of water contributed to a process of anthropic salinization in irrigated 
area. However, it is possible to consider that the salinization process, being in its initial phase, 
could be reversible, and among some measures suggested are the correction of the excess water 
applied, as well as avoiding the use of fertilizers with high saline indices, and the use of organic 
fertilization and/or green manure as a management practice [49]. Thus, in order to maintain a 
sustainable agriculture in the semiarid region, it is necessary to follow the chemical evolution of 
the soils in order to characterize the salinization process, the adoption of management practices 
for mitigation, and the selection of tolerant species strategies to increase productivity.

Several plants are able to grow under salinity conditions. The species Atriplex nummularia is a 
halophyte forage that shows high tolerance to salinity (>25 dS/m) [50]. In the semiarid region, 
this species is produced under irrigated conditions with desalination waste, producing a total 
of 55 t ha−1 an−1 of dry matter [50]. The good productive performance of this species allows the 
mobilization of soil salts and the production of firewood and forage material [51].
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4.2. Economic and environmental impacts of the use of bacteria and mycorrhizal 
fungi

The use of efficient bacteria in the biological fixation of nitrogen and mycorrhizal fungi is a 
recent initiative used in the Brazilian semiarid regions, which aims to contribute to the reduc-
tion of the climate change impacts. In a scenario of climate change, the selection of efficient 
bacteria in the biological fixation of nitrogen and mycorrhizal fungi that increase the absorp-
tion of water and soil nutrients may contribute as important tools to help plant species and to 
reduce the impacts of adverse climatic conditions, such as high temperatures and low water 
availability [52–54].

In biological nitrogen fixation (BNF), the bacteria fix the atmospheric nitrogen in organic com-
pounds that are used by plants, reducing the necessity to use nitrogenous fertilizers and improv-
ing the absorption of water and nutrients. The BNF, on the other hand, does not have specificity 
regarding the host plants; however, there are studies that indicate that BNF has ecological speci-
ficity. Species isolated from certain plant communities are more adapted to plants and to pre-
vailing edaphoclimatic conditions, and they are therefore more adapted and able to colonize the 
root system and favor the development of the plant species that occur in these places [55].

Thus, the use of these techniques allows a greater production of the plants and an increase in 
the capacity to support environmental stresses, being able to be an additional tool in the inte-
gration of technologies for the family farming. Some published works indicate the potential 
use of these tools for leguminous crops [56, 57]. For cowpea, four strains of Bradyrhizobium sp. 
are currently authorized to produce inoculants in Brazil, the most widespread being the BR 
3267 strain originating from Petrolina soils [58], demonstrating the potential of the region as a 
source of microorganisms. In addition, plant genotypes growing in the semiarid region show 
responsiveness to the inoculation of the bacteria used in commercial inoculants [59], which 
reinforces the necessity for constant prospecting of new rhizobia isolates.

4.3. No-tillage systems and the plant mixture

The no-tillage system is one of the main technologies encouraged by the ABC Plan. In the 
Brazilian agricultural soils, no-tillage system favors carbon sequestration, with increases of 
5.2–8.5 MgC ha−1, higher than the soil under conventional tillage [60]. However, the Brazilian 
semiarid region is the most difficult place for technology to be implemented for low-carbon agri-
culture. The difficulty of implementing the no-tillage system in the Brazilian semiarid region is 
due to climatic restrictions and cultural remains traditionally used to feed the herds [60, 61].

The use of green manures can be a viable low carbon emission technology for irrigated agri-
culture in the Brazilian semiarid region. The simultaneous cultivation of different green 
manure species is an alternative to take benefits promoted by different species [62–64]. In that 
way, studies in long-term experiments, using as a model for fruit the mango tree and for hor-
ticultural the melon (Figure 5b–d). In both systems, mango tree and melon, the simultaneous 
cultivation of 14 different species of green fertilizers, called plant mixture, was carried out, con-
templating differentiated proportions of grasses, oilseeds, and legumes [61, 62]. The selected 
species were legumes (Calopogonium mucunoides), velvet bean (Stizolobium aterrimum L.),  

Climate Resilient Agriculture - Strategies and Perspectives116

gray-seeded mucuna (Stizolobium cinereum Piper and Tracy), crotalaria (Crotalaria juncea), rat-
tlebox (Crotalaria spectabilis), jack beans ensiformis), lab-lab bean (Dolichos lablab L.); grasses: 
sesame (Sesamum indicum L.), corn (Zea mays), pearl millet (Pennisetum americanum L.), and 
milo (Sorghum vulgare Pers.); oil seed: pigeon pea (Cajanus cajan L.), sunflower (Helianthus 
annuus), castor oil plant (Ricinus communis L.) (Figure 5a). The spontaneous vegetation was 
composed by the predominant species: Benghal dayflower (Commelina benghalensis L.), purple 
bush-bean (Macroptilium atropurpureum), Florida beggarweed (Desmodium tortuosum), and 
goat’s head (Acanthospermum hispidum DC).

Oilseeds, such as sunflower and castor oil, produce large amounts of biomass and cycling 
nutrients, especially nitrogen. Grasses generally contribute with relatively high amounts of 
phytomass, characterized by high C:N ratio, which increases the persistence of soil cover over 
time. On the other hand, the leguminous crops, because they fix the atmospheric N, have 
high levels of N in the vegetal matter, and the vegetal remains generally have a low C:N ratio, 
with relatively fast decomposition, promoting small soil cover [65, 66], but provide significant 
amounts of N to the next crops. Simultaneous cultivation of leguminous, grassy, and oleagi-
nous species has the potential to double the rate of addition of biomass to the soil, addition 
of nitrogen, and cycling of nutrients such as phosphorus, potassium, magnesium, and sulfur 
(Table 4) [61]. The studies have shown that the simultaneous cultivation of green manures in 
the Brazilian semiarid region can add a large amount of carbon and nutrients to the soil in 
agricultural systems, in a short period of time, not exceeding 70 days, during which period 
most species are in full bloom stage and are managed.

Figure 5. Plant mixture preceding melon crop (a), t melon seedlings in plant mixture residues (b), no-tillage system of 
melon crop (c), and detail of the harvest phase with residues still on the soil (d). Source: Embrapa image bank.
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4.2. Economic and environmental impacts of the use of bacteria and mycorrhizal 
fungi
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availability [52–54].
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species were legumes (Calopogonium mucunoides), velvet bean (Stizolobium aterrimum L.),  
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gray-seeded mucuna (Stizolobium cinereum Piper and Tracy), crotalaria (Crotalaria juncea), rat-
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sesame (Sesamum indicum L.), corn (Zea mays), pearl millet (Pennisetum americanum L.), and 
milo (Sorghum vulgare Pers.); oil seed: pigeon pea (Cajanus cajan L.), sunflower (Helianthus 
annuus), castor oil plant (Ricinus communis L.) (Figure 5a). The spontaneous vegetation was 
composed by the predominant species: Benghal dayflower (Commelina benghalensis L.), purple 
bush-bean (Macroptilium atropurpureum), Florida beggarweed (Desmodium tortuosum), and 
goat’s head (Acanthospermum hispidum DC).

Oilseeds, such as sunflower and castor oil, produce large amounts of biomass and cycling 
nutrients, especially nitrogen. Grasses generally contribute with relatively high amounts of 
phytomass, characterized by high C:N ratio, which increases the persistence of soil cover over 
time. On the other hand, the leguminous crops, because they fix the atmospheric N, have 
high levels of N in the vegetal matter, and the vegetal remains generally have a low C:N ratio, 
with relatively fast decomposition, promoting small soil cover [65, 66], but provide significant 
amounts of N to the next crops. Simultaneous cultivation of leguminous, grassy, and oleagi-
nous species has the potential to double the rate of addition of biomass to the soil, addition 
of nitrogen, and cycling of nutrients such as phosphorus, potassium, magnesium, and sulfur 
(Table 4) [61]. The studies have shown that the simultaneous cultivation of green manures in 
the Brazilian semiarid region can add a large amount of carbon and nutrients to the soil in 
agricultural systems, in a short period of time, not exceeding 70 days, during which period 
most species are in full bloom stage and are managed.

Figure 5. Plant mixture preceding melon crop (a), t melon seedlings in plant mixture residues (b), no-tillage system of 
melon crop (c), and detail of the harvest phase with residues still on the soil (d). Source: Embrapa image bank.
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Emphasizing on the importance of no-tillage and green manuring on soil protection mecha-
nisms and residence time of carbon in the soil containing clay, studies have shown that pro-
tection mechanisms involving organo-mineral interactions are more important in carbon 
accumulation than occlusion within aggregates. However, in the Brazilian semiarid region, 
where most soils predominate sand fraction, both the interaction with minerals (organo-min-
eral) and physical protection are limited. In this case, carbon storage in the soil may depend on 
a fragile and continuous equilibrium of addition rate and decomposition that occurs naturally 
in these environments [67]. However, once the equilibrium has been broken down by means 
of crops and irrigation systems, there is a need to develop soil and crop management systems 
that allow the balance between rates of addition and decomposition that, at a minimum, main-
tain the levels similar to those found in soils under Caatinga. Therefore, the use of systems 
with a higher degree of complexity/diversity for both rainfed agriculture and irrigated agri-
culture can be an important strategy to promote low carbon agriculture, including the efficient 
management of water resources and salinization process and carbon and water footprints.

4.4. Water in the semiarid region

Only 3% of the total water in Brazil is in the semiarid region, with 78% located in the São 
Francisco and Parnaíba River basins. The temporal variability of the precipitations and the 
dominant geological characteristics, where there is predominance of shallow soils based on 
crystalline rocks and, consequently, low water changes between the river and the adjacent 
soil, results in the predominance of intermittent rivers and few perennial rivers. The semiarid 
region is a low volume region of river water flow [68]. The exploitation of groundwater is 
limited and presents problems due to the water that presents high content of salts and low 
flow wells (~1 m3 h−1), since over 80% of the crystalline region is about rocks [69]. However, the 
absence of rainfall is responsible for the insufficient supply of water in the region, but its poor 
distribution, associated with a high rate of evapotranspiration results in the phenomenon of 
drought and  directly affects the population of the region. For this reason, the delimitation of 
the Brazilian semiarid zone is based on three technical criteria: average annual rainfall of less 

CC DM N P K Mg S

Mg ha−1 kg ha−1

PM 1 8.73 a 300.24 a 28.81 a 203.68 a 30.30 a 27.60 a

PM 2 8.51 a 268.11 b 30.32 a 214.55 a 31.25 a 30.90 a

EV 4.09 b 103.66 c 15.15 b 111.27 b 16.70 b 9.70 b

VC (%) 6.09 9.96 8.90 12.99 6.90 14.92

Adapted from [61]. The means followed by the same letter do not differ statistically from each other by Tukey test at 
the 5% probability level. CC—cover crop; M—Management; PM 1—plant mixture 1 (75% leguminous +25% grasses and 
oilseeds); PM 2—plant mixture 2 (25% leguminous +75% grasses and oilseeds); SV—spontaneous vegetation; NT—not 
tillage; T—tillage.

Table 4. Means of dry matter phytomass (DM), potassium (K), and sulfur (S) contents and nitrogen (N), phosphorus (P), 
potassium (K), magnesium (mg), and sulfur (S) accumulation of five cycles of plant mixtures crop and maintenance of 
spontaneous vegetation between rows of mango orchard.
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than 800 mm; index of aridity less than 0.5, calculated by the water balance that relates rainfall 
and potential evapotranspiration (I = P/ETP), between 1961 and 1990; drought risk (days with 
hydro citric acid/year greater than 60% per year), based on the period between 1970 and 1990.

Most of the population and rural properties of the Brazilian semiarid region depend on rain-
water for human consumption and for agricultural and livestock production. Rain-dependent 
environments occupy the largest area. The capture and management of rainwater have been 
a popular technique developed by different peoples in different parts of the world, and there 
are thousands of people, especially in arid and semiarid regions [70]. The population through-
out the history of coexistence with drought was developing different strategies to deal with 
human, animal, and primary food, fiber, and energy production [71].

In relation to rainwater harvesting in the Brazilian semiarid region, two main problems are 
highlighted: first, low rainfall utilization, mainly due to the use of large reservoirs, large res-
ervoirs that concentrate water in large water mirrors that facilitate evaporation; second, stor-
age and use of water by processes of higher points of drainage for the accumulation at lower 
points of the land. In its displacement to the storage site, water transports particles, contami-
nating it [72]. To handle the issues of capitation, storage, and water productivity, several tech-
niques for harvesting rainwater were developed by Brazilian semiarid inhabitants to increase 
the availability of water for crop and livestock production. Among them, we highlight the 
reservoirs (Cisternas), surface dams (Barragens Subterråneas), tank trench, water storage pits, 
small dam (Barraginha), and techniques for capturing rainwater in situ [73–75].

However, the irregularity of rainfall in the Brazilian semiarid region does not allow a produc-
tion planning model dependent on precipitation during the crop development cycle. However, 
the integrated use of geotechnology, forecasting models, genetic improvement of plants, use 
of biotechnologies, and soil and water management strategies can boost water productivity. 
Thus, the efficient management of the water resource assumes great importance to mediate 
soil-plant-environment relations in a favorable way to compose a productive and sustainable 
system in the semiarid region, both for rain-dependent and irrigated environments.

4.5. Integrated crop-livestock-forest system

The Caatinga is rich in forage species in its three strata: herbaceous, shrub, and arboreal. 
Approximately 70% of the botanical species of the Caatinga take part significantly in the diet 
composition of the herds in the Brazilian semiarid region [76]. Facing the rational manage-
ment of the Caatinga, agroecosystem models were developed so that farmers could have 
native or cultivated fodder throughout the year for their herds, increasing drought resilience 
and now the impacts of climate change.

The first researches identified the forage potential of native and exotic species. Among the 
native species are manicoba (Manihot pseudoglaziovii Pax & Hofman), manioc (Manihot sculenta 
Crantz), porcupine (Manihot sp), venom papaya (Jakarta corumbensis O. Kuntz), postumeira 
(Gomphrena elegans Mart. elegans), mandacaru without thorn (Cereus hildemanianus K Schum), 
camaratuba (Cratylia argentea desv. Kuntze), umbuzeiro (Spondias tuberosa Arr. Cam.), mororo 
(Bauhinia sp), and sage (Mimosa caesalpinifolia Benth). Among these exotic species, the most 
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Emphasizing on the importance of no-tillage and green manuring on soil protection mecha-
nisms and residence time of carbon in the soil containing clay, studies have shown that pro-
tection mechanisms involving organo-mineral interactions are more important in carbon 
accumulation than occlusion within aggregates. However, in the Brazilian semiarid region, 
where most soils predominate sand fraction, both the interaction with minerals (organo-min-
eral) and physical protection are limited. In this case, carbon storage in the soil may depend on 
a fragile and continuous equilibrium of addition rate and decomposition that occurs naturally 
in these environments [67]. However, once the equilibrium has been broken down by means 
of crops and irrigation systems, there is a need to develop soil and crop management systems 
that allow the balance between rates of addition and decomposition that, at a minimum, main-
tain the levels similar to those found in soils under Caatinga. Therefore, the use of systems 
with a higher degree of complexity/diversity for both rainfed agriculture and irrigated agri-
culture can be an important strategy to promote low carbon agriculture, including the efficient 
management of water resources and salinization process and carbon and water footprints.

4.4. Water in the semiarid region

Only 3% of the total water in Brazil is in the semiarid region, with 78% located in the São 
Francisco and Parnaíba River basins. The temporal variability of the precipitations and the 
dominant geological characteristics, where there is predominance of shallow soils based on 
crystalline rocks and, consequently, low water changes between the river and the adjacent 
soil, results in the predominance of intermittent rivers and few perennial rivers. The semiarid 
region is a low volume region of river water flow [68]. The exploitation of groundwater is 
limited and presents problems due to the water that presents high content of salts and low 
flow wells (~1 m3 h−1), since over 80% of the crystalline region is about rocks [69]. However, the 
absence of rainfall is responsible for the insufficient supply of water in the region, but its poor 
distribution, associated with a high rate of evapotranspiration results in the phenomenon of 
drought and  directly affects the population of the region. For this reason, the delimitation of 
the Brazilian semiarid zone is based on three technical criteria: average annual rainfall of less 
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PM 1 8.73 a 300.24 a 28.81 a 203.68 a 30.30 a 27.60 a

PM 2 8.51 a 268.11 b 30.32 a 214.55 a 31.25 a 30.90 a

EV 4.09 b 103.66 c 15.15 b 111.27 b 16.70 b 9.70 b

VC (%) 6.09 9.96 8.90 12.99 6.90 14.92

Adapted from [61]. The means followed by the same letter do not differ statistically from each other by Tukey test at 
the 5% probability level. CC—cover crop; M—Management; PM 1—plant mixture 1 (75% leguminous +25% grasses and 
oilseeds); PM 2—plant mixture 2 (25% leguminous +75% grasses and oilseeds); SV—spontaneous vegetation; NT—not 
tillage; T—tillage.

Table 4. Means of dry matter phytomass (DM), potassium (K), and sulfur (S) contents and nitrogen (N), phosphorus (P), 
potassium (K), magnesium (mg), and sulfur (S) accumulation of five cycles of plant mixtures crop and maintenance of 
spontaneous vegetation between rows of mango orchard.
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than 800 mm; index of aridity less than 0.5, calculated by the water balance that relates rainfall 
and potential evapotranspiration (I = P/ETP), between 1961 and 1990; drought risk (days with 
hydro citric acid/year greater than 60% per year), based on the period between 1970 and 1990.

Most of the population and rural properties of the Brazilian semiarid region depend on rain-
water for human consumption and for agricultural and livestock production. Rain-dependent 
environments occupy the largest area. The capture and management of rainwater have been 
a popular technique developed by different peoples in different parts of the world, and there 
are thousands of people, especially in arid and semiarid regions [70]. The population through-
out the history of coexistence with drought was developing different strategies to deal with 
human, animal, and primary food, fiber, and energy production [71].

In relation to rainwater harvesting in the Brazilian semiarid region, two main problems are 
highlighted: first, low rainfall utilization, mainly due to the use of large reservoirs, large res-
ervoirs that concentrate water in large water mirrors that facilitate evaporation; second, stor-
age and use of water by processes of higher points of drainage for the accumulation at lower 
points of the land. In its displacement to the storage site, water transports particles, contami-
nating it [72]. To handle the issues of capitation, storage, and water productivity, several tech-
niques for harvesting rainwater were developed by Brazilian semiarid inhabitants to increase 
the availability of water for crop and livestock production. Among them, we highlight the 
reservoirs (Cisternas), surface dams (Barragens Subterråneas), tank trench, water storage pits, 
small dam (Barraginha), and techniques for capturing rainwater in situ [73–75].

However, the irregularity of rainfall in the Brazilian semiarid region does not allow a produc-
tion planning model dependent on precipitation during the crop development cycle. However, 
the integrated use of geotechnology, forecasting models, genetic improvement of plants, use 
of biotechnologies, and soil and water management strategies can boost water productivity. 
Thus, the efficient management of the water resource assumes great importance to mediate 
soil-plant-environment relations in a favorable way to compose a productive and sustainable 
system in the semiarid region, both for rain-dependent and irrigated environments.

4.5. Integrated crop-livestock-forest system

The Caatinga is rich in forage species in its three strata: herbaceous, shrub, and arboreal. 
Approximately 70% of the botanical species of the Caatinga take part significantly in the diet 
composition of the herds in the Brazilian semiarid region [76]. Facing the rational manage-
ment of the Caatinga, agroecosystem models were developed so that farmers could have 
native or cultivated fodder throughout the year for their herds, increasing drought resilience 
and now the impacts of climate change.

The first researches identified the forage potential of native and exotic species. Among the 
native species are manicoba (Manihot pseudoglaziovii Pax & Hofman), manioc (Manihot sculenta 
Crantz), porcupine (Manihot sp), venom papaya (Jakarta corumbensis O. Kuntz), postumeira 
(Gomphrena elegans Mart. elegans), mandacaru without thorn (Cereus hildemanianus K Schum), 
camaratuba (Cratylia argentea desv. Kuntze), umbuzeiro (Spondias tuberosa Arr. Cam.), mororo 
(Bauhinia sp), and sage (Mimosa caesalpinifolia Benth). Among these exotic species, the most 

Low Carbon Technologies for Agriculture in Dryland: Brazilian Experience
http://dx.doi.org/10.5772/intechopen.72363

119



widely studied species are Buffel grass (Cenchrus spp.), Urochloa (Urochloa mosambicensis), 
forage palms (Opuntia cus-indica (L.) Mill., Nopalea cochenillifera Salm-Dick), Leucaena leuco-
cephala (Lam), gliricidia (Gliricidia sepium (Jacq), and algaroba (Prosopis juli ora (SW) DC) 
[77, 78]. The agroecosystem design basis for the Brazilian semiarid region is the integration of 
adapted native or exotic elements, giving rise to models capable of increasing the resilience of 
the productive systems both in relation to the current edaphic climatic codes and in relation 
to the different scenarios of climate change.

One of the first agroecosystems developed for the semiarid region was called CBL, because 
it contemplates Caatinga, Buffel, and Leucaena subsystems. The Caatinga is grazed for 
2–4 months. Buffel, as a water stress tolerant grass, is used during dry periods, and finally, 
Leucaena is a leguminous that complements feeding as a protein source, in the form of hay or 
silage. A second system developed, called Sistema Glória, proposes that in the rainy season, 
the herd be maintained under alternating grazing conditions in areas of cultivated grasses 
(Buffel, urochloa, pangolão, and aridus grass), as well as native annual cycle pastures; with 
predominance of marmalade grass (Brachiaria plantaginea) and several species of annual her-
baceous leguminous, mainly of Phaseolus genera, Centrosema, and Stylosanthes. Both sys-
tems, in the periods of extreme drought, provide as a forage support the Indian Fig (Opuntia  
ficus-indica (L) P.Will) or native species as the xique-xique (Pilosocereus gounellei) and mandac-
aru (Cereus jamacaru DC) [79–83]. In general, the agroecosystem most used for semiarid region 
is composed of perennial woody species, associated with crops and pastures [79–81] denomi-
nated agrosilvopastoril system. The species composition may vary depending on the type of 
soil and rainfall regime. The implantation of complex, stable, sustainable models integrating 
elements of local biodiversity, arboreal, shrub, and herbaceous stratum is still a challenge for 
models of crop-livestock-forest integration adapted to semiarid conditions, to climate change 
scenarios, needing further research.

Agriculture and livestock are very important activities in the dryland economy. The typi-
cal agricultural and livestock systems are characterized by high grazing density, slash and 
burn practices, and irrigated monocultures. Consequently, soil degradation occurs due to 
unsustainable soil management, decreasing soil carbon stock and biodiversity. The soil car-
bon depletion is also associated with saline, water, and thermal stresses, typical in dryland 
regions. Climate change must be considered as a potentializer of stress and degradation fac-
tors. The environmental impacts of a warming climate in the semiarid region create chal-
lenges as well as opportunities.

The physical, chemical, and biological degradation process can be avoided and climatic resil-
ience increased by improving science and technologies for low carbon agriculture, building 
sustainable agroecosystems. The challenge is to develop state policies, internalized by the pop-
ulation, that promote the sustainable and socially just development of Brazil, incorporating 
definitively science, technology, and innovation structures that guarantee the supply of water, 
energy, food, health, and culture through actions to mitigate and adapt to climate change. 
Adaptation and mitigation actions to climate change will be fundamental to guarantee human 
well-being and the continuity of life in its diversity on the planet, as we know it. Science and 
technologies for dryland are important to intelligent design and organic and adapted agro-
ecosystems. Plant species tolerant to the saline, water, and thermal stress, no-tillage system 
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associated with green manure, agroforestry, and water management are alternatives that can 
reduce GHG emissions, increase soil carbon sequestration, and mitigate the impact of climate 
change in the dryland, as well as to improve overall food security while making farmers more 
profitable and farms more profitable in Brazilian semiarid region. The physical, chemical, and 
biological degradation process can be avoided and climatic resilience increased by improving 
science and technologies to build sustainable agroecosystems.
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widely studied species are Buffel grass (Cenchrus spp.), Urochloa (Urochloa mosambicensis), 
forage palms (Opuntia cus-indica (L.) Mill., Nopalea cochenillifera Salm-Dick), Leucaena leuco-
cephala (Lam), gliricidia (Gliricidia sepium (Jacq), and algaroba (Prosopis juli ora (SW) DC) 
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adapted native or exotic elements, giving rise to models capable of increasing the resilience of 
the productive systems both in relation to the current edaphic climatic codes and in relation 
to the different scenarios of climate change.

One of the first agroecosystems developed for the semiarid region was called CBL, because 
it contemplates Caatinga, Buffel, and Leucaena subsystems. The Caatinga is grazed for 
2–4 months. Buffel, as a water stress tolerant grass, is used during dry periods, and finally, 
Leucaena is a leguminous that complements feeding as a protein source, in the form of hay or 
silage. A second system developed, called Sistema Glória, proposes that in the rainy season, 
the herd be maintained under alternating grazing conditions in areas of cultivated grasses 
(Buffel, urochloa, pangolão, and aridus grass), as well as native annual cycle pastures; with 
predominance of marmalade grass (Brachiaria plantaginea) and several species of annual her-
baceous leguminous, mainly of Phaseolus genera, Centrosema, and Stylosanthes. Both sys-
tems, in the periods of extreme drought, provide as a forage support the Indian Fig (Opuntia  
ficus-indica (L) P.Will) or native species as the xique-xique (Pilosocereus gounellei) and mandac-
aru (Cereus jamacaru DC) [79–83]. In general, the agroecosystem most used for semiarid region 
is composed of perennial woody species, associated with crops and pastures [79–81] denomi-
nated agrosilvopastoril system. The species composition may vary depending on the type of 
soil and rainfall regime. The implantation of complex, stable, sustainable models integrating 
elements of local biodiversity, arboreal, shrub, and herbaceous stratum is still a challenge for 
models of crop-livestock-forest integration adapted to semiarid conditions, to climate change 
scenarios, needing further research.

Agriculture and livestock are very important activities in the dryland economy. The typi-
cal agricultural and livestock systems are characterized by high grazing density, slash and 
burn practices, and irrigated monocultures. Consequently, soil degradation occurs due to 
unsustainable soil management, decreasing soil carbon stock and biodiversity. The soil car-
bon depletion is also associated with saline, water, and thermal stresses, typical in dryland 
regions. Climate change must be considered as a potentializer of stress and degradation fac-
tors. The environmental impacts of a warming climate in the semiarid region create chal-
lenges as well as opportunities.

The physical, chemical, and biological degradation process can be avoided and climatic resil-
ience increased by improving science and technologies for low carbon agriculture, building 
sustainable agroecosystems. The challenge is to develop state policies, internalized by the pop-
ulation, that promote the sustainable and socially just development of Brazil, incorporating 
definitively science, technology, and innovation structures that guarantee the supply of water, 
energy, food, health, and culture through actions to mitigate and adapt to climate change. 
Adaptation and mitigation actions to climate change will be fundamental to guarantee human 
well-being and the continuity of life in its diversity on the planet, as we know it. Science and 
technologies for dryland are important to intelligent design and organic and adapted agro-
ecosystems. Plant species tolerant to the saline, water, and thermal stress, no-tillage system 
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associated with green manure, agroforestry, and water management are alternatives that can 
reduce GHG emissions, increase soil carbon sequestration, and mitigate the impact of climate 
change in the dryland, as well as to improve overall food security while making farmers more 
profitable and farms more profitable in Brazilian semiarid region. The physical, chemical, and 
biological degradation process can be avoided and climatic resilience increased by improving 
science and technologies to build sustainable agroecosystems.
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Abstract

Pepper is an extremely important vegetable worldwide in socio-economic terms. However, 
persistent land use, monoculture, and intensified production processes have led to soil dis-
eases. This, along with abiotic stress, and mainly salinity of soil and waters, water stress, 
and suboptimal temperatures, can lead to physiological disorders emerging in peppers, 
e.g., cracking and Blossom end rot, which induce plant senescence, and lower not only in 
yields, but also in product quality. Salinity and water shortage are the two main environ-
mental problems that crops face in the Mediterranean Region. One way of overcoming 
stresses from an ecological or integrated crop management viewpoint is to use grafted 
plants as an adaptation strategy. Initially, grafting technology has expanded in Solanaceae 
and Cucurbitacea species to overcome biotic stress. Nowadays, grafts are being used 
as several approaches to cushion the impact of climate change on agricultural systems. 
Furthermore, grafts allow desirable varieties by organoleptic or productivity traits, but 
they are sensitive to abiotic stress and can be grown under abiotic stress. As far as we 
know, very few studies on grafted pepper plants under abiotic stress are available.

Keywords: abiotic tolerance, drought, graft, pepper, salinity

1. Introduction

Peppers, chiles, capsicum, or no matter what other name they come under, are versatile crops 
included in most daily diets, especially in some areas more than others. Capsicum plants are 
topics crops that better grow in hotter zones [1]. They are eaten fresh, dehydrated and pro-
cessed, and also as a spice. Given its vast versatility, peppers are being increasingly eaten, but 
also due to the fact that they are a major source of pro-vitamin A (carotene), E (α-tocopherol), 
and one of its main attributes is vitamin C (ascorbic acid). Mature pepper fruits are rich in 
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carotenoids, compounds with anti-carcinogenic and antioxidant ability. Mature and imma-
ture fruits contain high contents of phenolics, especially flavonoids for which there are reports 
of antioxidant and other bioactive properties [2–4], and plenty of essential nutrients.

According to their culinary purposes and organoleptic features, pepper fruits are normally 
classified as two kinds. One is a bell pepper, which means a non-pungent, chunky sweet 
pepper kind, whereas chilli pepper refers to pungent chilli fruits [1]. Generally speaking, 
non-pungent peppers are more popular in the northern hemisphere, but more pungent chilli 
peppers are eaten more in tropic and subtropic areas [5].

Peppers grow in most countries on our planet, and they cover 1.93 million ha of crop-growing 
surface area. As a spice and vegetables, the world’s pepper production has gone from over 12 
million tons in 1993 to more than 31 million in 2013 over the past 20 years [6]. China is the larg-
est pepper producer (almost 16 million tons) and is followed by Mexico (2.3 million), Turkey 
(2.2 million), and Indonesia (1.8 million) (Figure 1).

Peppers have adapted well to hot climates. The optimum seed germination temperature is 
25–30°C. For fruit quality and growth purposes, areas with temperatures within the 21–29°C 
range are needed [7]. When temperature goes under 15°C or exceeds 32°C, growth can be 
retarded, and blossom end rot (BER), fruit-set ceases may emerge, with lower yields [8]. 
Generally speaking, commercial pepper varieties need friable, well-drained, sandy loam soil 
with pH of 6.5–7.5 for optimum production. Salt content in soil and irrigation water should be 
low. There are reports of a salinity resistance threshold of 1.5 dS m−1, below which no effect on 
growth occurs, and a 14% drop in biomass production per additional 1 dS m−1 has been found [9].  
Thresholds ranging from 0 to 2 dS m−1, and slopes of salinity response curves that go from 8 
to 15%, have been indicated for greenhouse peppers [10, 11]. Added organic matter increases 
the water-holding capacity and supplies minerals and nutrients. Peppers need high frequent 
soil fertility at the start of the growing cycle to supplement N. If water is lacking or excessive, 
flower abortion or further BER of fruits can be induced [12].

Figure 1. World production of chillies and peppers by country (million tons) [6].
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1.1. Historical and botanical perspectives

The Solanaceae family is a complex that comprises at least 98 genera and as many as 2716 
species, including Capsicum [13, 14]. This family also includes other major crop types, like 
potato, eggplant, tomato, and tobacco. “Capsicum” comes from a Greek-based derivate of the 
Latin “Kapto,” which means “to bite,” and refers to heat (pungency). Capsaicin, which is a 
volatile molecule, is also a very stable molecule that is responsible for the pungency normally 
linked with certain peppers [15]. Other pepper species are non-pungent because of a single 
mutation, which leads to the inability to generate capsaicinoids.

The genus Capsicum has been found in the central hemisphere and in South America ever 
since civilization began. It is likely to have evolved from an ancestral form in Bolivia-Peru. It 
formed part of human diet at approximately 7500 BC [16]. Peppers were completely unknown 
in Europe, Africa, and Asia before Columbus landed in the Americas. During his voyage, he 
came across a plant with fruit that resembled the pungency of black pepper, Piper nigrum 
L. The genus Capsicum, more commonly known as “pepper,” “capsicum,” “red chile,” “bell 
pepper,” “chilli pepper,” “paprika,” “tabasco,” “cayenne,” etc., contains up to around 40 spe-
cies. The vast phenotypic variation comprises fruit shapes, colors, sizes, and plant habits [17]. 
Capsicum species, with barely any exceptions, are diploid (2n = 24, less frequently 2n = 26) with 
similar karyotypes [18, 19]. Wild and cultivated chillies possess morphological differences that 
can be easily discerned. The fruit of all wild chilli forms come as small, berry-like red fruits, 
and birds are attracted by their sizes and colors. Capsicum annuum L., Capsicum chinense Jacq., 
Capsicum frutescens L., Capsicum baccatum L. (C. var. pendulum), and Capsicum pubescens R & 
P are the five main cultivated or half-cultivated Capsicum species [1, 20, 21]. C. chinense, C. 
annuum, and C. frutescens form a closely linked group, also known as “annuum Complex” [22]
which, according to some authors, are not differentiated species.

2. Main environmental problems to cultivate pepper plants

In the face of climate change, global food security demands increasing agricultural production 
on finite arable land that does not increase water use [23]. As the world’s population is esti-
mated to increase to about 9 billion by 2050, the World Food Summit on Food Security (2009) 
has set a target of a 70% global food production increase. Environmental stresses are the most 
limiting conditions for plant exploitation and horticultural productivity worldwide [24, 25]. 
The most limiting factors include temperature, water availability, light, salinity, pathogens, 
and metal ion concentrations. Many disorders and diseases can interfere with pepper produc-
tion and its quality, which can be of biotic (living) and abiotic (non-living) origin.

2.1. Biotic stresses

Capsicum plants can be attacked by distinct pathogens. The most troublesome and important 
pests and diseases are: fungal diseases, like Phytophthora capsici (Figure 2A and B), Rhizoctonia 
solani, Verticillium dahliae, Fusarium spp., bacteria, e.g., Xanthomonas campestris, and powdery 
mildew (Oidiopsis taurica and Leveillula taurica), viruses (Figure 2C), like Tomato Spotted Wilt 
Virus (TSWV), Pepper Mottle Virus (PMV), Beet Curly Top Virus (BCTV), several Mosaic Virus 
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carotenoids, compounds with anti-carcinogenic and antioxidant ability. Mature and imma-
ture fruits contain high contents of phenolics, especially flavonoids for which there are reports 
of antioxidant and other bioactive properties [2–4], and plenty of essential nutrients.

According to their culinary purposes and organoleptic features, pepper fruits are normally 
classified as two kinds. One is a bell pepper, which means a non-pungent, chunky sweet 
pepper kind, whereas chilli pepper refers to pungent chilli fruits [1]. Generally speaking, 
non-pungent peppers are more popular in the northern hemisphere, but more pungent chilli 
peppers are eaten more in tropic and subtropic areas [5].

Peppers grow in most countries on our planet, and they cover 1.93 million ha of crop-growing 
surface area. As a spice and vegetables, the world’s pepper production has gone from over 12 
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est pepper producer (almost 16 million tons) and is followed by Mexico (2.3 million), Turkey 
(2.2 million), and Indonesia (1.8 million) (Figure 1).
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25–30°C. For fruit quality and growth purposes, areas with temperatures within the 21–29°C 
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retarded, and blossom end rot (BER), fruit-set ceases may emerge, with lower yields [8]. 
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with pH of 6.5–7.5 for optimum production. Salt content in soil and irrigation water should be 
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Figure 1. World production of chillies and peppers by country (million tons) [6].
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1.1. Historical and botanical perspectives
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and metal ion concentrations. Many disorders and diseases can interfere with pepper produc-
tion and its quality, which can be of biotic (living) and abiotic (non-living) origin.

2.1. Biotic stresses

Capsicum plants can be attacked by distinct pathogens. The most troublesome and important 
pests and diseases are: fungal diseases, like Phytophthora capsici (Figure 2A and B), Rhizoctonia 
solani, Verticillium dahliae, Fusarium spp., bacteria, e.g., Xanthomonas campestris, and powdery 
mildew (Oidiopsis taurica and Leveillula taurica), viruses (Figure 2C), like Tomato Spotted Wilt 
Virus (TSWV), Pepper Mottle Virus (PMV), Beet Curly Top Virus (BCTV), several Mosaic Virus 
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(AMV), (CMV), (TMV), nematodes, chiefly Meloidogyne incognita, and insects (Figure 2D–I), 
e.g., mites, termites, aphids, and thrips.

Biotic stresses can bring about physiological changes in pepper plants, e.g., ion-flux change, 
electrolyte leakage, activation of defensive responses, and hypersensitive cell death [26]. These 
effects can result in smaller yields and worse quality. One of the most hazardous biotic factors is 
soil diseases, especially for intensive farming, where soil-borne pathogens can build up if crop 
rotations are limited. The main injuries to roots of these soil pathogens include smaller foliar 
size, thin weak stems, wilting, depressed flowering, worse fruit quality, and shorter plant life 
spans [27]. Initial symptoms are quite visible on leaves when plant roots have been completely 
infected. Farmer’s only feasible option is taking preventive measures, which involve soil treat-
ments for the next crop season. As soil fumigation with methyl bromide (MB) is forbidden, 
other alternatives need to be taken [28]. Fumigants are an option, but vast amounts can be 
applied that might result in phytotoxicity [29, 30]. Furthermore, the long-term use of fumigants 

Figure 2. (A) overview of a pepper field infected by Phytophthora capsici (courtesy of Juan José Tuset), (B) detail of roots 
infested with P. capsici, (C) virus (courtesy of J.I. Marsal), (D) overview of a pepper field with mites; leaf discoloring and 
defoliation, (E) buds parasitized by aphids (courtesy of A. Miguel), (F) flower detail with thrips (courtesy of J.I. Marsal), 
(G) pepper bitten by an insect, (H) stem affected by termites, and (I) details of aphids on a leaf (courtesy of J.I. Marsal).
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may lead to changes in the microfauna of soil, which not always favors cultivated plants [31]. 
Steam treatment is not toxic and effectively kills pathogens, but is not an economically feasible 
option everywhere as it requires suitable steaming machinery, and also fuel and water [32]. Soil 
solarization is used frequently in countries with a warm climate [33], but soil must be covered 
for 4–6 weeks with hot periods to stop vegetable production. Another alternative is biological 
control, which involves selecting organisms based on their ability to control diseases, which can 
be used for aerial plagues.

Another possibility is plant biotic resistance. To enhance crop tolerance, many attempts have 
been made by traditional breeding programs. Although commercial success is limited given 
trait complexity, commercial cultivars with some tolerance are found. In the present-day, vast 
efforts have been made to genetically transform plants to improve their tolerance. Although 
some increased tolerance to pathogens has been reported in transgenic peppers [34, 35] other 
approaches to achieve resistance must be currently considered as genetic engineering means 
in plants has been poorly accepted by the public [36].

One way to reduce or avoid lost production is to graft sensitive plants onto robust rootstocks. 
Several Capsicum rootstocks, including breed lines, commercial cultivars, and wild accessions, 
can contribute adequate tolerance or resistance to Phytophthora, Fusarium, Verticillium, CMV, 
nematodes, etc. [37–39].

2.2. Abiotic stresses

During the growth cycle of peppers, as with other plants, many unfavorable environmental 
conditions can occur, such as salinity, drought, extreme temperatures, moisture, light, mineral 
deficiencies or toxicities, pH, and pollutants, which can all diminish plant yields [21, 40, 41]. 
Close to 82% of the potential crop yields is lost yearly from abiotic stress, and the quantity 
of available productive arable lands continues to drop worldwide, which forces farmers and 
farms to move to places with a higher abiotic stress potential [42].

In the Mediterranean Region, one of the most important abiotic stresses is salinity, which is 
usually present in both soil and water, as well water scarcity, but improving these environ-
mental conditions through crop management is very difficult.

Some other abiotic stresses include: low temperature because it affects pepper vegetative 
development and reproduction as it disturbs how flower female organs function, and the 
amount of viable pollen grains per flower [43, 44]; high temperature and radiation promote 
stunted growth, a lower photosynthetic rate, increased respiration, and poor water and ion 
uptake [24, 26]. Therefore, using different shading screens is considered an alternative to 
overcome these problems [45, 46]. Likewise, heating is used to avoid chilling and frost injury, 
and cooling is employed to avoid high air temperatures [21].

2.2.1. Drought stress

Water scarcity is believed to be a major threat for the twenty-first century (UNESCO, 2012). During 
their life cycles, plants are subjected to periods of soil and atmospheric water deficit. Indeed, about 
only 15% of agricultural land is irrigated worldwide, but irrigated lands make up nearly 50% 
of the world’s food production [47]. Drought, along with salinity, is one of the most important 
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may lead to changes in the microfauna of soil, which not always favors cultivated plants [31]. 
Steam treatment is not toxic and effectively kills pathogens, but is not an economically feasible 
option everywhere as it requires suitable steaming machinery, and also fuel and water [32]. Soil 
solarization is used frequently in countries with a warm climate [33], but soil must be covered 
for 4–6 weeks with hot periods to stop vegetable production. Another alternative is biological 
control, which involves selecting organisms based on their ability to control diseases, which can 
be used for aerial plagues.

Another possibility is plant biotic resistance. To enhance crop tolerance, many attempts have 
been made by traditional breeding programs. Although commercial success is limited given 
trait complexity, commercial cultivars with some tolerance are found. In the present-day, vast 
efforts have been made to genetically transform plants to improve their tolerance. Although 
some increased tolerance to pathogens has been reported in transgenic peppers [34, 35] other 
approaches to achieve resistance must be currently considered as genetic engineering means 
in plants has been poorly accepted by the public [36].

One way to reduce or avoid lost production is to graft sensitive plants onto robust rootstocks. 
Several Capsicum rootstocks, including breed lines, commercial cultivars, and wild accessions, 
can contribute adequate tolerance or resistance to Phytophthora, Fusarium, Verticillium, CMV, 
nematodes, etc. [37–39].

2.2. Abiotic stresses

During the growth cycle of peppers, as with other plants, many unfavorable environmental 
conditions can occur, such as salinity, drought, extreme temperatures, moisture, light, mineral 
deficiencies or toxicities, pH, and pollutants, which can all diminish plant yields [21, 40, 41]. 
Close to 82% of the potential crop yields is lost yearly from abiotic stress, and the quantity 
of available productive arable lands continues to drop worldwide, which forces farmers and 
farms to move to places with a higher abiotic stress potential [42].

In the Mediterranean Region, one of the most important abiotic stresses is salinity, which is 
usually present in both soil and water, as well water scarcity, but improving these environ-
mental conditions through crop management is very difficult.

Some other abiotic stresses include: low temperature because it affects pepper vegetative 
development and reproduction as it disturbs how flower female organs function, and the 
amount of viable pollen grains per flower [43, 44]; high temperature and radiation promote 
stunted growth, a lower photosynthetic rate, increased respiration, and poor water and ion 
uptake [24, 26]. Therefore, using different shading screens is considered an alternative to 
overcome these problems [45, 46]. Likewise, heating is used to avoid chilling and frost injury, 
and cooling is employed to avoid high air temperatures [21].

2.2.1. Drought stress

Water scarcity is believed to be a major threat for the twenty-first century (UNESCO, 2012). During 
their life cycles, plants are subjected to periods of soil and atmospheric water deficit. Indeed, about 
only 15% of agricultural land is irrigated worldwide, but irrigated lands make up nearly 50% 
of the world’s food production [47]. Drought, along with salinity, is one of the most important 
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causes of low yields worldwide [48]. Adapted cultivars can improve the synchronization between 
crop water demand and soil supply. For all these reasons, we need to know plant responses to 
water scarcity, which are complex, and involve deleterious and/or adaptive changes [49].

As soil dries, its matric potential becomes more negative [50]. Plants can continue to absorb 
water only as long as their water potential (Ψw) is lower (more negative) than that of soil. The 
water potential is the total of both the solute potential (Ψs) and the turgor potential (Ψp): thus: 
Ψw = Ψs + Ψp [51]. In this way, one of the important pathways to enhance water stress toler-
ance is through osmotic adjustment, which maintains the leaf turgor required for stomatal 
opening, and to hence sustain photosynthesis and growth [52, 53]. Plants accumulate various 
types of compatible solutes, such as sugars, proline, glycinebetaine, or potassium [53, 54] to 
lower the osmotic potential and to absorb water. Basically, cells’ accumulation of solutes is 
a process by which the water potential can lower without being linked to an accompanying 
reduction in turgor or a reduced cell volume.

Stomatal closure and reduced transpiration rates are prompt responses under drought stress 
because they lower the water potential of plant tissues. As a result, photosynthesis lowers, medi-
ated by diminished CO2 availability that is caused by: (a) diffusion limitations via the mesophyll 
and/or stomata [55], known as stomatal effects; (b) altered CO2 fixation reactions, mediated by 
reduced Rubisco activity, known as non-stomatal [56]. With water stress, as energy accumulates 
in plants, which consume less light energy through photosynthetic carbon fixation, reactive 
oxygen species (ROS) generation increases [57, 58]. Accumulation of sorbitol, mannitol, and 
proline, and the formation of radical scavenging compounds, e.g., ascorbate, glutathione, and 
α-tocopherol, can help plants to cope with water stress [59]. Such compounds play a dual role as 
the non-enzymatic antioxidants needed by plants to counteract the inhibitory metabolic effects 
of the ROS generated under water stress [60], and also in stabilizing proteins and enzymes, 
and in protecting membrane integrity [61]. Besides these physiological responses, plants also 
undergo morphological changes [62], like stunted growth and, consequently, smaller yields.

Generally, pepper plants are sensitive to water deficit due to big leaf areas and higher stomata 
conductance [63–65]. In the pepper production industry, drought imposes huge reductions 
in crop yields and quality, with significant economic losses of up to 70% [64, 66, 67]. The two 
most critical moisture stress stages in peppers are the initial establishment of transplanted 
plants and the stage prior to blossoming [17]. Thus, reduced yields and smaller fruits are fre-
quently recorded under moisture stress conditions. Moreover, this scenario limits the water 
applied to peppers during rapid growth periods to reduce final yields [68].

2.2.2. Salinity

Salinity can be disastrous because it can have many direct and indirect harmful effects. It inhib-
its seed germination, induces physiological dysfunctions and often kills non halophyte plants, 
even at low concentrations, and also limits agricultural development [69, 70]. Salinization 
transforms fertile and productive land into barren land, and often leads to habitat and biodi-
versity loss [71]. Salt accumulating in excessive amounts in cultivated soils is a common prob-
lem, especially under irrigated conditions, which threatens food production globally [72, 73].  
The indiscriminate use of large quantities of chemical fertilizers and overexploitation of 
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aquifers have dramatically multiplied the surface area affected by salinity [27]. Today to a 
greater or lesser extent, a third of all irrigated lands worldwide is affected by salinity [74], 
which means smaller yields.

Salt stress has two components that negatively affect plant growth: osmotic component and 
ionic component. A high salt concentration lowers the water potential in soil, and results in 
water stress in plants, known as the osmotic salinity component. The accumulation of given 
toxic ions represents the ionic component [75].

The relative degree of each salt effect caused by different salinity levels and its consequences 
on crop production are not clearly understood [67]. Saline soils induced by protected culture 
are complex and can include high concentrations of K+, Na+, Ca2+, Mg2+, SO4

2−, NO3
−, and Cl−, 

which differ from the saline soils induced by seawater, in which NaCl is the most soluble and 
widespread salt [52, 76]. High Na+ concentrations lower Ca2+ and K+ uptakes, which leads to 
reduced stomatal conductance that results in lower CO2 concentrations and, consequently, 
lower photosynthesis. High Cl− concentrations cause chlorophyll degradation and reduce 
actual quantum yields of PSII electron transport [77].

Salinity causes membrane destabilization [78], nutrient imbalances [79] and irreversible harm 
to plant tissues and cells [80]. It is well-accepted that growth inhibition by salt stress is linked 
with alterations to the hydric relationships in plants as a result of osmotic effects with certain 
ionic consequences.

Salt tolerance mechanisms include: (i) salt exclusion: plants limit salt accumulation in tissues by 
inhibiting root uptake. Some salt transport restriction strategies to sensitive tissues or organs 
have also evolved [81]. Plants’ ability to regulate the transport and uptake of salts depends 
on these mechanisms: root cells’ selectivity of uptake; preferential loading of K+ instead of 
Na+ onto the xylem by stele cells; salts removed from the xylem in upper root parts, leaf sheaths, 
and the stem according to the exchange of both K+ and Na+; (ii) salt excretion: halophytes often 
have anatomical structures, like salt bladders and salt glands, that are designed to eliminate 
any excess salt ions from plants to their environment; and (iii) intracellular ion compartmenta-
tion. The sequestration of ions or salts into leaf and/or shoot vacuoles is typically attributed 
to dicotyledonous halophytes. Such accumulation depends on tonoplast Na+/H+ antiporters 
and vacuolar H+-translocating transporters that are induced by saline environments [82]. One 
immediate salt stress effect is cell alkalinization, which is linked with the Na+/H+ antiporters 
activity of tonoplast vesicles [78]. Here different types of compatible organic solutes and potas-
sium ions, like proline and soluble sugar, accumulate in the cytoplasm to avoid dehydration 
and to maintain the osmotic-ionic balance between both two compartments [83], and to also 
stabilize subcellular structures, e.g., proteins and membranes [52, 84]. It has been observed 
in tolerant salt plants after the initial loss of cellular turgor that plants are able to induce an 
osmotic adjustment to the lower external water potential by compartmentalizing toxic ions in 
the vacuole and then synthesizing compatible solutes in the cytoplasm [78].

Pepper, and C. annuum in particular, is highly susceptible to salt stress. Negative effects on 
yields stem from disturbances the following: membrane permeability, water channel activity, 
ion imbalance, poor total photosynthesis, and stomatal conductance, which modify the car-
bon balance required to maintain both productivity and growth [72, 85−87].
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3. Main disorders related to abiotic stress in pepper plants

3.1. Blossom end rot

Blossom end rot (BER) is a serious disorder known to affect peppers that grow under differ-
ent environmental stresses. BER symptoms are linked with membrane leakage of cell solutes, 
cell plasmolysis, and membrane breakdown [88−90]. Thus fruit surfaces display water-soaked 
symptoms, and the tissue at the distal fruit portion ends up becoming discolored and necrotic. 
BER causes premature ripening and enhances fruit softening, which result in small-sized fruits 
[91] (Figure 3). In internal fruit tissues, BER develops in the necrotic region of the parenchymal 
tissue surrounding young seeds, and also in the distal placenta [89]. It is predominantly viewed 
that the cause of BER is inadequate calcium translocation to the fruit tip for rapid fruit expan-
sion, which takes place under conditions that favor rapid fruit growth, e.g., bright light and 
high temperature. Hence, cell integrity is impaired with consequent tissue disintegration [92].  
Since Ca2+ is thought to play a key role, BER is termed a “calcium-related disorder” [93]. BER 
incidence is related to environmental factors, like high salinity, water scarcity, high tempera-
ture, and ammonia nutrition, which contribute to Ca2+ deficiency [91, 94, 95]. However, a close 
relationship between calcium levels and BER cannot always be demonstrated [90]. Lantos 
[96] has shown that applying calcium does not necessarily reduce the yield losses caused by 
calcium deficiency.

The influence of stress on BER which occurs in peppers is partly based on not only increased 
NAD(P)H oxidase (an oxygen radicals-generating enzyme) activity, but also on higher ROS 
production, e.g., superoxide radicals, hydroxyl radicals, and singlet oxygen (O2) in fruit apo-
plasts [91, 92, 97]. ROS are known to trigger cell death, which is characterized by the pro-
gressive loss of membrane integrity to result in cytoplasm swelling, and also in the release 
of cellular constituents [98], including loss of Ca2+ ions, which may explain the lower Ca2+ 
concentrations found mainly in the apoplast [88]. A certain amount of stress, caused by either 
a single or an interaction of several environmental factors, like high relative humidity, patho-
genic stem diseases, and dry or saline soils, may have a negative effect on calcium uptake [99], 
which does not always end in a corresponding degree of BER [90].

Figure 3. Overview of the pepper fruits affected by BER (right) and details of necrotic tissue (left).
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Two phytohormone types appear to especially interfere with BER affection, and also in opposite 
directions: abscisic acid (ABA) and bioactive gibberellins (GAs). The antagonism action between 
vegetative growth and Ca2+ has been reported by Lyon et al. [100]. Low Ca2+ in the nutrient 
medium has been indicated to result in very extensive root systems, which suggests great GA 
activity. Accordingly, a low Ca2+ supply might have caused the high BER incidence more indi-
rectly through enhanced GA activity [88]. ABA, as an antagonist to GAs, is known for reducing 
plant susceptibility to stress; e.g., by promoting Ca2+ transport to fruits. Applying ABA to highly 
stressed tomato plants has been recently demonstrated to alleviate BER symptoms [101].

From a practical point of view, GA-signaling can be reduced by, for example, root restriction 
[102], by applying growth-retarding chemicals, and also by ABA [103, 104].

Basically, BER development involves several steps: stress enhances ROS production; ROS 
leads to lipid peroxidation with greater membrane leakiness which, in turn, leads to the rapid 
vacuolation of parenchyma cells and to loss of ions, which includes water-soluble apoplastic 
Ca2+. This situation is also aggravated when plants are grown vigorously, when GAs levels 
are high and when ABA is low. All these are typical BER symptoms [94]. Thus final Ca2+ defi-
ciency can be considered a result, but not the cause, of only BER.

To control BER solutions, reducing susceptibility to stress and alleviating stress severity are 
necessary by: (i) proper selection of suited production sites. However, this is not always pos-
sible, and environmental conditions are unpredictable; (ii) improving management practices, 
e.g., shade or applying calcium fruit sprays. However, not enough evidence is available to 
recommend their use to manage BER; or spraying ABA, which remains unavailable as a com-
mercial solution (no commercial formulation and side effects); (iii) breeding and selecting 
stress-resistant cultivars. Sadly, programs are slow and obtaining a variety that collects com-
mercial fruit attributes and a robust radicular system is difficult; (iv) robust rootstocks inducing 
higher production in horticultural crops, which leads to a larger leaf area in grafted tomato 
plants [105], maintains a greater net CO2 assimilation in grafted cucumber plants [106, 107], and 
has also shown a vigorous root system that increases the absorption of water and minerals in 
pepper-grafted plants [108]. Thus, grafting susceptible plants onto robust rootstocks to reduce 
their susceptibility to stress can reduce the fruits affected by BER, maintain water uptake, con-
tribute to better plant nutrition; consequently, calcium deficiency can diminish [109−111].

3.2. Fruit cracking

Fruit cracking is yet another frequent physiological disorder that lowers marketable fruit yields, 
but it is not such a serious commercial problem as BER. The cracks in cracked fruits normally 
spread through the wall into the locule area because of repeated shrinkage. Such expansion 
weakens fruit cuticles [112]. Incidence is affected by environmental factors, mainly by varietal 
characteristics [113]. Several studies have demonstrated the importance of the environment 
in cuticle cracking development, like low night vapor pressure deficit [114], relative humidity 
[115], and temperature [116]. Fruits that display a wider expansion-shrinkage amplitude are 
often associated with severe cracking symptoms. The water status of fruits is a key factor to 
establish fruit cracking severity [21]. Some solutions can include those that minimize changes in 
their water status. Indeed, the same strategies used to combat BER can be adopted. Nonetheless, 
maintaining a consistent optimized growing environment is the best way to avoid fruit cracking.
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3. Main disorders related to abiotic stress in pepper plants
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often associated with severe cracking symptoms. The water status of fruits is a key factor to 
establish fruit cracking severity [21]. Some solutions can include those that minimize changes in 
their water status. Indeed, the same strategies used to combat BER can be adopted. Nonetheless, 
maintaining a consistent optimized growing environment is the best way to avoid fruit cracking.
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4. Coping with abiotic constraints

The impact of both unpredicted climate change and climate variability on agricultural pro-
ductivity is most likely to become a major constraint to achieve greater food production, 
which means that developing crop genotypes that withstand ambient stresses a major food 
security strategy. Hence, crop improvement innovations are needed [117]. They entail making 
furious efforts, especially by breeding companies that use conventional breeding programs. 
However, commercial success is extremely limited given the complex trait and practical selec-
tion tools are lacking; e.g., genetic markers have rendered these tasks inefficient and slow 
processes to date [84, 118, 119]. Combining suitable commercial fruit characteristics (quality 
and high production) and resistance to environmental factors is extremely difficult, especially 
when growing traditional varieties for their adaptation and traits quality since they are highly 
stress-sensitive [120, 121].

More recently, major efforts have been made to achieve genetic transformation [122−124]. 
Transferring a single gene or a few genes has led to claims of improved abiotic stress tolerance 
[125, 126]. However, the nature of genetically complex mechanisms of abiotic stress tolerance, 
and any potential detrimental side effects, makes this task most difficult [118, 127]. Lack of 
public acceptance of genetic engineering means that searching for other strategies to generate 
improved tolerances to abiotic stresses in plants is a priority [63, 128].

One environmental-friendly technique for avoiding or reducing loss in commercial yields 
caused by abiotic stress conditions is to graft susceptible commercial cultivars onto rootstocks 
that are capable of reducing the negative effect of external stress on shoots [25, 27, 129, 131]. 
Using grafted plants is an eco-friendly strategy that allows plants to overcome both soil-borne 
diseases and environmental stress [25, 110, 132].

4.1. Grafting

Grafting is defined as the natural or deliberate fusion of plant parts to establish vascular con-
tinuity among them [133], as well as the resulting genetically composite organism functions 
as a single plant [134]. The term scion denotes the shoot piece that stems from a donor plant 
that will be the grafted plant’s canopy. The term rootstock indicates a plant that receives and 
fuses with the scion, and functions as the grafted plant’s root system.

Despite vegetable grafting being an ancient practice, grafting did not become a common prac-
tice in ornamental and herbaceous vegetables before the twentieth century [135]. Cultivating 
grafted horticultural plants began in Korea and Japan toward the end of 1920s by grafting 
watermelon plants to squash rootstocks [136]. Ever since, this technique has been employed 
in watermelon, melon, cucumber, eggplant, pepper, tomato, and ornamental cactus and has 
exponentially increased. Grafting is also utilized for untypical fruit vegetables like artichoke 
[137, 138]. The advantages that vegetable grafting offers are attributed mainly to rootstocks’ 
resistance to soil-borne diseases (fungus, nematodes, and bacterial wilt), and also to better 
vigor and stress tolerance. The problems related with banning methylbromide for soil fumiga-
tion purposes have led to increased vegetable grafting in the USA and Europe in recent years.
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Micro- and tube-grafting and cleft approach are techniques that reliably combine pepper sci-
ons with compatible rootstocks, and the same can be stated of tomato and eggplant [139]. 
Recently, tube-grafting has become the most popular method type. It consists in cutting the 
growing rootstock tip at an angle of 45° below cotyledons and attaching it to the scion, which 
has been preciously cut at the same 45° angle above cotyledons, and then using a clip to fix 
the rootstock and scion (Figure 4).

Commercial varieties are not normally chosen to cope with abiotic stress. So, an interesting 
method to cope with these problems is to graft onto robust rootstocks.

Although grafting is a widespread eco-friendly technique applied in melon, tomato, or egg-
plant, it has been exploited less in peppers. This is basically because rootstock genotypes are 
lacking, which are simultaneously tolerant to biotic or abiotic stresses and can also improve 
commercial yields to amortize the extra costs incurred by grafting.

The main reason for grafting pepper is to improve plant vigor, disease tolerance, and unifor-
mity, but very few commercial pepper rootstocks are available. This is because attention has 
been paid mainly to biotic stresses, and only the high-value pepper transplants utilized for 
protected cultivations are produced as grafted plants [39, 140, 141].

However, the abiotic stress incidence is very high, and increasing global climate change is 
forecast, while salinity and water stress are found frequently in areas where peppers are 
growing. It is necessary to perform several screenings to find Capsicum plants that tolerate 
abiotic stress so they can be used as rootstocks. In order to select the appropriate rootstocks, 

Figure 4. Pepper seedling grafted by the tube-grating method.
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searching for resistances in wild pepper types is crucial to amplify genetic diversity [142]. 
Currently, wild species of pepper from gene banks have been screened and phenotypically 
characterized as being tolerant to salinity and water stress under control conditions, and 
then used as rootstocks in the field, where abiotic stress problems occur, and productivity of 
grafted plants has been evaluated [132, 143, 144].

4.1.1. Grafting to cope with salt stress

One of the several approaches followed to cushion the impact of salinity is to graft plants onto 
tolerant rootstocks [10], and is a common agronomic practice in melon and tomato. Some 
works into these species have been conducted to elucidate the mechanisms that are involved 
in grafted plants’ increased salinity tolerance. Such increased tolerance is generally associated 
with plants’ capacity to retain or exclude, and/or accumulate toxic ions, Na+ and Cl− in root-
stock roots. Hence, this action limits their transport to leaves instead of through the induc-
tion of antioxidant systems to the synthesis of osmotically active metabolites [35, 145]. Other 
authors have suggested that the rootstock’s influence on the salt tolerance of scions is owing 
to stomatal functions (changes in stomatal regulation and water relations) being more effi-
cient controlled. What this suggests is that grafting incisions could alter the hormonal signal-
ing between shoots and roots [146]. In other cases, the re-establishment of ionic homeostasis 
has explained increased tolerance [124]. Yet in grafted plants, the mechanism of resistance 
against salinity displays a high degree of complexity in relation to specific scion/rootstock 
interactions [145, 147], and may vary among species. As far as we are aware, very few stud-
ies have been conducted into pepper to elucidate whether the salt tolerance conferred by 
rootstocks is due, or not, to retention and/or exclusion mechanisms, as in melon or tomato, 
because of them being better able to alleviate the toxic effects of salts or of other processes; 
e.g., water relations being maintained or antioxidant capacity being enhanced.

Salt tolerance among pepper genotypes may vary [72]. Maas [9] has indicated a salinity resis-
tance threshold of 1.5 dS m−1, and below which they found no effect on growth, but a 14% 
drop in biomass production for each additional 1 dS m−1. Thresholds within the 0–2 dS m−1 
range and slopes of salinity response curves that go from 8 to 15% have been reported for 
greenhouse peppers [10]. Another example is to use irrigation water of 4.4 dS m−1 [67], which 
resulted in reductions of 46% in the pepper dry biomass and of 25% in marketable pepper 
fruits. Guifrida et al. [109] have reported that stunted growth caused by salinity attenuates in 
pepper-grafted plants, compared with the non-grafted plants, is primarily associated with a 
low salt ions uptake. Therefore, these ions are present in the grafted plants at lower concentra-
tions rather than leaf turgor being maintained by osmotic adjustments.

Different tolerance mechanisms to salt stress (NaCl 40–80 mM) were observed in our experi-
ments using tolerant accessions (previously selected) like rootstocks and commercial “Adige” 
cultivar as a sensitive scion. Increased fruit yield under salinity when grafted onto accessions 
Capsicum chinense Jacq. “ECU-973” (code 12) and Capsicum baccatum L. var. pendulum “BOL-
58” (code 14) was measured. Higher productivity under field conditions for these grafted 
plants was due to their ability to restrict Cl− transport to leaves, and also to reduced Na+ load-
ing in leaves and roots, which thus favored K+ (Ca2+ and Mg2+) uptake and allowed a lower 
osmotic potential at less energy costs.

Climate Resilient Agriculture - Strategies and Perspectives140

Such traits had a weak but negative impact on photosynthesis, nitrate reductase activity, 
and lipid peroxidation in the grafted scion leaves compared with ungrafted plants (Adige). 
Tolerance to salinity in these grafted plants was expressed to maintain scions’ ion homeosta-
sis, and can consequently improve crop yields [148, 149].

Nevertheless, by using C. annuum (code A25) as a tolerant rootstock, we also observed a larger 
amount of marketable fruit (+75%) and lower Blossom-end Root incidence (−31%) in com-
mercial pepper cultivar Adige grafted onto A25 (A/A25) compared with ungrafted plants 
(Figure 5A and B), but the accumulation of Na+ and Cl− in leaves and roots was similar in grafted 
or ungrafted plants. Another tolerant salt mechanism was found in this grafted plant. Despite 
continued salt ions uptake, A/A25 plants’ buffer capacity was not superseded as a testimony by 
unaffected biomass production and photosynthesis. The high Na+ and Cl−, accumulations and 
their likely compartmentalization in the apoplastic space and/or vacuole to preserve the cytosol 
from ionic toxic effects could well occur. Tolerance may be attributed to the ability to maintain 
shoot/root growth under salt stress, which has been related to A/A25 plants’ ability to limit, or 
protect, loss of CO2 assimilation (Figure 6) and sink activity in growing organs [149, 150].

Figure 5. Marketable fruit yields (A) and the percentage of fruits affected by BER (B) under soil salinity and water 
conditions. Values are the mean of 50 replicates per cultivar Adige either ungrafted (A) or grafted onto the A25 genotype 
(A/A25). The different letters in each column denote significant differences at P < 0.05 according to the LSD test, and 
following a one-way ANOVA test by taking plant type as the variability factor.
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continued salt ions uptake, A/A25 plants’ buffer capacity was not superseded as a testimony by 
unaffected biomass production and photosynthesis. The high Na+ and Cl−, accumulations and 
their likely compartmentalization in the apoplastic space and/or vacuole to preserve the cytosol 
from ionic toxic effects could well occur. Tolerance may be attributed to the ability to maintain 
shoot/root growth under salt stress, which has been related to A/A25 plants’ ability to limit, or 
protect, loss of CO2 assimilation (Figure 6) and sink activity in growing organs [149, 150].

Figure 5. Marketable fruit yields (A) and the percentage of fruits affected by BER (B) under soil salinity and water 
conditions. Values are the mean of 50 replicates per cultivar Adige either ungrafted (A) or grafted onto the A25 genotype 
(A/A25). The different letters in each column denote significant differences at P < 0.05 according to the LSD test, and 
following a one-way ANOVA test by taking plant type as the variability factor.
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Figure 6. CO2 assimilation (μmol CO2 m−1 s−1) of the cultivar Adige ungrafted (A) or grafted onto the A25 genotype (A/
A25) under control (white bars) and salinity conditions (black bars). The values are the means of four replicates per 
genotype. The different letters in each column denote significant differences at P < 0.05 according to the LSD test, and 
following a two-way ANOVA test with plant type and NaCl treatment taken as the variability factor.

To conclude, grafting commercial varieties onto salt-tolerant rootstocks can be considered a 
valid strategy for ameliorating salt tolerance in peppers.

4.1.2. Grafting to overcome water stress

A novel perspective to enhance resistance to water stress is to use tolerant accessions as root-
stocks for a given and desirable commercial cultivar. The interactions that take place among 
the graft, water stress, and vegetable plants have been studied mostly in cucumber, melon 
[151], and tomato [130, 152] by centering on the growth effects of grafting, and also on its 
physiological effects, and particularly on photosynthesis traits and hydric relationships [153]. 
Grafted plants usually show increased uptake of water and minerals compared to self-rooted 
plants as a result of the vigorous root system used as the rootstock [130, 154, 155]. Greater 
SOD and CAT activities, higher proline accumulation levels, and lower lipid peroxidation lev-
els have been found in tobacco scions grafted onto drought-tolerant rootstocks [156]. Tomato 
grafted onto a drought-tolerant line has shown not only reduced growth, but also water con-
servation, as well as increased photosynthetic rates under mild drought conditions [152]. 
Similar results have been obtained by Liu et al. [157] using luffa as rootstocks when grafted 
with either its scion or cucumber.

However, reports on the physiological alterations of pepper after grafting and exposure 
to water stress are limited. Deep pepper root systems have been considered one of most 
important traits of tolerance. López-Marín et al. [158] have reported finding greater root 
growth in drought-tolerant grafted pepper plants (Hermino grafted onto Atlante) compared 
with scions (Herminio) ungrafted in an irrigation-deficit regime. The physiological toler-
ant mechanisms to overcome water stress in pepper-grafted plants are not well-known. The 
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effect of adding 3.5% and 7% PEG (polyethylene glycol) was examined for 14 days in two 
drought-tolerant rootstocks (codes 12 and 14, see Section 4.1.1) to identify the physiological 
traits responsible for the tolerance provided by rootstocks compared with ungrafted plants 
[159]. In grafted plants, we observed a higher proline level (Figure 7), along with a significant 
decrease in the osmotic potential, which reflected the lesser reduction in RWC. Enhanced 
osmotic adjustment may protect leaves from excessive dehydration. However, our results 
indicated that the water stress effect depended on the duration and intensity of the stress 
level, and also on the rootstock used.

Considering the overall results published about grafts, grafted plants can act as an efficient tool 
to mitigate abiotic stress in the climate change context and a tolerant rootstock that can make 
water and salt stress vanish on scions to reach greater productivity and fruit quality [149].  
Nonetheless, the physiological and genetic mechanisms for abiotic tolerance in grafted plants, 
especially in peppers, are still unknown.
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Figure 7. Changes in proline concentrations in leaves (mg proline g−1 DW) from the ungrafted pepper plants (cultivar 
“Verset”) and the cultivar grafted onto accessions 12 and 14 after adding PEG at 0% (white bars), 3.5% (gray bars) and 
7% (black bars) during a 14-day exposure period. Data are the mean values ± SE for n = 6. Within each plant combination, 
different letters indicate significant differences at P < 0.05 (LSD test).
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Since 2010, six research organizations in the region have implemented a regional proj-
ect that sought to combat food insecurity, poverty and climate change by up-scaling 
Climate-Smart Agriculture (CSA) technologies across farms and landscapes using the 
Climate Smart Landscape (CSL) approach. Several CSA technologies were evaluated 
and promoted across landscapes using this approach with remarkable success. Maize 
yields in Kenya rose from 0.5 to 3.2 t ha-1, resulting in over 90% of the watershed com-
munities being food secure. In Madagascar, rice yields increased from 2 to 4 t ha-1 whilst 
onion yields increased from 10 to 25 t ha-1, resulting in watershed communities being 
60% food-secure. In Eritrea, sorghum yields increased from 0.6 to 2 t ha-1. Farmers in 
Ethiopia earned US$10,749 from the sale of pasture whilst in Madagascar, watershed 
communities earned additional income of about US$2500/ha/year from the sale of 
onions and potatoes during off-season. Adoption levels of various CSA technologies 
rose from less than 30% to over 100% across the participating countries, resulting in 
rehabilitation of huge tracts of degraded land. In a nutshell, the potential for CSL in the 
region is huge and if exploited could significantly improve our economies, lives and 
environment.
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1. Introduction

The East and Central Africa (ECA) subregion is projected to getting warmer and wetter by 
the end of this century. Temperatures are projected to increase by about 2°C and rainfall 
by about 11% by 2050 [1, 2]. It is therefore possible that the subregion could be food self-
sufficient because of climate change. As unfamiliar as this counter-narrative might seem, cli-
mate change presents an opportunity for the subregion to think and act differently, to change 
the way it views growth and interacts with the environment, and to choose a different path 
toward sustainable development. The Zero Hunger by 2025 target set by African Heads of 
State is achievable. However, this will only be possible if countries in the subregion invest 
10% of their GDP in agriculture and target to grow the sector by 6% as proposed by the 
African Unions’ Comprehensive Africa Agricultural Development Programme (CAADP) in 
2003. So how does the subregion get there? By making substantial investments in Climate-
Smart Agriculture (CSA). Climate-Smart Agriculture, if adopted, has the potential to usher in 
a new era of clean and sustainable growth for the subregion.

Climate-Smart Agriculture is an applied set of farming principles and practices that increases 
productivity in an environmentally and socially sustainable way (adaptation), strengthens 
farmers’ capacities to cope with the effects and impacts of climate change (resilience), con-
serves the natural resource base through maintaining and recycling organic matter in soils 
(carbon storage), and as a result reduces greenhouse gas emissions (mitigation) [3]. This 
approach also aims to strengthen livelihoods and food security, especially of smallholders, 
by improving the management and use of natural resources and adopting appropriate meth-
ods and technologies for the production, processing and marketing of agricultural goods [1, 
3–5]. However, for agricultural systems in the subregion to achieve CSA objectives, including 
improved food security and rural livelihoods as well as climate change adaptation and mitiga-
tion, they need to take a landscape approach; they must become ‘Climate-Smart Landscapes.’ 
Climate-Smart Landscapes (CSL) operate on the principles of integrated watershed manage-
ment (IWM) while explicitly incorporating adaptation and mitigation into their management 
objectives [1, 4].

For 3 years, the Kenya Agricultural and Livestock Research Organization (KALRO), Rwanda 
Agricultural Board (RAB), Eritrea’s National Agricultural Research Institute (NARI), Ethiopian 
Institute of Agricultural Research (EIAR), Artelia Madagascar (AMG) and Madagascar’s 
Centre National de Recherché Applique au Developpement Rural (FOFIFA) implemented a 
regional project on improving agricultural water productivity using this approach. The proj-
ect sought to combat food insecurity, poverty and climate change by increasing the availabil-
ity and productivity of water in smallholder rain-fed and irrigated agriculture at both farm 
and landscape levels.

The project was implemented from 2010 to 2013 in five countries namely Kenya, Rwanda, 
Eritrea, Madagascar and Ethiopia with financial support from the Association for 
Strengthening Agricultural Research in East and Central Africa (ASARECA) and her part-
ners. Due to positive results from this project, a second phase was launched in 2014 and 
implemented up to 2015 in three more countries (Uganda, Sudan and Burundi) with the aim 
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of up-scaling ‘best bet’ CSA technologies from the first phase and establishing more CSL. This 
chapter seeks to highlight some of the benefits of CSL and its potential in the region with a 
view to encouraging governments to invest in this noble approach to agricultural develop-
ment in order to combat food insecurity, poverty and climate change.

2. Methodology

To establish and successfully promote and sustain climate-smart agricultural landscapes that 
could generate important synergies for agricultural production, climate adaptation and miti-
gation, as well as other livelihood and environmental objectives at farm and landscape scales, 
the following activities were undertaken.

2.1. Selecting the watersheds/landscapes

Two watersheds measuring about 100 km2 were identified in each country by all stakeholders 
during the national stakeholders’ consultative workshops conducted prior to project incep-
tion. The two watersheds were selected based on the extent of their degradation, potential 
to benefit from improved water management, their vulnerability to climate variability and 
change, and their food security and poverty levels. Mwania and Kalii watersheds in Machakos 
and Makueni counties, respectively, were selected for Kenya; Karama and Muse-Bivumu 
in Nyamagabe and Bugesera districts, respectively, in Rwanda; Adulala and Ketchema in 
Ethiopia; Amadir and Molqi in Eritrea; and Ankazomiriotra and Avaratrambolo in Mandoto 
and Manjakandriana districts, respectively, in Madagascar (Figure 1).

These watersheds were all densely populated, highly degraded, food insecure and very 
prone to high climatic stresses. They therefore presented huge opportunity for CSL to 
improve agricultural production, resilience and income of their communities through the 
use of appropriate and available CSA technologies. The sites also had many agricultural 
development initiatives which complemented CSL efforts. They also had a lot of secondary 
data on climate, land and water resources, crop production and demographic trends which 
facilitated long-term planning and accurate simulation of climate change impacts. Finally, 
they had good land tenure systems which allowed farmers to invest in long-term and capital-
intensive CSA practices such as drip irrigation, agroforestry, CA, terracing and water pans 
across the landscapes.

2.2. Conducting the baseline survey

A comprehensive baseline study was conducted at the start of the project to capture the 
socioeconomic situation, resource availability, average production and income, adaptation, 
mitigation, biodiversity conservation and risk management approaches of village house-
holds before the project. This was done to generate indicators for monitoring the impact of 
CSA interventions up-scaled across the landscapes by the project and to encourage invest-
ment in CSL.
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use of appropriate and available CSA technologies. The sites also had many agricultural 
development initiatives which complemented CSL efforts. They also had a lot of secondary 
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facilitated long-term planning and accurate simulation of climate change impacts. Finally, 
they had good land tenure systems which allowed farmers to invest in long-term and capital-
intensive CSA practices such as drip irrigation, agroforestry, CA, terracing and water pans 
across the landscapes.

2.2. Conducting the baseline survey

A comprehensive baseline study was conducted at the start of the project to capture the 
socioeconomic situation, resource availability, average production and income, adaptation, 
mitigation, biodiversity conservation and risk management approaches of village house-
holds before the project. This was done to generate indicators for monitoring the impact of 
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2.3. Forming multi-stakeholder platforms

The project established Innovation platforms in each watershed in which all stakeholders with 
interest in the watershed were brought together and made part of the project implementation 
team. They were briefed on the objectives of CSL to secure their buy-in. This was done to con-
solidate resources, share knowledge, build coalitions and pool investments. The stakeholders 
were drawn from the watershed communities, local administration, non-governmental orga-
nizations (NGOs), government departments, religious groups, donor agencies, agrodealers 
and financial institutions. They were all involved in landscape planning, project implementa-
tion and progress monitoring for CSL objectives, as well as others. Landscape management 
plans with clearly defined roles and responsibilities were developed to guide this process.

2.4. Prioritizing and up-scaling CSA interventions

As indicated before, the project adopted the CSL approach to resolve the problem of land deg-
radation, food insecurity and poverty in the six watersheds. Climate-Smart Landscapes, like 
the IWM approach, link production, conservation and livelihood objectives of people with 
a stake in a given landscape/watershed. It provides a framework for integrating technical, 

Figure 1. Location of climate-smart landscapes in Kenya, Eritrea, Ethiopia, Rwanda and Madagascar.
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economic and social knowledge in identifying constraints and in supporting planning and 
decision-making to achieve sustainable solutions. Through this approach, numerous CSA 
technologies were evaluated and promoted across landscapes using field demonstrations, 
field days, farmer exchange visits and trainings. The technologies were selected by farmers 
based on their ease of adoption, investment required and ability to make best use of increased 
water availability. These included conservation agriculture (CA), agroforestry, manure man-
agement, water harvesting, terracing, mulching, drought-tolerant crops, proper agronomy, 
high-productivity crop varieties and use of weather-based agroadvisories.

2.5. Building capacity of stakeholders

Capacity of communities was strengthened to enhance adoption and utilization of CSA tech-
nologies. The project held numerous meetings to sensitize stakeholders on the benefits of 
CSA and CSL. Field experiments were also conducted to demonstrate the complete portfolio 
of CSA interventions and to generate more scientific evidence to support CSA. The project, 
private sector and local governments also organized regular training sessions for farmers on 
good agricultural practices.

2.6. Monitoring and evaluation

To attract more interest and investment in CSL, the project developed a comprehensive 
monitoring framework which captured the multiple benefits of CSL which included yield 
improvements, food and energy security, adaptation, mitigation, human health, biodiversity 
conservation and other ecosystems services. Farmers also maintained a daily diary of their 
farm activities and worked with the project staff to monitor and evaluate the progress of their 
chosen interventions. These results were digitized and analyzed by researchers and discussed 
by all stakeholders at the end of every crop season.

2.7. Dissemination of outcomes

Participatory videos on success stories and testimonials from the pilot landscapes were 
screened in nearby watersheds to spread the message of CSL. Success stories were also widely 
publicized through local, national and international media. The project also organized regu-
lar farmer field days and exchange visits to motivate farmers, address their questions and 
improve on existing strategies.

3. Results

3.1. Food security

Food security is a major challenge for the East and Central Africa (ECA) subregion. ECA is 
among the few regions in the world where yields have been stagnant over the past 50 years, 
leading to a decline in per capita food production and malnutrition. From the baseline 
surveys conducted at project inception, many households in all the five countries experi-
enced serious food insecurity for many months in a year. In Kenya, for instance, over 50% 

Bringing Climate Smart Agriculture to Scale: Experiences from the Water Productivity Project…
http://dx.doi.org/10.5772/intechopen.72365

161



2.3. Forming multi-stakeholder platforms

The project established Innovation platforms in each watershed in which all stakeholders with 
interest in the watershed were brought together and made part of the project implementation 
team. They were briefed on the objectives of CSL to secure their buy-in. This was done to con-
solidate resources, share knowledge, build coalitions and pool investments. The stakeholders 
were drawn from the watershed communities, local administration, non-governmental orga-
nizations (NGOs), government departments, religious groups, donor agencies, agrodealers 
and financial institutions. They were all involved in landscape planning, project implementa-
tion and progress monitoring for CSL objectives, as well as others. Landscape management 
plans with clearly defined roles and responsibilities were developed to guide this process.

2.4. Prioritizing and up-scaling CSA interventions

As indicated before, the project adopted the CSL approach to resolve the problem of land deg-
radation, food insecurity and poverty in the six watersheds. Climate-Smart Landscapes, like 
the IWM approach, link production, conservation and livelihood objectives of people with 
a stake in a given landscape/watershed. It provides a framework for integrating technical, 

Figure 1. Location of climate-smart landscapes in Kenya, Eritrea, Ethiopia, Rwanda and Madagascar.

Climate Resilient Agriculture - Strategies and Perspectives160

economic and social knowledge in identifying constraints and in supporting planning and 
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farm activities and worked with the project staff to monitor and evaluate the progress of their 
chosen interventions. These results were digitized and analyzed by researchers and discussed 
by all stakeholders at the end of every crop season.

2.7. Dissemination of outcomes

Participatory videos on success stories and testimonials from the pilot landscapes were 
screened in nearby watersheds to spread the message of CSL. Success stories were also widely 
publicized through local, national and international media. The project also organized regu-
lar farmer field days and exchange visits to motivate farmers, address their questions and 
improve on existing strategies.

3. Results

3.1. Food security

Food security is a major challenge for the East and Central Africa (ECA) subregion. ECA is 
among the few regions in the world where yields have been stagnant over the past 50 years, 
leading to a decline in per capita food production and malnutrition. From the baseline 
surveys conducted at project inception, many households in all the five countries experi-
enced serious food insecurity for many months in a year. In Kenya, for instance, over 50% 
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of the household in both watersheds lacked sufficient food to feed their families and relied 
on food aid. The situation was the same in Ethiopia, Madagascar and Eritrea where over 
44, 45 and 55%, respectively, of the households were food insecure. However, through 
project intervention, productivity in all the watersheds/landscapes increased significantly 
and most watershed communities are now food secure. In Kenya, for instance, by embrac-
ing forecast-based farming, tied ridging, seed priming, improved agronomic practices, 
improved crop varieties, and micro-dosing among other technologies, farmers posted good 
yields throughout the project period despite most seasons being bad. Maize yields ranged 
from 1.2 to 3.2 t ha−1 compared to baseline yield of less than 0.5 t ha−1 (Figure 2). Hence, 
most households (hh) in the two watersheds, 3600 hh or over 90%, are food secure.

In Madagascar, adoption of improved rice varieties increased rice yields from 2 to 4 t ha−1 
while onion yields increased from 10 to 25 t ha−1 due to prudent management of water and 
other inputs. As a result, communities in Ankazomiriotra and Avaratrambolo watersheds are 
now 60% food secure. In Eritrea, sorghum yields increased from 0.6 t ha−1 at project inception 
to 1.5–2 t ha−1 due to soil and water conservation (SWC) initiatives.

3.2. Increased income

A dominant feature of the ECA is widespread poverty and malnutrition. Majority of the peo-
ple in the subregion, including all the watersheds, live in abject poverty. In Machakos and 
Makueni counties in Kenya, for instance, about 52 and 64% of the population, respectively, 
live below the poverty line (on less than US$ 1 per person per day). However, through CLS 
approach, the situation in all the watersheds improved markedly. In Ethiopia, for instance, 
farmers in Adulala were able to harvest 102 kg of honey worth about US$ 568 in one season 
from 10 out of 28 beehives set up by the project. About 22 households benefitted from these 
proceeds, and the income is bound to increase with time as more hives get colonized. Farmers 
in Adulala also managed to harvest and sell pasture/grass worth US$ 10,749 from the hillside 
rehabilitation activity. A total of 720 farmers benefitted from these proceeds.

In Madagascar, watershed communities are now able to earn additional income of about 
US$ 2500 ha−1 yr−1 from the sale of onions and potatoes during off-season due to prudent 

Figure 2. Effect of CSA interventions on maize yields in Kenya.
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management of water and other inputs. Similarly, in Eritrea, each of the 66 out of 480 house-
holds who adopted agroforestry was able to earn about US$ 450 in just 6 months from the 
sale of Rhamnus leaves and vegetables. Most of them used this money to buy sheep and 
poultry to diversify and increase income.

3.3. Ecosystem improvement

Low adoption of productivity-enhancing technologies has widely been blamed for low agri-
cultural productivity in sub-Saharan African. From the baseline surveys conducted in the five 
countries, most farmers were knowledgeable about CSA practices but did not adopt and use 
them. In Mwania watershed in Kenya, for instance, 77 and 87% of farmers were knowledge-
able about irrigation and tied ridges but only 18 and 16% practiced the technologies, respec-
tively. However, awareness and use of terraces were the highest in both sites with 98.9 and 
87.1% in Mwania and Makindu, respectively (Table 1).

The low level of adoption of terraces in Makindu was due to the relatively flat landscape com-
pared to Mwania. Landscape at Mwania is hilly, and slopes often exceed 25%, making it essen-
tial to use structures such as terraces. Similarly, high level of adoption of irrigation and tied 
ridges in Makindu compared to Mwania was due to availability of water and ease with which it 
could be applied. Tied ridging is labor intensive, and this could be the reason behind low usage 
of this technology in both Mwania and Makindu locations. Various models have been used to 
deliver these technologies to farmers with very minimal success. However, through the CSL 
approach adopted by this study, several CSA technologies were up-scaled with very positive 
results. In Kenya, for instance, out of 198 farmers trained on terracing to conserve soil and water 
and improve productivity, over 700 constructed them on their farms and realized very good 
maize yields. Similarly, of the 146 farmers trained on pitting to harvest runoff and grow fodder, 
over 600 managed to dig over 50,000 pits on their farms and plant Napier grass for their live-
stock. The extra adopters learnt from their neighbors who attended the trainings. As a result, 
huge tracts of degraded land have been rehabilitated and over 100 tonnes of pasture produced 
compared to zero at inception. Farmers have been able to sell them and earn extra income.

Technology Knowledge (%)** Usage (%)** Mwania Makindu

Knowledge (%) Usage (%) Knowledge (%) Usage (%)

Conservation 
farming

72.4 44.8 68.9 31.2 75.1 58.3

Irrigation 81.9 30.6 76.8 18 86 43.2

Mulching 66.1 32.2 75.2 27.3 58.9 37

Terraces 98.9 87.1 98.8 98.1 99 76.1

Tied ridges 74.1 41.1 87 16 74.1 66.2

Water harvesting 85.3 53.8 91.6 62.4 80.1 45.1

**Significance at p ≤ 0.01.

Table 1. Technology knowhow and use.
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management of water and other inputs. Similarly, in Eritrea, each of the 66 out of 480 house-
holds who adopted agroforestry was able to earn about US$ 450 in just 6 months from the 
sale of Rhamnus leaves and vegetables. Most of them used this money to buy sheep and 
poultry to diversify and increase income.

3.3. Ecosystem improvement

Low adoption of productivity-enhancing technologies has widely been blamed for low agri-
cultural productivity in sub-Saharan African. From the baseline surveys conducted in the five 
countries, most farmers were knowledgeable about CSA practices but did not adopt and use 
them. In Mwania watershed in Kenya, for instance, 77 and 87% of farmers were knowledge-
able about irrigation and tied ridges but only 18 and 16% practiced the technologies, respec-
tively. However, awareness and use of terraces were the highest in both sites with 98.9 and 
87.1% in Mwania and Makindu, respectively (Table 1).

The low level of adoption of terraces in Makindu was due to the relatively flat landscape com-
pared to Mwania. Landscape at Mwania is hilly, and slopes often exceed 25%, making it essen-
tial to use structures such as terraces. Similarly, high level of adoption of irrigation and tied 
ridges in Makindu compared to Mwania was due to availability of water and ease with which it 
could be applied. Tied ridging is labor intensive, and this could be the reason behind low usage 
of this technology in both Mwania and Makindu locations. Various models have been used to 
deliver these technologies to farmers with very minimal success. However, through the CSL 
approach adopted by this study, several CSA technologies were up-scaled with very positive 
results. In Kenya, for instance, out of 198 farmers trained on terracing to conserve soil and water 
and improve productivity, over 700 constructed them on their farms and realized very good 
maize yields. Similarly, of the 146 farmers trained on pitting to harvest runoff and grow fodder, 
over 600 managed to dig over 50,000 pits on their farms and plant Napier grass for their live-
stock. The extra adopters learnt from their neighbors who attended the trainings. As a result, 
huge tracts of degraded land have been rehabilitated and over 100 tonnes of pasture produced 
compared to zero at inception. Farmers have been able to sell them and earn extra income.

Technology Knowledge (%)** Usage (%)** Mwania Makindu
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Conservation 
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72.4 44.8 68.9 31.2 75.1 58.3

Irrigation 81.9 30.6 76.8 18 86 43.2

Mulching 66.1 32.2 75.2 27.3 58.9 37

Terraces 98.9 87.1 98.8 98.1 99 76.1

Tied ridges 74.1 41.1 87 16 74.1 66.2

Water harvesting 85.3 53.8 91.6 62.4 80.1 45.1
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Majority of the technologies adopted were mainly for soil and water conservation (SWC) and 
were preferred because of their perceived benefits. The benefits included decreased runoff 
and erosion (81%), increased water infiltration (56%), improved soil moisture conditions 
(48%) and improved soil physical properties (38%) as shown in Table 2. A study conducted in 
the two landscapes/watersheds to compare the rate of adoption of these and other CSA tech-
nologies between male- and female-managed farms established that there was no difference 
in the adoption rate between male- and female-managed farms in the two watersheds; how-
ever, male-managed farms preferred capital-intensive technologies such as irrigation while 
female-managed farms adopted labor and capital-reductive technologies such as conserva-
tion agriculture [6].

Finally, farmers in Rwanda and Kenya established nurseries and planted over 1.5 million tree 
seedlings on their farms to improve the environment and generate income.

4. Conclusions

The high level of adoption of CSA practices in landscapes/watersheds across the countries 
clearly indicates that available CSA technologies are acceptable to farmers if the same are 
tailored to meet the needs and requirements of the farmers with due consideration to their 
biophysical and socioeconomic conditions compared to generalized recommendations tar-
geting a given agroecology or administrative unit. Another important finding of this work 
is that mobilizing communities and enhancing their capacity to better understand the tan-
gible and intangible benefits from CSL and CSA interventions has much bigger impact than 
dealing with individual farmers. The landscape/watershed committees and innovation plat-
forms established under this project played a vital role in increased adoption of CSL in all 
target countries.

In a nutshell, the potential for CSL approach and its benefits in the region are huge. 
However, to successfully transit from CSA to CSL: (1) all stakeholders in a given watershed/
landscape must be involved in the planning, implementation and monitoring of this transi-
tion; (2) a comprehensive monitoring framework that clearly indicates the socioeconomic 
and environmental benefits of CSL must be developed, and the results communicated to 
stakeholders regularly to attract more investment in CSL; (3) the sites must have many 

Benefits Mwania Makindu Mean

Decreased runoff and erosion (%) 78 83 81

Increased water infiltration (%) 26 86 56

Improved soil moisture conditions (%) 43 53 48

Improved soil physical properties (%) — 75 38
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ongoing agricultural development initiatives to complement and reduce the cost of estab-
lishing CSL; a lot of secondary data on climate, land and water resources, crop production 
and demographic trends to facilitate long-term planning and accurate simulation of cli-
mate change impacts; and good land tenure systems to enable farmers invest in long-term 
and capital-intensive CSA practices; (4) massive civic education and capacity building are 
required to educate stakeholders on the benefits of CSL; (5) ready market must be avail-
able to absorb increased agricultural yields from CSL; and (6) landscape communities must 
embrace weather-based agroadvisories to minimize risks posed by climate variability and 
promote investment in CSL.
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Abstract

As climate control in greenhouses directly affects crop yields, there is an increasing trend
for advancements in environmentally controlled agricultural-production techniques. In
the Mediterranean region, the temperatures during the period from December to Febru-
ary are below 12�C when the daily total radiation 8.4 MJ/m2day. Based on the region’s
climate data, greenhouses require heating during the period from November to March,
ventilation and shading from February to May and cooling from June to September. In
order to maintain day and night temperatures of 18/16�C, annual heat energy requirement
of PE greenhouses is 95-256 kWh/m2. In view of environment and production costs,
conservation of heating energy is as important as heating itself. Heat energy saving is
about 37% when energy curtains are used. Greenhouse temperature can be increased by
8�C in palliative non-heated greenhouses where energy curtains and water mattresses are
used in addition to passively used solar energy. Ventilation openings at the roofs of these
greenhouses should adequately be 20-25%.When outside noon-time temperature is above
30�C in June, evaporative cooling of greenhouse is essential. Depending on outside
humidity and volume of exchanged air for cooling, a temperature difference of 6�C can
be achieved with evaporative cooling of greenhouses in August.

Keywords: greenhouse heating, energy saving, ventilation, cooling

1. Introduction

Countries need to increase the efficiency and quality of their agricultural production in order
to meet their future requirements in line with population increase. In our country, it has
become necessary to take particular measures due to rapid population increase and globaliza-
tion of trade. Growing fruits and vegetables in controlled environments with low production
costs is among these measures to be taken.
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Controlling environmental conditions in agricultural production has direct influence on effi-
ciency. For this reason, environmentally controlled agricultural techniques have developed at
an increasing rate. In environmentally controlled plant production systems, it is aimed to
change natural environmental factors according to the optimum requirements of plants. The
most common and effective implementation of environmentally controlled plant production
takes place in greenhouses.

The objective of innovative technologies in greenhouses is to improve “Quality of Life Cycles.”
Therefore, in order to achieve sustainability, it is highly important to correctly analyze the inputs
and outputs required for the efficiency to be obtained from a unit area in greenhouses [1].

Sustainable greenhouse systems should be equipped with resource conserving, socially
supported, commercial, competitive, environmentally friendly, reliable production technolo-
gies, and they should aim to reduce energy, water and chemical pesticide requirements besides
avoiding waste production [2].

Greenhouse practices in Turkey started first in the 1940s in the Mediterranean region, particu-
larly in Antalya, and then spread to the Aegean and Marmara regions depending on ecological
conditions. The Mediterranean region has 84% of the country’s total greenhouse area, followed
by the Aegean, Black Sea and Marmara regions with 9.4, 4.8 and 1.7%, respectively.

With 22,000 ha, Antalya has 37% of the country’s total greenhouse area. A total of 32,000 ha of
the 61,500 ha greenhouse area in the country consists of greenhouses, which are defined as
high greenhouse systems [3, 4]. As big investment groups entered the sector, modern
greenhousing has rapidly developed and reached a level of 1000 ha. This figure increases by
150–200 ha every year. Nowadays, modern greenhousing is practiced in 3% of our total
greenhouse area, and in the following decade, this share is expected to reach 15% [5].

In terms of equipment and technology, greenhouses in the Mediterranean region can be
divided into two groups:

1. Greenhouses with low technology: These greenhouses have simple iron structures. They are
covered with PE plastic or mixed PE plastic. Starting from 1987, galvanized pipes have
been used in greenhouses built with government support provided within the framework
of Resource Utilization Support Fund (RUSF). These greenhouses with ventilation open-
ings only on the sidewalls have been built as blocks consisting of four sections. In all
greenhouses installed with RUSF support, drop irrigation systems are used, and these
greenhouses are heated on a regular basis.

2. Modern greenhouses with high technology: These greenhouses require quite high initial invest-
ment costs, which are considered as big businesses. They are generally built with galvanized
steel and aluminummaterials. As cover material glass, mixed PE plastic or double pane PC
is used. They are projected as high volume structures. In these types of greenhouses,
modern production techniques like soilless agriculture are used. Their irrigation systems
are projected as computer-aided closed systems, and they have central heating systems. In
addition to natural ventilation, these greenhouses have fans that provide air circulation.
Greenhouses, in which ornamental plants are grown, have evaporative cooling systems.
During hot periods, besides cooling, moving shading systems are activated.
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2. Climatic values in the Mediterranean region

The most important climatic parameters in greenhouse cultivation are solar radiation, day length
and temperature values. Solar radiation is one of the most important climatic parameters to be
taken into consideration in a location where a greenhouse is going to be built. Total daily solar
radiation in a greenhouse location should be minimum 8.5 MJ/m2 day (2.34 kWh/m2day) [6].
However, insolation time is as important as solar radiation. Products grown in greenhouses
require an average of 6 h of day length. In other words, during months with short day length
(e.g., November, December and January), total day length should be minimum of 500–550 h [6].

Total annual insolation time and intensity of radiation in Turkey are 2.640 h (7.2 h/day) and
1.311 kWh/m2year (3.6 kWh/m2day), respectively. In Tables 1 and 2, long-year average total
daily radiation values and insolation time for some cities on the Mediterranean coastline are
given. As can be seen from the tables, insolation time and total daily solar radiation values in
the Mediterranean region are above average values in whole Turkey.

Vegetables grown in greenhouses have adapted to an average temperature of 17–28�C. Prod-
ucts grown in greenhouses undergo stress at temperatures below 12�C and above 32�C. At low
temperature values like frost, irreversible harms occur. Greenhouses should be heated when
the outside temperature falls below 12�C. When outside temperature is between 7 and 12�C,
heating is necessary only during night hours. For desirable plant growth, the difference
between night and day temperatures should be 5–7�C [6].

City January February March April May June July August September October November December

Adana 1.98 2.42 4.12 4.98 6.07 6.68 6.46 5.91 4.90 3.78 2.33 1.81

Antalya 2.12 2.57 4.37 5.47 6.36 6.93 6.65 6.14 5.16 3.93 2.51 1.92

Hatay 1.99 2.42 4.01 4.87 5.96 6.63 6.31 5.82 4.75 3.63 2.35 1.79

İçel 2.11 2.65 4.27 5.24 6.28 6.86 6.66 6.08 5.04 3.84 2.47 1.91

Muğla 2.11 2.42 4.24 5.40 6.22 6.81 6.47 6.05 5.05 3.96 2.56 1.88

Turkey 1.79 2.50 3.87 4.93 6.14 6.57 6.50 5.81 4.81 3.46 2.14 1.59

Table 1. Total daily radiation values in different cities in the Mediterranean region (kWh/m2day).

City January February March April May June July August September October November December

Adana 4.67 5.65 6.97 7.84 9.72 11.29 11.17 11.22 10.15 7.78 5.86 4.21

Antalya 4.95 6.10 7.24 8.29 9.70 11.55 11.84 11.29 9.80 7.68 5.97 4.55

Hatay 5.09 6.22 7.17 8.28 10.23 11.14 10.89 10.47 9.80 7.86 6.37 4.99

İçel 4.99 6.04 7.35 8.38 9.94 11.18 11.45 11.03 10.02 7.91 6.15 4.64

Muğla 5.13 6.20 7.12 8.18 9.91 11.73 11.90 11.31 9.92 7.85 6.01 4.67

Turkey 4.11 5.22 6.27 7.46 9.10 10.81 11.31 10.70 9.23 6.87 5.15 3.75

Table 2. Insolation time in different cities in the Mediterranean region (h).
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At temperatures between 12 and 22�C, by using passive acclimatization (natural ventilation), it
is possible to arrange the greenhouse environment according to the values required by plants.
When outside temperature exceeds 27�C, it is necessary to install highly expensive cooling
systems in greenhouses. The greenhouses on the Mediterranean region should be left idle
during the specified periods.

The graphical representation of long year average temperatures and total daily radiation
values of Mediterranean cities Antalya (36�:530 N), Mersin (36�:480 N) and Hatay (36�:140 N) is
given in Figure 1. As seen in the figure, total daily radiation in all these three cities on the
Mediterranean coastline is below 2.3 kWh/m2day (8.4 MJ/m2 day) during December and
January. This indicates that solar radiation is insufficient for plant growth during these 2
months. In order to allow more solar radiation into the greenhouse in December and January,
greenhouse roofs should be covered using a material with high impermeability. The 1%
decrease in intensity of light reaching the greenhouse results in the same decrease in efficiency.

Another factor that affects plant growth is day length. Total day length in Antalya during
November–January in Antalya is 474 h. This value is close to the limit value, which is accepted
as 500–550 h.

An overview of the temperature values of cities in the Mediterranean region (Table 3) shows
that average daily temperature during the period between December and February is below
12�C. However, as average temperature during these months does not fall below 7�C, pro-
ducers in this region prefer cold greenhousing and take simple heating measures in order to
continue production during very cold days.

One of the main problems in unheated PE plastic greenhouses in the Mediterranean region is
that greenhouse temperature falls below outside temperature on nights when the sky is clear.
This results from the fact that PE plastic transmits long-wave heat rays on a specific band. In
their measurements taken in glass and PE plastic greenhouses in the Mediterranean region

Figure 1. Average daily temperatures and total radiation values in three cities in the Mediterranean region: Antalya
(36�:530 N), Mersin (36�:480 N) and Hatay (36�:140 N).
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(Adana), it is observed that the temperature falls below outside temperature in PE greenhouses
without thermal curtains [7]. This situation was not seen in unheated glass greenhouses
(Table 4).

In order to achieve year-long production in greenhouses in the Mediterranean region, green-
houses should be heated during night hours in the winter, ventilated and shaded in transition
periods and cooled during hot periods. As cooling is a very costly acclimatization measure, it is
not a preferable method for greenhouses, which are usually left idle during such periods.

2.1. Heating

Total daily solar energy values for Antalya (36�:530 N) in different months and required daily
heat energy values for PE plastic and glass greenhouses for specific temperatures are given in
Table 5. As can be seen from Table 6, total daily solar energy reaching the greenhouse in
Mediterranean climatic condition exceedingly meets the heat energy requirement in all months
of the year. However, only some of the solar energy reaching the greenhouse during day hours
can be stored. Heat losses that occur through the cover material immediately after sunset lead
to rapid decreases in greenhouse temperature.

Heating in greenhouses has a significant effect on production costs. Heat energy requirements
of plastic greenhouses installed in the Mediterranean region vary depending on climate of the
location, greenhouse type and greenhouse equipment.

City January February March April May June July August September October November December

Adana 9.6 10.6 13.6 17.6 21.7 25.6 28.2 28.6 26.1 21.8 15.7 11.1

Hatay 8.1 9.8 13.2 17.1 21.1 24.8 27.2 27.8 25.7 20.8 14.2 9.5

Antalya 9.9 10.4 12.8 16.1 20.3 25.1 28.2 28.0 24.9 20.3 15.1 11.4

Mersin 10.3 11.1 13.9 17.4 21.1 24.8 27.7 28.2 25.7 21.5 16.1 11.9

Muğla 5.3 5.9 8.6 12.5 17.7 22.9 26.3 26.1 21.8 16.1 10.5 6.8

Table 3. Average daily temperature values of different cities in the Mediterranean region (�C).

Cover material Outside temperature (�C) Inside temperature (�C) (ti�to) (�C)

Plastic 9.3 9.0 �0.3

10.3 9.0 �1.3

8.1 8.1 0.0

Glass 7.3 9.1 1.8

6.8 7.7 0.9

8.3 10.1 1.8

Table 4. Inside and outside temperature values recorded on different days in an unheated PE plastic greenhouse (time
17:00–07:00 Average values).
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At temperatures between 12 and 22�C, by using passive acclimatization (natural ventilation), it
is possible to arrange the greenhouse environment according to the values required by plants.
When outside temperature exceeds 27�C, it is necessary to install highly expensive cooling
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during the specified periods.
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decrease in intensity of light reaching the greenhouse results in the same decrease in efficiency.
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(Adana), it is observed that the temperature falls below outside temperature in PE greenhouses
without thermal curtains [7]. This situation was not seen in unheated glass greenhouses
(Table 4).

In order to achieve year-long production in greenhouses in the Mediterranean region, green-
houses should be heated during night hours in the winter, ventilated and shaded in transition
periods and cooled during hot periods. As cooling is a very costly acclimatization measure, it is
not a preferable method for greenhouses, which are usually left idle during such periods.

2.1. Heating

Total daily solar energy values for Antalya (36�:530 N) in different months and required daily
heat energy values for PE plastic and glass greenhouses for specific temperatures are given in
Table 5. As can be seen from Table 6, total daily solar energy reaching the greenhouse in
Mediterranean climatic condition exceedingly meets the heat energy requirement in all months
of the year. However, only some of the solar energy reaching the greenhouse during day hours
can be stored. Heat losses that occur through the cover material immediately after sunset lead
to rapid decreases in greenhouse temperature.

Heating in greenhouses has a significant effect on production costs. Heat energy requirements
of plastic greenhouses installed in the Mediterranean region vary depending on climate of the
location, greenhouse type and greenhouse equipment.
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Table 3. Average daily temperature values of different cities in the Mediterranean region (�C).

Cover material Outside temperature (�C) Inside temperature (�C) (ti�to) (�C)

Plastic 9.3 9.0 �0.3

10.3 9.0 �1.3

8.1 8.1 0.0

Glass 7.3 9.1 1.8

6.8 7.7 0.9

8.3 10.1 1.8

Table 4. Inside and outside temperature values recorded on different days in an unheated PE plastic greenhouse (time
17:00–07:00 Average values).
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Daily heat energy values based on climatic conditions of Antalya for weeks of the year when
greenhouse temperature is kept at 18/16�C, 18/14�C and 16/12�C are given in Figure 2. As can be
seen from the figure, daily heat energy requirement varies between 0 and 1.3 kWh/m2day
depending on the desired greenhouse temperature. A similar change is observed during hours
of the day. Heat power requirement in plastic greenhouses installed in the Mediterranean region
from 04:00 to 07:00 in January is 85 W/m2, while after 08:00 this value drops to 0 W/m2 [8].

Heat power iterations required for a single pane PE plastic greenhouse in Antalya climatic
conditions with temperature kept at 14, 16 and 18�C are given in Figure 3. As can be seen from
the figure, there is need for high heat power only during a very short period of the year. In
Mediterranean climatic conditions, 3012 h of heating is required when day/night temperature
is kept at 18�C. When temperature is dropped to 16�C, 2567 h of heating is required.

Heat energy values required throughout the production period for greenhouses in different cities
in the Mediterranean region are given in Table 7. These values are for greenhouses with different
equipment and when day/night temperature is kept at 16/18�C and ventilation temperature is
kept at 25�C [8]. As can be seen from the table, for each type of greenhouse equipment, the lowest
heat energy requirement is observed in Mersin (36�:480 N) with 72.7 kWh/m2a, while the highest
heat energy requirement is observed in Muğla with 198.3 kWh/m2a.

In the Mediterranean region, greenhouses with low technology are not heated. On days when
the temperature is low, plants are protected from frost with the help of simple heating stoves.

Greenhouse requirement Heat energy requirement kWh/m2 a

Antalya Adana Mersin Hatay Muğla

Single pane plastic 126.6 113.6 95.5 140.2 256.3

Roof single, side wall double pane PE plastic 118.3 106.3 89.3 130.6 239.2

Roof single, side wall double pane PE plastic + Thermal curtain moderately
insulated

95.1 87.4 72.7 107.7 198.3

Table 6. Heat energy requirements during the production year for different PE plastic greenhouses in some cities in the
Mediterranean region when night/day temperature is kept at 16/18�C [8].

Months January February March April May June July August September October November December

Qsun 2.12 2.57 4.37 5.47 3.37 6.93 6.65 6.0 5.17 3.93 2.52 1.92

PE plastic greenhouse

Q(16) 1.06 0.94 0.57 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.79

Q(17/18) 1.27 1.13 0.73 0.31 0.00 0.00 0.00 0.00 0.00 0.04 0.49 0.98

Glass greenhouse

Q(16) 1.04 0.92 0.53 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.75

Q(17/18) 1.27 1.13 0.69 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.96

Table 5. Daily solar energy reaching the greenhouse in Antalya climatic conditions required daily heat energy values for
PE plastic and glass greenhouses for different temperatures (kWh/m2day).
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Figure 2. Daily heat energy requirements depending on different day/night temperature values for a single pane PE
plastic-covered greenhouse in Antalya climatic conditions (kWh/m2day).

Figure 3. Heat power iterations for different greenhouse temperatures in Antalya climatic conditions.

Cover material Outside
temperature (�C)

Under curtain
temperature (�C)

Over curtain
temperature (�C)

(ti-palt�to)
(�C)

(ti-püst�to)
(�C)

Plastic 9.1 10.7 8.8 1.6 �0.3

5.0 5.6 3.3 0.6 �1.7

8.5 10.0 7.8 1.5 �0.7

Glass 9.0 12.7 9.5 3.6 0.5

8.2 12.0 8.6 3.7 0.4

10.1 13.6 10.7 3.4 0.6

Table 7. Under curtain, over curtain and outside temperature values in unheated plastic and glass greenhouses with
thermal curtains opened and closed (time 17:00–07:00 Average values).
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Daily heat energy values based on climatic conditions of Antalya for weeks of the year when
greenhouse temperature is kept at 18/16�C, 18/14�C and 16/12�C are given in Figure 2. As can be
seen from the figure, daily heat energy requirement varies between 0 and 1.3 kWh/m2day
depending on the desired greenhouse temperature. A similar change is observed during hours
of the day. Heat power requirement in plastic greenhouses installed in the Mediterranean region
from 04:00 to 07:00 in January is 85 W/m2, while after 08:00 this value drops to 0 W/m2 [8].

Heat power iterations required for a single pane PE plastic greenhouse in Antalya climatic
conditions with temperature kept at 14, 16 and 18�C are given in Figure 3. As can be seen from
the figure, there is need for high heat power only during a very short period of the year. In
Mediterranean climatic conditions, 3012 h of heating is required when day/night temperature
is kept at 18�C. When temperature is dropped to 16�C, 2567 h of heating is required.

Heat energy values required throughout the production period for greenhouses in different cities
in the Mediterranean region are given in Table 7. These values are for greenhouses with different
equipment and when day/night temperature is kept at 16/18�C and ventilation temperature is
kept at 25�C [8]. As can be seen from the table, for each type of greenhouse equipment, the lowest
heat energy requirement is observed in Mersin (36�:480 N) with 72.7 kWh/m2a, while the highest
heat energy requirement is observed in Muğla with 198.3 kWh/m2a.

In the Mediterranean region, greenhouses with low technology are not heated. On days when
the temperature is low, plants are protected from frost with the help of simple heating stoves.
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Roof single, side wall double pane PE plastic 118.3 106.3 89.3 130.6 239.2

Roof single, side wall double pane PE plastic + Thermal curtain moderately
insulated

95.1 87.4 72.7 107.7 198.3

Table 6. Heat energy requirements during the production year for different PE plastic greenhouses in some cities in the
Mediterranean region when night/day temperature is kept at 16/18�C [8].

Months January February March April May June July August September October November December
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Figure 2. Daily heat energy requirements depending on different day/night temperature values for a single pane PE
plastic-covered greenhouse in Antalya climatic conditions (kWh/m2day).

Figure 3. Heat power iterations for different greenhouse temperatures in Antalya climatic conditions.

Cover material Outside
temperature (�C)

Under curtain
temperature (�C)

Over curtain
temperature (�C)

(ti-palt�to)
(�C)

(ti-püst�to)
(�C)

Plastic 9.1 10.7 8.8 1.6 �0.3

5.0 5.6 3.3 0.6 �1.7

8.5 10.0 7.8 1.5 �0.7

Glass 9.0 12.7 9.5 3.6 0.5

8.2 12.0 8.6 3.7 0.4

10.1 13.6 10.7 3.4 0.6

Table 7. Under curtain, over curtain and outside temperature values in unheated plastic and glass greenhouses with
thermal curtains opened and closed (time 17:00–07:00 Average values).
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However, with this kind of heating, heat energy is not distributed properly in the greenhouse,
and plants close to the heating stove are harmed. In small family businesses, pipe heating
systems are not economical due to greenhouse sizes and initial investment costs. In these
businesses, instead of pipe heating, low-cost direct-fire air blast heating systems are preferred.

2.2. Heat energy conservation

As much as greenhouse heating, conservation of heat energy has great importance due to
increasing energy prices and CO2 releases of energy sources. In order to conserve heat energy
in greenhouses, multipane cover materials may be used. However, besides temperature and
humidity values, light (PAR) in the greenhouse should be kept at the highest levels as it is one
of the most significant factors for plant growth. For these reasons, it is suggested to cover the
side walls of greenhouse in the Mediterranean region with multipane cover material for heat
conservation, while the roof area should be covered with single pane material in order to allow
sufficient light into the greenhouse.

Thermal curtains are used for heat conservation in greenhouses. Average under curtain, over
curtain and outside temperatures measured in unheated glass and PE plastic Mediterranean
greenhouses with open and closed thermal curtains between 17:00 and 7:00 are given in
Table 7. As can be seen from the table, under curtain temperature in the PE plastic greenhouse
with thermal curtains closed is above outside temperature, while over curtain temperature
values are below outside temperature. In the glass greenhouse, both under curtain and over
curtain temperature values recorded are above outside [7, 9].

Depending on the properties of thermal curtains, heat conservation in heated greenhouses can
be achieved at different ratios. In Figure 4, fuel quantities based on temperature differences
(ΔT) in a PE plastic greenhouse with and without thermal curtains are given [7]. When the
thermal curtain is open, the amount of fuel (diesel) required for a 7 K temperature difference is

Figure 4. Fuel consumption based on temperature differences (ΔT) in a PE plastic greenhouse heated with direct-fired air
blast heating system, with thermal curtains opened and closed.
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0.118 l/m2. The fuel requirement for the same temperature difference with the thermal curtain
closed is 0.074 l/m2. This is equivalent to a 37% energy saving in a greenhouse with a direct-
fired air blast heating system.

Impermeability of thermal curtains used in greenhouses is very important in terms of energy
savings. Edges where thermal curtains meet the side walls and facades should be leakproof.
Otherwise, transfer of heated and rising air through the roof cover material will be unavoid-
able. Annual heat energy and saving ratios calculated based on the impermeability of thermal
curtains in PE plastic greenhouses under Mediterranean climatic conditions with night/day
temperature 16/18�C and ventilation temperature 25�C are given in Table 8 [9]. As can be seen
from the table, there will be a 27% difference in energy savings between thermal curtains with
perfect insulation and those with poor insulation.

2.3. Passively benefiting from solar energy in unheated greenhouses

In Mediterranean climatic conditions, there is no need for heating during day hours as solar
energy reaching the greenhouse exceedingly meets the daily energy requirement of the green-
house. However, after sunset, greenhouse temperature drops rapidly depending on the ther-
mal properties of the cover material. In a study aiming to passively benefit from solar energy in
greenhouses with low technology, water mattresses consisting of transparent PE tubes (with a
diameter of 31.8 cm, width of 150 μm and water capacity of 80 l/m) were placed between plant
rows. Measurements showed that in the case of using water mattresses in a glass greenhouse,
the temperature difference is 2.8–3.4�C, while in a greenhouse without water mattresses, this
value is 1.2–2.7�C (Table 9) [7].

While the temperature difference in a glass greenhouse with thermal curtains and water
mattresses ranges from 6.3 to 8.1�K, the temperature difference in a greenhouse with thermal
curtains but without water mattresses were recorded as 1.6 to 2.2�K (Table 10) [7].

2.4. Ventilation

In the Mediterranean region, it is necessary to ventilate greenhouses during day hours of the
winter months. Ventilation in winter months is done more to regulate CO2 concentration than

Greenhouse equipment Heat energy requirement [kWh/m2a] Savings ratio [%]

Impermeability

Good Average Poor Good-Average Good-Poor

Without thermal curtain 118.3

With thermal curtain 80.5 95.1 109.6 15.4 26.6

Savings ratio 32.0 19.6 7.4

Table 8. Heat energy requirements based on the impermeability of thermal curtains in PE plastic greenhouses with single
pane roof and double pane side walls under Antalya climatic conditions with night/day temperature 16/18�C [7].
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and plants close to the heating stove are harmed. In small family businesses, pipe heating
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0.118 l/m2. The fuel requirement for the same temperature difference with the thermal curtain
closed is 0.074 l/m2. This is equivalent to a 37% energy saving in a greenhouse with a direct-
fired air blast heating system.

Impermeability of thermal curtains used in greenhouses is very important in terms of energy
savings. Edges where thermal curtains meet the side walls and facades should be leakproof.
Otherwise, transfer of heated and rising air through the roof cover material will be unavoid-
able. Annual heat energy and saving ratios calculated based on the impermeability of thermal
curtains in PE plastic greenhouses under Mediterranean climatic conditions with night/day
temperature 16/18�C and ventilation temperature 25�C are given in Table 8 [9]. As can be seen
from the table, there will be a 27% difference in energy savings between thermal curtains with
perfect insulation and those with poor insulation.

2.3. Passively benefiting from solar energy in unheated greenhouses

In Mediterranean climatic conditions, there is no need for heating during day hours as solar
energy reaching the greenhouse exceedingly meets the daily energy requirement of the green-
house. However, after sunset, greenhouse temperature drops rapidly depending on the ther-
mal properties of the cover material. In a study aiming to passively benefit from solar energy in
greenhouses with low technology, water mattresses consisting of transparent PE tubes (with a
diameter of 31.8 cm, width of 150 μm and water capacity of 80 l/m) were placed between plant
rows. Measurements showed that in the case of using water mattresses in a glass greenhouse,
the temperature difference is 2.8–3.4�C, while in a greenhouse without water mattresses, this
value is 1.2–2.7�C (Table 9) [7].

While the temperature difference in a glass greenhouse with thermal curtains and water
mattresses ranges from 6.3 to 8.1�K, the temperature difference in a greenhouse with thermal
curtains but without water mattresses were recorded as 1.6 to 2.2�K (Table 10) [7].

2.4. Ventilation

In the Mediterranean region, it is necessary to ventilate greenhouses during day hours of the
winter months. Ventilation in winter months is done more to regulate CO2 concentration than

Greenhouse equipment Heat energy requirement [kWh/m2a] Savings ratio [%]

Impermeability

Good Average Poor Good-Average Good-Poor

Without thermal curtain 118.3

With thermal curtain 80.5 95.1 109.6 15.4 26.6

Savings ratio 32.0 19.6 7.4

Table 8. Heat energy requirements based on the impermeability of thermal curtains in PE plastic greenhouses with single
pane roof and double pane side walls under Antalya climatic conditions with night/day temperature 16/18�C [7].

Climate Control in Mediterranean Greenhouses
http://dx.doi.org/10.5772/intechopen.72367

175



to send away high temperatures. It is only possible to obtain the temperatures that plants have
adapted to (17–27�C) by regular ventilation from mid-February until the first week of May [5].
In the evaluations based on long year hourly temperature data for Antalya (36�:530 N), where
greenhousing is a common agricultural practice, it is seen that the temperature is above 26�C in
1628 h of the year (Table 11).

Temperature iterations for temperatures above 26�C based on the ratio of ventilation openings
to greenhouse floor area are given in Table 10. As can be seen from the table, as the ratio of
ventilation openings to greenhouse floor area increases, iterations for temperatures above
26�C decrease. In Antalya climatic conditions, when the ratio of ventilation openings to
greenhouse floor area is 20%, during 206 h of the total 744 h of May, the greenhouse temper-
ature is above 26�C.

Taking into consideration the long year hourly climatic values of Antalya, hourly temperature
values calculated for greenhouses with different ventilation openings are given in Table 12. As
can be seen from the table, average outside temperature values obtained from long year
climatic values in May vary between 16 and 26�C. The simulation calculations show that when
the outside temperature is 25.7�C at 12:00 in May, temperature in a greenhouse with 5%
ventilation opening is 30.4�C and temperature in a greenhouse with 10% ventilation opening
is 28.5�C.

2.5. Ventilation and shading

Starting from the first week of May, greenhouses in the Mediterranean region are shaded with
clay or whitewash. With shading, greenhouse temperature rises are prevented by reducing
solar radiation that reaches the greenhouse. In greenhouses installed in recent years, solar

to,min(�C) ti,min-tube

With water
mattresses (�C)

ti,min-tubeless

Without water
mattresses (�C)

ΔT
With water
mattresses (�C)

ΔT
Without water
mattresses(�C)

ttube�ttubeless
(�C)

2.9 6.1 4.1 3.2 1.2 2.0

3.0 5.8 4.7 2.8 1.7 1.1

4.1 7.5 6.8 3.4 2.7 1.7

Table 9. Minimum temperature differences obtained in an unheated Mediterranean greenhouse with water mattresses (�C).

to,min(�C) ti,min-tube

With water
mattresses (�C)

ti,min-tubeless

With water
mattresses (�C)

ΔT
With water
mattresses (�C)

ΔT
Without water
mattresses (�C)

ttube�ttubeless
(�C)

0.0 6.8 2.2 6.8 2.2 4.6

1.8 8.1 3.5 6.3 1.7 4.6

5.2 11.6 6.8 6.4 1.6 4.8

�0.1 8.0 2.0 8.1 2.1 6.0

Table 10. Minimum temperature differences obtained in an unheated Mediterranean greenhouse with thermal curtains
and water mattresses (�C).
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radiation is reduced by partially opening thermal curtains. In June, under Antalya climatic
conditions, when radiation reaching the greenhouse is reduced by 50% with shading and
when the ratio of ventilation openings is 20%, greenhouse temperature is above 26�C for 96 h.

AV/AG January February Mach April May June July Augusts September October November December Total

Number of hours when outside temperature is above 26�C

0 0 0 0 0 311 487 466 298 66 0 0 1628

Number of hours when greenhouse temperature is above 26�

0.01 102 145 237 290 366 405 518 488 357 288 200 105 3501

0.05 0 0 78 205 335 389 504 480 336 254 98 0 2679

0.10 0 0 0 82 278 382 496 479 329 222 40 0 2308

0.15 0 0 0 18 246 375 489 477 323 201 10 0 2139

0.20 0 0 0 5 206 373 488 476 321 177 2 0 2048

0.25 0 0 0 0 160 370 488 474 320 163 0 0 1975

0.30 0 0 0 0 130 367 488 474 319 148 0 0 1926

0.35 0 0 0 0 113 362 487 474 318 142 0 0 1896

0.40 0 0 0 0 99 357 487 474 317 134 0 0 1868

Table 11. Temperature iterations for temperatures above 26�C outside the greenhouse and in a plastic greenhouse with
different ventilation opening ratios under Antalya climatic conditions in May (h).

Time Ratio of ventilation opening ratio to greenhouse floor area (AV
AG
) (%) Outside temperature ta (�C)

1 5 10 15 25

Temperature in the greenhouse ti (�C)

7 23.1 21.7 21.1 20.8 20.6 20.0

8 28.0 25.5 24.4 23.9 23.4 22.4

9 32.0 28.4 26.9 26.2 25.6 24.2

10 34.6 30.0 28.2 27.4 26.6 25.3

11 35.7 30.4 28.5 27.7 27.0 25.6

12 36.1 30.4 28.5 27.7 27.0 25.7

13 35.7 30.1 28.3 27.5 26.8 25.6

14 34.8 29.6 27.9 27.2 26.6 25.5

15 33.1 28.7 27.2 26.6 26.1 25.1

16 30.5 27.3 26.2 25.7 25.3 24.5

17 28.0 25.9 25.1 24.8 24.5 23.9

18 25.0 24.0 23.6 23.4 23.2 22.9

19 22.0 21.8 21.8 21.7 21.7 21.6

Table 12. Inside temperature values calculated for a plastic greenhouse with different ventilation opening ratios (AV/AG)
under Antalya climatic conditions in May.
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to send away high temperatures. It is only possible to obtain the temperatures that plants have
adapted to (17–27�C) by regular ventilation from mid-February until the first week of May [5].
In the evaluations based on long year hourly temperature data for Antalya (36�:530 N), where
greenhousing is a common agricultural practice, it is seen that the temperature is above 26�C in
1628 h of the year (Table 11).

Temperature iterations for temperatures above 26�C based on the ratio of ventilation openings
to greenhouse floor area are given in Table 10. As can be seen from the table, as the ratio of
ventilation openings to greenhouse floor area increases, iterations for temperatures above
26�C decrease. In Antalya climatic conditions, when the ratio of ventilation openings to
greenhouse floor area is 20%, during 206 h of the total 744 h of May, the greenhouse temper-
ature is above 26�C.

Taking into consideration the long year hourly climatic values of Antalya, hourly temperature
values calculated for greenhouses with different ventilation openings are given in Table 12. As
can be seen from the table, average outside temperature values obtained from long year
climatic values in May vary between 16 and 26�C. The simulation calculations show that when
the outside temperature is 25.7�C at 12:00 in May, temperature in a greenhouse with 5%
ventilation opening is 30.4�C and temperature in a greenhouse with 10% ventilation opening
is 28.5�C.

2.5. Ventilation and shading

Starting from the first week of May, greenhouses in the Mediterranean region are shaded with
clay or whitewash. With shading, greenhouse temperature rises are prevented by reducing
solar radiation that reaches the greenhouse. In greenhouses installed in recent years, solar

to,min(�C) ti,min-tube

With water
mattresses (�C)

ti,min-tubeless

Without water
mattresses (�C)

ΔT
With water
mattresses (�C)

ΔT
Without water
mattresses(�C)

ttube�ttubeless
(�C)

2.9 6.1 4.1 3.2 1.2 2.0

3.0 5.8 4.7 2.8 1.7 1.1

4.1 7.5 6.8 3.4 2.7 1.7

Table 9. Minimum temperature differences obtained in an unheated Mediterranean greenhouse with water mattresses (�C).

to,min(�C) ti,min-tube

With water
mattresses (�C)

ti,min-tubeless

With water
mattresses (�C)

ΔT
With water
mattresses (�C)

ΔT
Without water
mattresses (�C)

ttube�ttubeless
(�C)

0.0 6.8 2.2 6.8 2.2 4.6

1.8 8.1 3.5 6.3 1.7 4.6

5.2 11.6 6.8 6.4 1.6 4.8

�0.1 8.0 2.0 8.1 2.1 6.0

Table 10. Minimum temperature differences obtained in an unheated Mediterranean greenhouse with thermal curtains
and water mattresses (�C).
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radiation is reduced by partially opening thermal curtains. In June, under Antalya climatic
conditions, when radiation reaching the greenhouse is reduced by 50% with shading and
when the ratio of ventilation openings is 20%, greenhouse temperature is above 26�C for 96 h.

AV/AG January February Mach April May June July Augusts September October November December Total

Number of hours when outside temperature is above 26�C

0 0 0 0 0 311 487 466 298 66 0 0 1628

Number of hours when greenhouse temperature is above 26�

0.01 102 145 237 290 366 405 518 488 357 288 200 105 3501

0.05 0 0 78 205 335 389 504 480 336 254 98 0 2679

0.10 0 0 0 82 278 382 496 479 329 222 40 0 2308

0.15 0 0 0 18 246 375 489 477 323 201 10 0 2139

0.20 0 0 0 5 206 373 488 476 321 177 2 0 2048

0.25 0 0 0 0 160 370 488 474 320 163 0 0 1975

0.30 0 0 0 0 130 367 488 474 319 148 0 0 1926

0.35 0 0 0 0 113 362 487 474 318 142 0 0 1896

0.40 0 0 0 0 99 357 487 474 317 134 0 0 1868

Table 11. Temperature iterations for temperatures above 26�C outside the greenhouse and in a plastic greenhouse with
different ventilation opening ratios under Antalya climatic conditions in May (h).

Time Ratio of ventilation opening ratio to greenhouse floor area (AV
AG
) (%) Outside temperature ta (�C)

1 5 10 15 25

Temperature in the greenhouse ti (�C)

7 23.1 21.7 21.1 20.8 20.6 20.0

8 28.0 25.5 24.4 23.9 23.4 22.4

9 32.0 28.4 26.9 26.2 25.6 24.2

10 34.6 30.0 28.2 27.4 26.6 25.3

11 35.7 30.4 28.5 27.7 27.0 25.6

12 36.1 30.4 28.5 27.7 27.0 25.7

13 35.7 30.1 28.3 27.5 26.8 25.6

14 34.8 29.6 27.9 27.2 26.6 25.5

15 33.1 28.7 27.2 26.6 26.1 25.1

16 30.5 27.3 26.2 25.7 25.3 24.5

17 28.0 25.9 25.1 24.8 24.5 23.9

18 25.0 24.0 23.6 23.4 23.2 22.9

19 22.0 21.8 21.8 21.7 21.7 21.6

Table 12. Inside temperature values calculated for a plastic greenhouse with different ventilation opening ratios (AV/AG)
under Antalya climatic conditions in May.
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Although solar radiation causing increases in greenhouse temperatures under Mediterranean
climatic conditions can be reduced to a certain degree with shading, it is not possible to obtain
the environment temperature that can be tolerated by plants using shading in certain months
of the year. Temperature values based on hours of the day and ratios of ventilation openings
for a plastic greenhouse where 50% shading is done during June are given in Table 13. As can
be seen from the table, even when the ratio of ventilation openings to greenhouse floor area is
25%, temperature values in a shaded greenhouse are above 30�C at 10.00–14.00. Under these
conditions, evaporative cooling becomes necessary for continuation of plant growth.

2.6. Cooling

When average daily temperature is above 22�C and the maximum temperature is 27�C, active
cooling in the greenhouse is necessary [10]. When average daily temperature values of the
Mediterranean climate zone are reviewed, it is seen that starting from June average tempera-
ture values are above 22�C (Table 3).

Temperature and humidity values calculated in August for a glass greenhouse in Adana
(37�:010 N) with shading and evaporative (Fan&Pad) system is given in Figure 5. As can be
seen from the figure, in the Mediterranean region, outside temperature values during the day
can be as high as 35.2�C in August. Despite shading and evaporative cooling, temperature in
the greenhouse reached 29.1�C at 15:00. As can be seen from the figure, humidity values
throughout the day varied between 90 and 98%. In Adana climatic conditions, using shading
and active cooling in August resulted in a temperature difference (ΔT) of 6.1 K [11].

Time Ratio of ventilation opening ratio to greenhouse floor area (AV
AG
) (%) Outside temperature

ta (�C)

1 10 15 20 25

Temperature in the greenhouse ti (�C)

7 27.0 25.8 25.6 25.5 25.5 25.1

8 30.3 28.3 28.0 27.9 27.8 27.3

9 32.8 30.1 29.7 29.5 29.4 28.8

10 34.5 31.1 30.7 30.5 30.3 29.6

11 35.4 31.5 31.1 30.8 30.6 29.9

12 35.6 31.6 31.2 31.0 30.8 30.1

13 35.1 31.2 30.8 30.6 30.4 29.8

14 34.5 30.8 30.5 30.3 30.1 29.6

15 33.6 30.5 30.2 30.0 29.9 29.4

16 32.3 29.9 29.6 29.5 29.4 29

17 30.7 29.0 28.8 28.7 28.7 28.3

18 28.9 27.9 27.8 27.7 27.7 27.5

19 26.5 26.3 26.2 26.2 26.2 26.1

Table 13. Temperature values calculated for different ratios of ventilation openings in a plastic greenhouse where 50%
shading is done in June, under Antalya climatic conditions.
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3. Result and evaluation

In order to be able to achieve high-quality production and efficiency in the Mediterranean
climate zone, greenhouses should be heated during November–March, ventilated and shaded
during February–May and cooled during June–September. On the Mediterranean coastline,
simple greenhouses are not heated regularly as average daily temperature does not fall below
7�C. In such businesses, when the temperature is very low, plants in the greenhouse are
protected against frost using simple methods. Depending on the production (single produc-
tion, spring or fall production), a 9–12 kg/m2 efficiency can be obtained in tomato production.
In simple plastic greenhouses, it is not economical to install pipe heating systems due to
greenhouse dimensions and cost of heating systems. In these greenhouses, instead of pipe
heating systems, direct-fire air blast heating systems could be used. However, in this case, it is
necessary to choose cheap fuel as well.

In greenhouses built on the Mediterranean coastline in recent years, central heating systems
are installed, and coal is used as fuel. Heat requirement of a single pane PE plastic greenhouse
on the Mediterranean coastline, in which there is no heat conservation and day/night temper-
ature is kept at 18/16�C day/night, varies between 95 and 256 kWh/m2 depending on the
climatic properties of the greenhouse site. This is equivalent to approximately 18–47 kg/m2 year
imported coal.

As much as greenhouse heating, heat conservation in heated greenhouses has great impor-
tance. Since total solar radiation in the Mediterranean region is lower than 2.34 kWh/m2day
during December and January, greenhouse roofs are covered with single pane and side walls
are covered with double pane cover material. In the Mediterranean region, thermal curtains
are used in greenhouses for heat conservation. In Antalya climatic conditions, heat require-
ment for a PE plastic greenhouse with side walls covered with double pane thermal curtains is
80.5 kWh/m2 area when night/day temperature is kept at 16/18�C. In a greenhouse without

Figure 5. Temperature values calculated in August for a glass greenhouse obtained with shading and evaporative
cooling.
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Although solar radiation causing increases in greenhouse temperatures under Mediterranean
climatic conditions can be reduced to a certain degree with shading, it is not possible to obtain
the environment temperature that can be tolerated by plants using shading in certain months
of the year. Temperature values based on hours of the day and ratios of ventilation openings
for a plastic greenhouse where 50% shading is done during June are given in Table 13. As can
be seen from the table, even when the ratio of ventilation openings to greenhouse floor area is
25%, temperature values in a shaded greenhouse are above 30�C at 10.00–14.00. Under these
conditions, evaporative cooling becomes necessary for continuation of plant growth.

2.6. Cooling

When average daily temperature is above 22�C and the maximum temperature is 27�C, active
cooling in the greenhouse is necessary [10]. When average daily temperature values of the
Mediterranean climate zone are reviewed, it is seen that starting from June average tempera-
ture values are above 22�C (Table 3).

Temperature and humidity values calculated in August for a glass greenhouse in Adana
(37�:010 N) with shading and evaporative (Fan&Pad) system is given in Figure 5. As can be
seen from the figure, in the Mediterranean region, outside temperature values during the day
can be as high as 35.2�C in August. Despite shading and evaporative cooling, temperature in
the greenhouse reached 29.1�C at 15:00. As can be seen from the figure, humidity values
throughout the day varied between 90 and 98%. In Adana climatic conditions, using shading
and active cooling in August resulted in a temperature difference (ΔT) of 6.1 K [11].

Time Ratio of ventilation opening ratio to greenhouse floor area (AV
AG
) (%) Outside temperature

ta (�C)

1 10 15 20 25

Temperature in the greenhouse ti (�C)

7 27.0 25.8 25.6 25.5 25.5 25.1

8 30.3 28.3 28.0 27.9 27.8 27.3

9 32.8 30.1 29.7 29.5 29.4 28.8

10 34.5 31.1 30.7 30.5 30.3 29.6

11 35.4 31.5 31.1 30.8 30.6 29.9

12 35.6 31.6 31.2 31.0 30.8 30.1

13 35.1 31.2 30.8 30.6 30.4 29.8

14 34.5 30.8 30.5 30.3 30.1 29.6

15 33.6 30.5 30.2 30.0 29.9 29.4

16 32.3 29.9 29.6 29.5 29.4 29

17 30.7 29.0 28.8 28.7 28.7 28.3

18 28.9 27.9 27.8 27.7 27.7 27.5

19 26.5 26.3 26.2 26.2 26.2 26.1

Table 13. Temperature values calculated for different ratios of ventilation openings in a plastic greenhouse where 50%
shading is done in June, under Antalya climatic conditions.
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3. Result and evaluation

In order to be able to achieve high-quality production and efficiency in the Mediterranean
climate zone, greenhouses should be heated during November–March, ventilated and shaded
during February–May and cooled during June–September. On the Mediterranean coastline,
simple greenhouses are not heated regularly as average daily temperature does not fall below
7�C. In such businesses, when the temperature is very low, plants in the greenhouse are
protected against frost using simple methods. Depending on the production (single produc-
tion, spring or fall production), a 9–12 kg/m2 efficiency can be obtained in tomato production.
In simple plastic greenhouses, it is not economical to install pipe heating systems due to
greenhouse dimensions and cost of heating systems. In these greenhouses, instead of pipe
heating systems, direct-fire air blast heating systems could be used. However, in this case, it is
necessary to choose cheap fuel as well.

In greenhouses built on the Mediterranean coastline in recent years, central heating systems
are installed, and coal is used as fuel. Heat requirement of a single pane PE plastic greenhouse
on the Mediterranean coastline, in which there is no heat conservation and day/night temper-
ature is kept at 18/16�C day/night, varies between 95 and 256 kWh/m2 depending on the
climatic properties of the greenhouse site. This is equivalent to approximately 18–47 kg/m2 year
imported coal.

As much as greenhouse heating, heat conservation in heated greenhouses has great impor-
tance. Since total solar radiation in the Mediterranean region is lower than 2.34 kWh/m2day
during December and January, greenhouse roofs are covered with single pane and side walls
are covered with double pane cover material. In the Mediterranean region, thermal curtains
are used in greenhouses for heat conservation. In Antalya climatic conditions, heat require-
ment for a PE plastic greenhouse with side walls covered with double pane thermal curtains is
80.5 kWh/m2 area when night/day temperature is kept at 16/18�C. In a greenhouse without

Figure 5. Temperature values calculated in August for a glass greenhouse obtained with shading and evaporative
cooling.
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thermal curtains, this value is 118.3 kHz/m2 areas. In other words, 32% heat energy is saved in
a greenhouse with thermal curtains. This is equivalent to 7.1 kg/m2 year imported coals.

In Mediterranean climatic conditions, 30 kg/m2 truss tomatoes can be produced in heated
modern greenhouses which in heated greenhouses where CO2 fertilization is done, the effi-
ciency is 40 kg/m2. Approximately 18–28 kg/m2 efficiency increase in heated greenhouses
should cover heating expenses. Depending on the climate of the region, the cost of truss
tomato production in heated modern greenhouses varies between 1.29 and 1.69 TL/kg. In the
feasibility calculations made for modern greenhouses in the Mediterranean region, return on
investment is 14–25%, depending on the production methods of the business [12]. The quality
of products obtained from heated greenhouses is higher than the quality of plants grown in
unheated greenhouse. Also, due to humidity control, agricultural pesticide use is less.

In order to benefit more from solar energy on the Mediterranean climate zone, it is appropriate
to use water mattresses. With the help of water mattresses, a 2–3�K temperature difference can
be obtained, but when water mattresses are used together with thermal curtains, the temper-
ature difference obtained becomes 6�K. However, using water mattresses, it is not possible to
obtain the optimum greenhouse temperature during night hours.

In Mediterranean climatic conditions, a 20–25% ratio for ventilation openings in the roof area is
sufficient. Increasing the sizes of the ventilation openings on the roof in May has very little
impact on temperature difference. However, it should be kept in mind that insect screens placed
on ventilation openings in modern greenhouses decrease the effectiveness of ventilation.

Greenhouse shading implemented in a way that it does not affect air circulation can help
reduce temperature difference in the greenhouse when used together with ventilation. In a
greenhouse with 20% ventilation area on the roof, reducing solar radiation by 50% with
shading can reduce the temperature difference (ΔT) in June up to 1�C. However, in June,
evaporative cooling is needed as outside temperature around noon is above 30�C. In Mediter-
ranean climatic conditions, temperature difference obtained with evaporative cooling in
August (depending on outside humidity and exchanged air volume) is nearly 6�C. However,
evaporative cooling is not preferred in production greenhouses because it requires electrical
energy and a high quantity of clean water. For this reason, greenhouses on the Mediterranean
coastline should be left idle starting from the second week of June.
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thermal curtains, this value is 118.3 kHz/m2 areas. In other words, 32% heat energy is saved in
a greenhouse with thermal curtains. This is equivalent to 7.1 kg/m2 year imported coals.

In Mediterranean climatic conditions, 30 kg/m2 truss tomatoes can be produced in heated
modern greenhouses which in heated greenhouses where CO2 fertilization is done, the effi-
ciency is 40 kg/m2. Approximately 18–28 kg/m2 efficiency increase in heated greenhouses
should cover heating expenses. Depending on the climate of the region, the cost of truss
tomato production in heated modern greenhouses varies between 1.29 and 1.69 TL/kg. In the
feasibility calculations made for modern greenhouses in the Mediterranean region, return on
investment is 14–25%, depending on the production methods of the business [12]. The quality
of products obtained from heated greenhouses is higher than the quality of plants grown in
unheated greenhouse. Also, due to humidity control, agricultural pesticide use is less.

In order to benefit more from solar energy on the Mediterranean climate zone, it is appropriate
to use water mattresses. With the help of water mattresses, a 2–3�K temperature difference can
be obtained, but when water mattresses are used together with thermal curtains, the temper-
ature difference obtained becomes 6�K. However, using water mattresses, it is not possible to
obtain the optimum greenhouse temperature during night hours.

In Mediterranean climatic conditions, a 20–25% ratio for ventilation openings in the roof area is
sufficient. Increasing the sizes of the ventilation openings on the roof in May has very little
impact on temperature difference. However, it should be kept in mind that insect screens placed
on ventilation openings in modern greenhouses decrease the effectiveness of ventilation.

Greenhouse shading implemented in a way that it does not affect air circulation can help
reduce temperature difference in the greenhouse when used together with ventilation. In a
greenhouse with 20% ventilation area on the roof, reducing solar radiation by 50% with
shading can reduce the temperature difference (ΔT) in June up to 1�C. However, in June,
evaporative cooling is needed as outside temperature around noon is above 30�C. In Mediter-
ranean climatic conditions, temperature difference obtained with evaporative cooling in
August (depending on outside humidity and exchanged air volume) is nearly 6�C. However,
evaporative cooling is not preferred in production greenhouses because it requires electrical
energy and a high quantity of clean water. For this reason, greenhouses on the Mediterranean
coastline should be left idle starting from the second week of June.
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to bridge information from various diverse agricultural disciplines, such as soil science, 

agronomy, plant breeding, and plant protection, which can be used to evolve a need-
based technology to combat the climatic change in agriculture.
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