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Abstract 

Agriculture evolved to increase crop productivity and diminish plague effects. As a negative outcome of the 
human footprint by agriculture and industrialization, overall economic practices have led to substantial 
alterations in the environment (i.e., greenhouse gas production, elevated atmospheric temperature, more extreme 
climatic events), collectively known as climate change. The fast-changing environment due to climate change is 
most common in the tropics, the impacts of this phenomenon are perceived in different regions of the world, 
where most agricultural activity occurs. These facts reinforce the requirement for diminishing climate change 
producing activities and implementation of adaptive practices for long-term agricultural productivity and 
sustainability. Albeit may sound counter-intuitive, agroecological systems and traditional knowledge may 
provide alternatives to mitigate climate change effects in the context of agriculture. This review comprehensively 
describes the development of irrigated agriculture, major effects of climate change on irrigation, and further 
explores alternative practices stemming from agroecological systems or traditional knowledge, which could 
improve agricultural productivity and sustainability. Among some strategies, it is proposed to establish climate 
risk planning, agricultural producers must modify the application of their inputs to adjust to the new water and 
thermal requirements; implement conservation techniques to reduce the loss of soil moisture and thus ensure the 
development of crops in a drier and warmer environment as indicated by climate change projections. Likewise, 
the implementation of varieties tolerant to water stress is one more adaptation action that would allow continuing 
cultivating in lower regions, where the largest irrigated area is concentrated and which would receive the greatest 
impact from an increase in temperature. In this way, it will be necessary to implement new approaches, 
technologies and policies to learn from the past, following the new climate scenarios, conserving and making 
rational use of natural resources. 
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1. Introduction 

Agriculture is a core feature of human activity. Humans initially met their needs by hunting and gathering (e.g., 
water, fibers, wood). Despite the current view of the transformative effect of such shift from hunting/gathering to 
agriculture, it remains unclear what motivated human societies for this transition (Maisels, 2003; Weisdorf, 
2005). Later, humans developed greater impact on natural landscapes, such as deforestation (Foley et al., 2005), 
land management, and the domestication of plants and livestock. The exploitation of natural resources for 
agriculture began between 5,000-10,000 years ago, which lead to the dawn of human civilization (Weisdorf, 
2005). The advent of agriculture and livestock production represents a breakthrough, known as the Neolithic 
revolution (Fuller & Stevens, 2019), thus sustaining food production for human populations under accelerated 
growth and their accumulating material wealth (Maisels, 2003; Weisdorf, 2005). Therefore, these conditions 
allowed humans to establish long-term communities at defined places. The advent of agriculture also led to the 
urban revolution, which contemplated the exponential growth of numerous cities and the expansion of 
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non-farming activities (unrelated to food production) that led to work specialization, trading and development of 
new technologies such as textile manufacturing and metallurgy (Fuller & Stevens, 2019). 

Agriculture land has expanded worldwide and now occupies one third of ice-fee land (Ramankutty et al., 2018). 
This growth was most notable over the last three centuries, with 1.2 billion hectares (ha) as novel farmland 
during this period time (Klein Goldewijk & Ramankutty, 2004). Based on spatially-explicit land use and land 
cover change, global data sets revealed that the landscape dedicated to cropland and pasture area grew five-fold 
within the timeframe from 1700 to 2007 (Ramankutty et al., 2018). Hence, agriculture expansion largely agreed 
with economic factors such as areas of intense industrialization and European settlement in other continents 
(Ramankutty et al., 2018). Farmland worldwide now spans an area of 1.8 billion ha, thus including agriculture, 
livestock production, and other types of cultivation (Klein Goldewijk & Ramankutty, 2004). 

Food production increased by ~50% in the last two decades (from 2000 to 2018), thus reaching 9.2 billion tons, 
while four crops (i.e., sugar cane, maize, rice, and wheat) were responsible for half of such production (FAO, 
2020). In turn, agricultural land declined by 78 million ha within the same timeframe. Nonetheless, the demand 
for food continues to rise (Madramootoo & Fyles, 2010) while hunger increases, since 690 million people were 
undernourishing in 2019. This represents 60 million people more than 2014 (FAO, 2020). Hunger concentrates 
on Asia and African continents (and other developing countries), further complicating the relationship between 
food production and demand.  

Another significant pressure to increase food demand is urbanization that associates with higher economic 
conditions and the request for high protein, more processed, calorie-rich, and micronutrient rich diets 
(Madramootoo & Fyles, 2010). These technology-driven foods require more water for their production. 
Collectively, these facts threaten the concept of food security, which is a balance between food supply and 
expected demand (Pretty, 2008). The economic crisis also highlighted the current fragility of food security 
(Madramootoo & Fyles, 2010). Alongside the expected increase in human population to nine-ten billion by 2050 
will also pose an even greater demand for food production (Ramankutty et al., 2018; Leisner, 2020), particularly 
in developing countries that contribute to population growth (Pretty, 2008). In sum, despite a steady growth of 
agricultural output, there is a demand to increase food production for the upcoming decades (Ramankutty et al., 
2018). 

This review aimed was to describe irrigation as a major advance in agricultural practices. Secondly, to enumerate 
the effects of climate change on irrigated agriculture, and further advocate the potential of concepts or practices 
from agroecological systems and traditional knowledge to circumvent (at least partially) such detrimental effects 
under growing demands for food under sustainable conditions. 

2. Irrigation Is a Key Technology for the Expansion of Agriculture 

Technology paved the way for the expansion of agriculture. For instance, crop irrigation was (and still is) a 
highly successful advance for crop productivity. The controlled use of water resources permitted the expansion 
of agriculture and human populations to areas of limited or inconstant surface water and rainfall (Gulhati & 
Smith, 1967). This technology dates back over 5,000 years ago, as evidenced by basin irrigation developed in 
Egypt. European explorers also found agriculture and small-scale irrigation on the American continent. Initial 
irrigation systems were based on canals, tanks or aqueducts which varied substantially in capacity and extension. 
There are ancient irrigation systems that remain under use as initially designed or with adaptations. The impact 
of irrigation on crop yields was such that, it frequently overshadowed the demands for other agronomic practices, 
thus including soil amelioration and drainage (Gulhati & Smith, 1967). 

Irrigation systems faced constant technological developments. Irrigation systems are gravity-flow or pressurized. 
Gravity-flows are channels delivering the water across the field, as described above. The amount and uniformity 
of water infiltration depends upon soil characteristics and the irrigator control of water supply to channels. 
Approximately 30-40% of irrigated areas rely on dams. The American west offers an example of step-wise 
innovation on the application of irrigation toward pressurized systems: wind-driven pump, gasoline engine pump, 
deep-well drilling, and head sprinkler systems for abundant and water supply. Pressurized systems transport the 
water using pressurized tubes and deliver it by sprinklers or small orifices. These systems provide precise control 
of water delivery, which should consider soil traits and climatic conditions. Pressurized systems are much more 
expensive than gravity-flow systems. Therefore, the increase in crop productivity must be proportional to the 
economic investment.  

Irrigation systems became more sophisticated and efficient over time, thus leading to their expansion worldwide 
(Madramootoo & Fyles, 2010). Modern large-scale irrigation began worldwide in the 19th century, including 
countries such as India and Egypt. In the following century, some irrigation projects reached areas of million ha 
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(Gulhati & Smith, 1967). Irrigation faced an expansion during the 1960s and 1970s to combat hunger and 
malnutrition, which contributed to initiating the “green revolution” (Madramootoo & Fyles, 2010; Ramankutty et 
al., 2018). Irrigation also allowed farmers to harvest two or three crops per year, instead of one (Madramootoo & 
Fyles, 2010). Further than increasing crop yields (Ramankutty et al., 2018), it also allowed crop diversification 
by permiting the introduction of plants that demanded more water than was offered by rainfall (Madramootoo & 
Fyles, 2010).  

Nowadays, 17% of the world’s agricultural land applies irrigation and these areas represent 40% of the global 
food production (Bonfils & Lobell, 2007). Most current irrigated croplands are in Asia (India, Pakistan, and 
China) and the USA (Bonfils & Lobell, 2007). The irrigated areas have grown around 2% per year in these 
countries over the last half-century (Bonfils & Lobell, 2007). Over 70% of irrigated areas are found in Asia, 
which contemplates only 33% of the agricultural area of the world (Madramootoo & Fyles, 2010). Irrigation 
contributed substantially to combating hunger by increasing crop yields (Madramootoo & Fyles, 2010). 

Further developments in agricultural practices, such as the association of irrigation and fertilizers flourished crop 
productivity (Gulhati & Smith, 1967). The development of chemical fertilizers brought about another boost to 
agricultural productivity. Further, these advances allowed the expansion of agriculture to areas of soil with lower 
fertility and rainfall. Plant breeding allowed the development of more productive cultivars, which delivered 
higher production yields or adapted to more challenging environments (abiotic stress) or plagues (biotic stress). 

3. The Impact of Climate Change and Management on Irrigated Agriculture 

Human activity also led to negative impacts in agricultural output. Progress on industrialization and intensive 
deforestation culminated in elevated atmospheric greenhouse gas concentrations, which triggered global shifts in 
climatic conditions (Anderson et al., 2020). These environmental fluctuations known as climate change, are 
evidenced by a steady increase in global land temperature across centuries, most notably from the preindustrial 
period (late 19th century) onward (Anderson et al., 2020). The world faced a global mean temperature increase 
of ~0.7 °C in the last century (Liu et al., 2012; Pacifici et al., 2015), which represents the greatest increases in the 
last millennium and should increase more ~4.3 °C by 2100 (Pacifici et al., 2015). The environmental challenge 
brought by climate change has profound and multivariate consequences. It causes changes in season length or 
timing, alteration in the distribution of agricultural areas, and greater frequency of extreme weather events are 
major concerns associated with climate change. In certain regions of Mexico, there are some cases in which 
climate chance is perceived related with phenomena such as droughts and wind that affect agriculture (Rosales et 
al., 2020). Climate change provoke the reduction of watercourses, while it also increases evapotranspiration, and 
enhancing salinization of costal aquifers due to rising sea levels (Bolaños & Betancurt, 2018). 

Urban areas, ecosystems, industry, and agriculture compete for water. Pollution and salinity further diminish the 
quality of available water. These facts highlight the lowering availability of fresh water per capita around the 
world (Madramootoo & Fyles, 2010). The extensive use of water for agriculture led to its shortage worldwide, 
thus leading to shortages in urban and other population-dense areas, which placed pressure on water use that may 
threaten the irrigation supply (Madramootoo & Fyles, 2010). More than a billion people suffer from water 
scarcity, which is why they settle in the river basins (Madramootoo & Fyles, 2010).  

Agriculture itself contributed to environmental degradation and climate change (Ramankutty et al., 2018). Land 
use change within the last 150 years generated nearly half the amount of carbon emissions than fossil fuels. This 
modulation in land use affects several factors contributing to local climate conditions, such as surface reflectivity, 
heat absorption, and water evaporation. Furthermore, greenhouse gas emissions by agriculture and livestock 
production combined increased by 16% within the last two decades (from 2000 to 2017), and enteric 
fermentation (which occurs in the digestive system of ruminant livestock species) is responsible for 40% of such 
emissions (FAO, 2020). The reduction of agriculture productivity caused by climate change is unequivocal, as 
demonstrated by lower production yields in both annual (e.g., maize) and perennial fruit crops (Tripathi et al., 
2016; Ramankutty et al., 2018; Lu et al., 2019; Anderson et al., 2020). Climate change associated events cause 
reductions in crop nutritional content in a species-specific manner. However, climate change does not bring 
about only detrimental impacts on agriculture. The elevation of CO2 levels alone in the atmosphere may increase 
plant photosynthesis potential that may result in greater agronomic production (Goudriaan & Zadoks, 1995; 
Fischer et al., 2005; Anderson et al., 2020; Leisner, 2020), albeit high temperature and other climate change 
associated factors counteract this potential (Fischer et al., 2005).  

A combination of climate change and non-sustainable management practices threatens the future of irrigated 
agriculture (Figure 1). These conditions complicate the utilization of irrigation under four core factors, namely 
diminishing water resources, waterlogging, causing land erosion, and soil salinization. These factors alongside 
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adequate management of water in irrigation is paramount to both crop viability and the preservation of soil traits. 
If irrigation exceeds the demand of the crop and soil infiltration potential, water accumulates and may cause 
waterlogging (flooding), it was added as well as a certain impact on emissions and the GEI balance. 
Waterlogging effects are complex and variable, which may be due to many factors, thus including geography, 
water dynamics, and irrigation (Shaw et al., 2013; Liu et al., 2021b). It has a substantial negative impact on 
agriculture in ~16% of cultivated areas worldwide (Ahsan et al., 2007; Zhou et al., 2020). Waterlogging can 
reduce crop productivity by up to 70% (Ploschuk et al., 2020), most notably during crop heading (Liu et al., 
2021). Plants need water throughout their life cycle but in excess can lead to stress due to diminished gas 
exchange between the soil and atmosphere (Zhou et al., 2020) and increased root diseases (Anderson et al., 
2020). Oxygen diffusion in water is much lower the in the atmosphere (Pedersen et al., 2013; Liu et al., 2021a), 
which affects the oxygenation of plant tissues and ultimately impairs cellular aerobic processes (Voesenek & 
Bailey-Serres, 2015). The absence of oxygen leads to adaptation of cellular processes to anaerobic fermentation 
and accumulation of toxins (Xuewen et al., 2014). Climate change may increase waterlogging when it increases 
rainfall (Liu et al., 2021a) or by leading to hotter days and anticipating flowering (Liu et al., 2021b). 

Interactions among water, climate change, and soil erosion are complex (Nearing et al., 2004). Agriculture is a 
major driver of soil erosion due to plowing, deforestation, and unsustainable management practices 
(Montgomery, 2007; Borrelli et al., 2020). Soil erosion causes nutrient loss, diminishes carbon storage, and 
lower fertility (Quinton et al., 2010). Erosion originates from surface water, gullies, wind, and riverbanks 
(Borrelli et al., 2020). It removes the upper area of the soil that contains most of the organic matter and begins 
with the overland flow of water, thus transporting the soil. The removal of surface soil exposes deeper soil layers 
with much lower infiltration rates and agricultural potential. Land use and climate change are the major factors 
driving soil erosion (O’Neal et al., 2005; Borrelli et al., 2020). Simulations suggest that climate change may 
increase soil erosion by 30-66%, particularly in the tropics (Borrelli et al., 2020). The increased rainfall caused 
by climate change may increase soil erosion by water. Although available mitigating strategies (adequate 
management practices for soil conservation) will probably not suffice to overcome climate change effects, these 
practices must become widely used urgently to provide some contribution (Borrelli et al., 2020).  

The increase in demand for irrigation favors the use of saline water. Salinity is the sum of all solids dissolved in 
the water. It may represent a constraint to irrigation since the salinity of the water is proportional to the demands 
of crops. If salinity increases, more water is necessary for the same amount of crop production. Although 
irrigation with saline waters may sustain crop production in the short term, it will inevitably lead to lower soil 
conditions, which is more challenging than the risk of plant osmotic stress. Accumulating salts diminishes water 
infiltration and progressively lowers the ability to sustain plant development. Around 10-15% of farmland 
worldwide faces some degree of salinization, while < 1% of irrigated land is lost to salinization each year 
(Madramootoo & Fyles, 2010), which may ultimately lead to desertification. Climate change contributes to faster 
salinization. It diminishes rainfall that counteracts salinization since rain is mostly free of salts. Further, climate 
change increases water evaporation and leads to greater water salinity on the soil surface.  

4. Strategies to Mitigate the Effects of Climate Change 

There are numerous strategies to mitigate the impact of climate change on agriculture such as land use/ 
management systems, crop improvement, and adapting food use or demand (Anderson et al., 2020). These 
strategies are not mutually exclusive but could form synergies to improve food production and security under 
irrigated agriculture (Figure 2). Nonetheless, the complexity of climate change effects will likely lead to several 
adaptation strategies tailored to each regional setting.  

Traditional agriculture relies on crop monoculture (Alkorta et al., 2004). This approach to food production 
exacerbates the susceptibility to pathogens and plagues. Pathogens benefit from water availability, atmospheric 
CO2 concentrations, and temperature (Anderson et al., 2020). Therefore, climate change may favor pathogens by 
increasing virulence and plant susceptibility at the regional level (Hoffmann, 2017). With increasing impact of 
climate change, agricultural fields may interact with new pathogens with enhanced disease virulence (Anderson 
et al., 2020). The relatively short life cycle of pathogens in comparison to annual and perennial crops suggests 
faster adaptation to evolving challenging environmental conditions due to climate change (Hoffmann, 2017). As 
alternatives to these issues, crop diversification or rotation are examples of alternatives to the changing 
landscape of agriculture under climate change (Atlin et al., 2017; Degani et al., 2019).  

The fact that some plants may succumb to challenging environmental conditions by climate change and others 
thrive suggests a genetic component to adaptation. Further, plant breeding may ultimately lead to the 
development of plant cultivars tolerant or less susceptible to climate change effects. Archeological evidence in 
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Agroecological systems hold specific characteristics or concepts that include minimizing the dependency on 
external inputs, resource recycling, resilience, multifunctionality, greater system complexity and integration, 
contextualization, equity, and nourishment (Vaarst et al., 2018). Therefore, adhering to these concepts will 
overcome some of the challenges posed by current agricultural practices.  

Minimum external inputs reason for a more sustainable approach that is less dependent on foreign resources 
while more reliant on local resources such as energy supply and workers. In the context of irrigated agriculture, 
the application of low-energy precision irrigation methods is very appealing (Rajagopal et al., 2014; Bordovsky, 
2019). Further, green manuring (perhaps with locally available plants) could lead to greater moisture content 
within the rooting zone and greater crop yields (Karyoti et al., 2021). Applying the resource-recycling concept, 
could mean more intense use of wastewater recycling for irrigation but also considering potential contamination 
and salinization effects (Zhang & Shen, 2019). Green manure and the residual crop can also boost soil traits to 
increase crop productivity (Saikia et al., 2019). 

Resilience is the ability to adapt to shifting conditions. One core factor of resilience is diverse genetic resources. 
For instance, traditional agroecosystems maintain genetic diversity in crops (Ramankutty et al., 2018). Crop 
rotation and diversification are other approaches to gaining resilience (Lin, 2011; Birthal & Hazrana, 2019; 
Bowles et al., 2020). These alternatives give the farmer more flexibility to adjust its reliance on irrigation to crop 
productivity under varying environmental conditions, most notably water availability. Multifunctionality is a 
concept that agriculture plays other roles, such as maintaining biodiversity, preserving natural resources, and 
contributing to socioeconomic viability (Klein et al., 2014). These demands are also under the pressure of 
evolving landscapes, as described in peri-urban areas (Jampani et al., 2020). 

Complexity and integration contemplate enhancing potential interactions in the agroecological system to ensure 
adaptive capacity to issues of seasonality, production, and crop storage (Alkorta et al., 2004; Vaarst et al., 2018; 
De, 2021). This could mean adopting irrigation to conditions of more sustainable use of water, thus favoring an 
equilibrium between productivity and natural resource allocation. Contextualization is a concept that connects 
with other concepts above. It demands the adaptation of agricultural practices to local conditions (Kumar, 2017), 
thus favoring potential resources of the place and mitigating limiting factors of the same region (Das & Ansari, 
2021). Irrigation practices should adjust to such perspective, more precisely delivering homogenous amounts of 
water to specific crops, under specific soil, environmental, and management conditions.  

Equitability favors the multi-factor nature of agroecological systems and the pivotal role of human resources in 
agricultural endeavors. Farmers are at the forefront of mitigating climate change effects on agriculture, albeit 
most of the scientific literature does not contemplate their role (Soubry et al., 2020). The engagement of farmers 
in mitigating climate change effects requires the adequate perception of its impact on agriculture long-term 
(Soubry et al., 2020), and understanding factors driving their willingness to adopt new technologies (Haden et al., 
2012; Mutambara, 2016). Alternatively, farmers may also adopt practices that increase climate change effects 
(Houser & Stuart, 2020). Finally, the rational use of irrigation is a source of nourishment, which provides 
non-destructive input to the agroecological system.  

Traditional knowledge comes from community, local, and rural experiences (De, 2021). In many instances, such 
knowledge is sustainable, cost-effective, and in agreement with agroecological system principles (De & Singh, 
2017; De, 2021). For instance, the use of locally available materials (e.g., stones, bamboo) to protect water 
sources in India (De, 2021). Further, strategies based on traditional knowledge contribute to ensuring water 
availability in several countries (Rivera-Ferre et al., 2016). In such a context, irrigation relies on community 
irrigation management, temporary dams or canals, and bamboo pipes as the low-cost infrastructure used for the 
rational use of water (Rivera-Ferre et al., 2016).  

Irrigation ponds are another instructive example of traditional knowledge for more sustainable agriculture 
(López-Felices et al., 2020). Ponds have been used for centuries in the context of agriculture (Anjum et al., 2010). 
These structures are small and shallow ponds ranging from one to fifty thousand meters in area, with smallholder 
farmers as the most frequent applicants of this technology (López-Felices et al., 2020). Ponds retain rain, 
irrigation or from other surface water source. This simple strategy allows for relying less on rainfall and 
irrigation to sustain the water supply for crop development (Oweis & Hachum, 2006).  

6. Perspectives on Improving Irrigated Agriculture 

The mitigation of climate change effects on irrigated agriculture is a moving target, so there is no 
one-size-fits-all solution. Rather, it demands adaptations of mitigating practices to local conditions, which will 
benefit from specific (and perhaps local) agroecological approaches or traditional knowledge. The past offers 
numerous examples of the success and failure cases of irrigated agriculture projects. The comparison of African 
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and Asian countries provides interesting details of how local factors come into play to implement irrigation 
projects and the main factors determining the output of such endeavors.  

There are few examples of successful irrigation endeavors in Africa (Mutambara et al., 2016). Farmer’s 
engagement has been limited in Africa, further complicated by insufficient maintenance of irrigation systems, 
and lack of long-term governmental support. Underground water use has been low in Africa, due to high costs 
and small aquifers (Mutambara et al., 2016). Therefore, the lack of African ability to manage water supplies 
ultimately jeopardizes the application of irrigation. The implementation costs of irrigated cultures differ vastly 
between regions and continents (Mutambara et al., 2016). Therefore, governmental policies are mandatory for 
supporting irrigation activities long-term directly or by favoring the participation of players from the private 
sector or non-profit organizations (Madramootoo & Fyles, 2010; Mutambara et al., 2016).  

Over time, different irrigation methods have been implemented, however, drip irrigation is considered the most 
sustainable and the most widely used due to its low cost. Another irrigation system is the one that is designed 
automatically for crops, using low-cost technology, at the service of people, integrating an Arduino board, with 
humidity sensors to measure soil hydration levels and temperature sensors. To measure air humidity, so that the 
signal that gives way to automatic irrigation is activated or not (Guijarro-Rodríguez et al., 2018; Bringas-Burgos 
et al., 2020). For example, Colombia has adopted this type of system, which is powered by photovoltaic solar 
energy, thus allowing energy savings, and at the same time measuring analog signals in different types of crops 
(Guijarro-Rodríguez et al., 2018). 

The success of irrigation in Asia is due to traditional management systems, farmer engagement that reduces 
production costs, government assistance, and rational water usage (Mutambara et al., 2016). Irrigation in Asia 
also benefited from the public construction of irrigation canals and the exploitation of underground water. 
Another hint of Asian success is the ability to adapt to transitioning conditions (Mutambara et al., 2016). Due to 
growing water scarcity, Asian farmers adapted irrigation practices by using underground water, water recycling, 
implementing adaptations to irrigation timing, adjusting cropping patterns, and focusing on the exploration of 
high-value crops (Barker & Molle, 2004). 

7. Summary 

Anthropogenic activities have generated different alterations in the environment and climate change, which have 
had an impact on transformations in agricultural practices to adapt to these phenomena, including the 
implementation of irrigated agriculture to maintain and/or improve their productivity. This practice together with 
the implementation of agroecological systems through local traditional knowledge offer alternatives to mitigate 
not only the effects of climate change in the context of agriculture at its different scales. 

In addition, the implementation of mitigating practices will likely require effort from multiple fronts. Looking 
ahead, scientific research (Malhi et al., 2021), alongside approaches such as spatial monitoring, and 
computational modeling (Bonfils & Lobell, 2007; Liu et al., 2021) should be more widely used shortly. Further, 
the role of farmers cannot be underestimated and their engagement is paramount to adapting to new approaches 
(Price et al., 2014; Soubry et al., 2020). These tools will likely become instrumental in monitoring how 
mitigating practices contribute to sustaining crop productivity in irrigated areas under challenging conditions due 
to climate change.  
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