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Impacts of climate change on livestock production and water scarcity are serious threats to
society and expected to worsen in the future as global population continues to increase. As a
result, a critical question regarding humanity’s future is whether there is enough freshwater in
the global system to meet the demands of tomorrow’s world population. Currently, more than
two-thirds of the global population lives under water scarcity (Mekonnen and Hoekstra, 2016).
Limited water supplies inhibit economic growth, pose societal health risks and endanger
ecosystems (Marston et al., 2021). Despite Norman Borlaug’s Green Revolution (the increase in
agricultural production made possible by the use of new crop varieties and new farming
methods, especially in developing countries), large parts of dry climatic regions of the world
have remained poor, undernourished and hungry. In addition, the Green Revolution had
unintended yet harmful consequences on agriculture, human health and the environment due to
intensified usage of chemicals and irrigation, etc. (John and Babu, 2021). Can precision
agriculture (PA)/precision livestock farming (PLF) (which utilizes technology and data-driven
solutions to optimize crop and livestock production and management) reverse these
consequences and increase production, reduce labor requirements and ensure the efficient
management of fertilizers, pesticides, irrigation and livestock production? There is a need for a
system approach in dealing with food insecurity and malnutrition not only in developing
countries but also in many developed countries around the world. However, the impacts of
climate change on current livestock production systems and water scarcity worldwide are a
major concern and a threat to global food security.
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Livestock production

Demand for livestock products is growing rapidly, driven by population and income growth
around the world and increasing urbanization, particularly in developing countries. Livestock
provide 33 percent of the global protein and 17 percent of global calories consumed (Cheng et
al., 2022). Livestock systems vary greatly across animal species, products and geographies.
Production occurs in a wide range of ecosystems, from those relatively undisturbed, such as open
range and grasslands, through food-producing landscapes with mixed degrees of human
involvement, to production environments that are intensively modified and closely managed by
humans (Steinfeld et al, 2019). However, livestock production is facing increasing pressure from
climate change effects, such as rising temperatures, more variable precipitation patterns, more
frequent extreme events and increasing carbon dioxide (CO,) concentrations (IPCC, 2014). Such
changes have been found to impact livestock performance across many regions and are projected
to have growing impacts (Cheng et al., 2022), with predictive models broadly indicating the
impacts will be negative (Escarcha et al., 2018).

The future of the livestock sector will be increasingly challenging with the projected scarcity of
resources crucial for production, particularly land and water, being affected by climate change
(Weindl et al., 2015). Climate change leads to reductions in livestock productivity by directly
depressing animals’ adaptive response mechanisms, altering the spread and prevalence of
diseases (Bett et al., 2017), and causing heat stress and related welfare issues (Morignat et al.,
2014); and indirectly by compromising the availability of feed grain crops and quality of forages
(Kandalam and Samireddypalle., 2015). However, climate change also has implications for the
processing, storage, transport, retaining and consumption of livestock products. Therefore, the
ability of current livestock systems to support livelihoods and meet the increasing demand for
livestock products is threatened (Godde et al., 2021). Environmental impacts of climate change
have been somewhat mitigated by productivity increases in livestock that have been the result of
the broad application of science and advanced technology (i.e., advanced PA and PLF
techniques) in areas such as feeding and nutrition, genetics and reproduction, and animal health,
along with general improvements in animal husbandry and overall food supply chain
management. These innovations have led to transitions from low-input, low-output systems to
more efficient and productive intensive livestock systems in many parts of the world. However,
the overall environmental burden of the livestock sector at the global level continues to increase
(Davis et al., 2016).

The thermal environment is the major climatic factor affecting livestock production. In today’s
current global climatic conditions, heat stress is more problematic than cold stress (Collier et al.,
1982; Maibam et al., 2018). Heat stress occurs when animals are not able to dissipate sufficient
heat to maintain homeothermy (Daramola et al., 2012), leading to increased respiration, pulse
and heart rate, and a rise in body temperature. Animals possess several adaptive mechanisms
which are helpful for their survival during these harsh environmental conditions. However, their
productive performance is compromised while these adaptive mechanisms are in place
(Rashamol et al., 2018). Reduced feed intake is often noted as the first response to high
environmental temperatures among several livestock species. Poultry have exhibited a 9.5
percent drop in feed intake when ambient temperatures increase from 21.1 to 32.2 °C (Syafwan
etal.,2011). Hogs have demonstrated feed intake decreases of 10.9 percent when temperatures
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increase from 20 to 35 °C (Lopez et al., 1991). Ruminants experience reduced appetite, gut
motility and rumination under increased heat stress (Baile and Forbes, 1974; Yadav et al., 2013).
Greenhouse gas emissions (GHG) are another concern associated with livestock production. On
one hand, climate change can affect livestock production directly through increased heat stress
and indirectly through impacts on quality and quantity of forage and crop-based feeds as well as
land and water availability. On the other hand, livestock production influences climate change by
contributing 14.5 percent of the global anthropogenic GHG emissions (Cheng et al., 2022).
There are mitigation measures that reduce livestock GHG emissions. Gerber et al. (2013)
indicated that livestock emission intensities vary greatly between production systems and
regions, and the mitigation potential lies in the gap between the management techniques that
result in the lowest and highest emission intensities. Mitigation strategies from the livestock side
could address enteric emissions and improve manure management, along with more emission
efficient feed production through reduced use of N-fertilizer and land carbon sequestration
(Figure 1).

Figure 1. Overview of the relationship between climate change and livestock production.
Source: Cheng et al., 2022.
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The effects of climate change on resources will continue to lead to shifts in the global
agricultural area as well as changes in seasonality and crop and livestock suitability (Godde et
al., 2021). King et al. (2018) estimated a northward shift of the feasible agriculture zone by up to
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1,200 km by the end of the century. In sub-Saharan Africa, more than 20 percent of the mixed
crop-livestock system in arid and semi-arid regions is projected to become unavailable for crop
agriculture by mid-century (Jones and Thornton, 2009). Most water in the livestock value chain
is used for feed production, accounting for more than 90 percent of water consumption in many
systems (Legesse et al., 2017; Mekonnen and Hoekstra, 2012). The amount of water required for
livestock consumption varies with local climate conditions with higher consumption under hot
conditions (Ward and McKague, 2023). For example, once air temperatures exceed 30 °C, the
expected poultry drinking water intake can increase by 50 percent above normal rates (Godde et
al., 2021). In arid and semi-arid regions, the increased frequency, intensity and duration of
droughts create a significant threat from water scarcity to livestock and feed production.

Water scarcity

Mekonnen and Hoekstra (2016) quantified that four billion people face severe water stress
during at least one month per year, and 1.8 billion at least six months per year. Indeed, for
providing the three main primary human needs of water, energy and food security, water is an
essential resource for each (Vanham, 2016). The magnitude of water scarcity in a region depends
on the supply relative to the demand. As human populations, incomes, and demand for livestock
products increase, water scarcity will likely grow in importance as a constraint on future
agricultural production (Cheng et al., 2022). Climate change is projected to change water
availability (IPCC, 2014; 2021) and water usage in animal production (Rojas-Downing et al.,
2017). Rising temperatures are likely to increase animal water consumption and irrigation water
use per animal and per land area (Fader et al., 2016; Gerten et al., 2011). Competition for a
limited water supply between livestock, crops, and nonagricultural uses will increase in the
coming decades, resulting in the need for more efficient livestock production systems to address
the water scarcity issue (Reynolds et al., 2010).

Consumptive water use in livestock production is generally divided into two categories: 1)
drinking and processing water (direct blue water use); and 2) water use for production of feed,
fodder and grazing (blue (i.e., irrigation) and green (i.e., rainfall) water use). A bit of definition is
in order here. Blue water is considered fresh surface or groundwater (water in lakes, rivers and
aquifers). Green water is rainfall or precipitation that does not run off or recharge the
groundwater but is stored in the soil or temporarily stays on top of the soil or vegetation.
Eventually, this part of rainfall evaporates or transpires through plants. Green water can be made
productive for crop growth (although not all green water can be taken up by crops, because there
will always be evaporation from the soil and because not all periods of the year or all areas are
suitable for crop growth). Grey water is calculated as the volume of water that is required to
dilute pollutants to such an extent that the quality of the water remains above agreed upon water
quality standards. The grey water footprint of a product is an indicator of freshwater pollution
that can be associated with the production of a product over its full supply chain.

Increasing agricultural water security through irrigation (blue water) usage to complement soil
moisture deficit has driven improved agricultural production in large regions of the world. The
Green Revolution mentioned earlier greatly boosted food production, but turned out not to be
sustainable (Falkenmark, 2013). The outcomes included unintended side effects such as
depletion of river flows, river basin closures, groundwater depletion and severe water pollution.
By the early 1990s, attention was drawn to green water in the soil as a fundamental component
of the hydrological cycle (Falkenmark, 1995). This allowed a more accurate approach to the
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assessment of the total amount of water required for food production and human welfare. Today
increasing attention is being paid to rain-fed (green water) food production, the dominant form
of agriculture in regions where most rivers are small and carry water only during the rainy season
(Falkenmark, 2013).

Water scarcity has both a physical and an economic aspect associated with it. Physical water
scarcity occurs when physical access to water is limited (Vanham et al., 2018). It affects both
blue water and green water (Falkenmark and Rockstrom, 2006; Rockstrom et al., 2009).
Economic water scarcity occurs when water resources are physically available but a lack of
institutional and/or economic capacity limits access to that water (Rosa et al., 2020a; Vallino et
al., 2020). Because agriculture is the world’s largest user of freshwater, it ties global food
security to a dependence on reliable and resilient freshwater availability (D’Odorico et al., 2020).
Therefore, these commitments necessitate increasing attention to global agricultural water
scarcity in the context of humankind’s ability to meet future food demand (He and Rosa, 2023).

Agricultural green water scarcity occurs when the amount of rainfall is unable to meet crop water
requirements. In such cases, supplemental blue water is provided by irrigation to ensure adequate
crop growth and prevent water stress (Pereira et al., 2002). Agricultural blue water scarcity
occurs when blue water resources cannot meet irrigation water requirements (Rosa et al., 2020b).
Agricultural blue water scarcity has been the focus of the water scarcity debate, and alarmingly,
half of irrigated croplands are facing blue water scarcity or are under unsustainable irrigation
practices (Rosa et al., 2019; Mekonnen and Hoekstra, 2020). As a result, rain-fed agriculture will
continue to be a major component of global food systems (Rosa, 2022). Unfortunately, climate
change is expected to reshape the extent of agricultural water scarcity worldwide (Rosa et al.,
2020b; Fitton et al., 2019) to the point that, by the end of the century, agricultural blue water
scarcity could require the transition of 60 million hectares of croplands from irrigated to rain-fed
(Elliott et al., 2013). Compared with irrigated croplands, rain-fed croplands are expected to be
more affected by climate change (Rojas et al., 2019). However, limited understanding of the
impacts of climate change on green water availability and demand adds uncertainties to future
water and food security and adaptation interventions in agriculture (He and Rosa, 2023).

Water scarcity increased food waste

Measures to reduce water scarcity have primarily focused on improving water productivity
(Marston et al., 2021), especially in the agricultural sector, which is responsible for more than 90
percent of global consumptive freshwater use (Hoekstra and Mekonnen, 2012). The agriculture
sector, both crop and livestock production, will need system level interventions, from farm to
table, to address the water scarcity issue. Water scarcity is an ongoing challenge with no single
remedy. Interventions such as shifting to more efficient irrigation technologies (Jagermeyr et al.,
2015), growing crops best suited to a specific climatic environment (Davis et al., 2017) and
cultivating less water intensive crops (Marston and Konar, 2017) can reduce the agriculture
sector’s water footprint and its contribution to water scarcity. However, one of the most
promising means of reducing society’s water footprint that goes largely ignored is by reducing
global food waste and loss (Mekonnen and Fulton, 2018).

Food waste occurs at all points within the supply chain: on the farm, at processing facilities,

during storage and transport/distribution and at retail outlets and households. At least one-third
of all food produced is estimated to be lost or wasted globally (Gustavsson et al., 2011). Wasted
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food is also wasted water. One-fourth of freshwater consumed in global food production is
effectively wasted since the food produced with this water is never consumed (Kummu et al.,
2012). The blue water footprint of global crop production is 723 km?/year, meaning uneaten
plant-based food represents 174 km? of wasted blue water each year (Kummu et al., 2012). If
wasted meat products are included, FAO (2013) estimates 250 km? of blue water was wasted due
to food loss and waste in 2007.

Global food losses amount to 413 million metric tons at the agricultural production stage, 293
million metric tons in post-harvest handling and storage, 148 million metric tons in processing,
161 million metric tons in distribution, and 280 million metric tons is wasted in consumption for
a total of 1.3 billion metric tons of annual food loss and waste (Gustavsson et al., 2011). In the
United States alone, the total annual food loss and waste across all stages of the food supply
chain is estimated to be 126 million tons, or about 10 percent of the world total (CEC, 2017).
Global freshwater wasted due to food loss and waste per capita per year is ~21 m? (Chen et al.,
2020). However, this amount varies greatly between high income (43 m? per capita) and
lowincome (4 m? per capita) countries (Chen et al., 2020). As a result, more than three times as
much surface water and groundwater are wasted each year due to food loss and waste than the
average annual flow of the Nile River (Siam and Eltahir, 2017).

Losses throughout the food system not only increase the demands on food production but also
induce the consequent production-related environmental impacts that could be avoided in the
absence of food waste (Chen et al., 2020). Buzby et al. (2014) estimated that 31 percent of
available food in the U.S. remains uneaten due to losses at the retail and consumer levels,
equaling 1,249 calories/capita/day. All the world’s 815 million hungry people (Blas et al., 2018)
could be lifted out of energy or protein malnourishment on less than a quarter of the wasted food
in the United States, United Kingdom and Europe (Stuart, 2009). Halving food loss and waste
would also potentially increase food availability by 1,300 trillion kcal per year by 2050,
corresponding to 22 percent of the estimated crop production increase required to meet demand
in 2050 (Lipinski et al., 2013). Food loss and waste is responsible for 25 to 34 percent of the
United States’ consumptive freshwater used for food production (Hall et al., 2009; Birney et al.,
2017; Mekonnen and Fulton, 2018). Cereals, fruits and vegetables are the three major food
groups contributing the most to wasted nutrients followed by meat, poultry and eggs (Chen et al.,
2020).

The last decade of research has established a clear link between wasted food and wasted water
(Marston et al., 2021). Halving global food loss and waste could reduce the water footprint of
global food production by 12 to 13 percent (Jalava et al., 2016; Springmann et al., 2018). In
addition, reducing food loss and waste by 50 percent would improve water scarcity for over 720
million people globally, and totally eliminate local water scarcity for 131 million of those people
(Jalava et al., 2016). However, food loss and waste result from a variety of causes (Thyberg and
Tonjes, 2016), and it will take a diverse set of policies to combat it (Muth et al., 2019). Food
waste is receiving growing interest from local and national policymakers, international
organizations, non-governmental organizations and academics. Governments and international
organizations have set policy targets to reduce food waste and its environmental impacts. Both
the European Union (European Commission, 2019) and the United States (US EPA, 2019) have
instituted goals to reduce food waste at the retail and consumer levels by 50 percent by 2030,
following the United Nations’ Sustainable Development Goal 12.3 (Rosa, 2017).
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In addition to national and international interests, the private sector, particularly large
transnational food corporations, plays a critical role in reducing food loss and waste all along the
supply chain through their influence on both consumers and producers (Marston et al., 2021).
Eight companies control 54 percent of the global soybean market, three companies control 42
percent of the global banana market, and three companies control 60 percent of the cocoa market
(Folke et al, 2019). In the U.S., three companies control markets for three quarters of all cattle
and over half of all pigs and chickens (Smith et al., 2017). This high concentration in the food
sector means that implementing sustainability standards aimed at reducing food loss and waste
by just a handful of companies would have substantial impacts throughout the supply chain.
However, social pressure and government regulation may be needed to move food companies to
reduce food loss and waste and implement sustainability practices throughout their supply
chains, given the private sector’s priority of profit over environmental or societal goals (Grizzetti
et al., 2013; Folke et al., 2019). Even then, this may not be enough. More transformative climate
interventions may be necessary. These could range from farm management adjustments,
technological developments (precision agriculture, precision livestock farming, artificial
intelligence), income-related responses to institutional changes and, in extreme cases,
abandonment of crop and livestock farming in some areas due to water scarcity (Weindl et al.,
2015; Herrero et al., 2016, 2018; Escarcha et al., 2018; Henry et al., 2018;).

Summary

Global warming and its associated changes on climate variables and climate variability affect
feed and water resources as well as animal health and production. Global warming is expected to
increase the intensity and frequency of extreme weather events, leading to unpredictable water
availability and exacerbating water scarcity. Climate change also has implications for the
processing, storage, transport, retailing and consumption of food products, which affects the
amount of global food loss and waste. Food waste must be addressed if we expect to have a
sustainable food security system in the future. Reducing food loss and waste has the potential to
improve both food and water security. Water scarcity is one of the leading challenges of the
twenty-first century, and it is expected to intensify because of climate change. Quantifying future
impacts of climate change on crop and livestock systems is paramount to designing intervention
strategies and adaptation solutions. Precision agriculture/precision livestock farming practices
provide opportunities to demonstrate that wise use of agricultural technology and engineering
have the potential to contribute to global food and water security as efforts are made to adapt to a
changing global climate.
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