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The industrialization of agriculture based on inexpensive fossil fuels allowed for

unprecedented levels of food production and population growth, but simultaneously

contributed to a threat to food systems and population well-being: climate change. This

paper analyses the impacts and adaptations available to the world’s pastoral production

systems including potential mitigation and adaptation strategies. The current food system

is under pressure to satisfy the needs of the increasing population with already limited

natural resources particularly land and water, and now increasingly under pressure due

to climate change. Increasing incomes from greater number of people have increased

demand for animal source foods. As a result, domestic livestock numbers are rising,

particularly in low-income countries with greater dependence on pasture for animal feed.

The carrying capacity of pastured land is limited; therefore, increasing animal numbers

may cause environmental degradation and loss of productivity from pastoral industries.

In some countries, the increasing demand has prompted some to burn forestlands and

convert them into crop production, and after the land is degraded into pasture mainly

for raising large ruminants. Changes in atmospheric carbon dioxide levels and ambient

temperatures are predicted to make a number of changes to the growth of herbage

for animals. Several strategies can be implemented to optimize the pasture-based food

system, including choosing the right breed, improving reproductive efficiency, improving

grazing management, and maintaining an animal feed base. The global challenge is

to meet our food production needs while sustaining our environment. Producers in all

income categories have a role to play in adapting to these challenges.

Keywords: adaptation, environment, greenhouse gas, livestock, pastoralism

INTRODUCTION

Pastoralism, herding of large animals as a means of livelihood, is one of the oldest viable
and potentially sustainable systems, if properly managed [International Fund for Agricultural
Development (IFAD), 2008; Dyer, 2016]. Pastoralism exists in about 100 countries across all
continents except Antarctica [Food and Agriculture Organization of the United Nations (FAO,
2001)]. Pastoral livestock systems utilize 25% of terrestrial land on earth (mostly drylands where
conventional farming is limited or not feasible) producing about 10% of meat consumed worldwide
and supporting 200 million households (Blench, 2001). Pastoralism has a huge impact on the
economies of several countries especially in Africa and Central Asia. For instance, in Africa
pastoralism contributes 10 to 44% of gross domestic product (African Union, 2010). In addition
to economic importance, pastoralism occurs in socio-cultural hotspots (e.g., world heritage sites),
provides ecosystem services (e.g., maintaining and even enhancing rangeland biodiversity), and
maintains ecological integrity (e.g., act as a carbon sink) (Stolton et al., 2019).
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Pastoralism has considerable economic ecological, and socio-
cultural importance (summarized in Figure 1). Pastoralists make
their livelihoods in some of the harshest of conditions and
unpredictable climatic conditions, however, they face challenges
due to demographic, economic, political and climatic changes
(Dong et al., 2016). Since the industrial revolution, the
concentration of greenhouse gases (GHG) in the atmosphere
have increased resulting in global land surface temperature
rise, sea level rise, and drought in some areas (e.g., West
Asia, North-Eastern Asia). On the other hand, climate change
has increased precipitation, frequency and intensity of floods,
storms and wildfires, and emergence of new diseases for crops,
livestock and humans [Intergovernmental Panel on Climate
Change (IPCC), 2019]. Climate change is negatively affecting
food security particularly in pastoral systems of African drylands
and mountainous regions of Asia and South America either
directly or indirectly affecting both crop (e.g., increasing
or decreasing yield of some crops depending on latitudes)
and livestock (e.g., lower growth and production of pastoral
livestock system) production (IPCC, 2019). Logically, pastoral
livestock production is exacerbating climate change because
agriculture (including forestry and land use) and livestock
production represent 23 and 14.5% of total anthropogenic
GHG emissions, respectively (Gerber et al., 2013; IPCC, 2019).
Nevertheless, pastoral system can be a sink of GHG if it is well-
managed without modifying landscape and natural ecosystems
(e.g., clearing forests or modification of natural ecosystems).
Additionally, global population is predicted to exceed 9.7 billion
by 2050 (UN, 2019). Most of the population growth will occur
in low-income countries primarily in Africa and Asia. This
increment in global population along with increasing living
standard and incomes is increasing global food demand. For
instance, milk and meat demand will increased about 60%
by 2050 (Brian, 2015). This will not only force intensification
of crop and livestock production but will increase climate
change risk due to land use changes and increasing total GHG
emissions. Thus, it is of utmost importance to understand
the two-way interactions between climate change and pastoral
livestock production systems. The objective of this review is to (1)
summarize and critically analyze the current literature focusing
on the impact of food production and climate change on the
pastoral livestock industry at a global scale, and (2) discuss the
potential mitigation and adaptation strategies of climate change
risks for pastoral industries.

DEFINITION, FORMS AND
GEOGRAPHICAL DISTRIBUTION OF
PASTORALISM

Pastoralism, found mainly in low-income countries and
sometimes in isolated less developed regions of high-income
countries, is a form of livestock production where human
activity and nature affect each other. Pastoralism is the caring
and herding of large animals in dryland areas when looked at
through a production perspective (Dong et al., 2016). From
a livelihood perspective, pastoralism is the subsistence and

successful living through herding livestock in less productive
lands (IFAD, 2008). “Pastoral system,” an alternative term
for pastoralism, is the livestock production system where
grazing of animals is the major land use. There are at least
five different forms of pastoralism depending on herd mobility
pattern, resource use and income generated from livestock
and livestock products (Table 1; Dong et al., 2016). Nomadic
and transhumant pastoralism are the most common forms.
Nomadism is practiced mainly in dry and high non-arable lands
with low rainfall and harsh climatic conditions. There are about
30 to 40 million nomads living mainly in Mongolia, Russia,
China, Eastern Europe and Central Asia. Nomads live in tents
and move between 10 and 1,000 km annually. Transhumant
pastoralists live in permanent homes in all pastoral regions across
continents and move their animals between summer and winter
pastures annually. Vertical transhumance is typically practiced in
mountainous regions (e.g., Bavaria in Austria, Swiss Alps), while
horizontal transhumances is practiced in plain land areas (e.g.,
Mongolia). Horizontal pastoralism is more vulnerable to climatic
or socio-economic changes than vertical pastoralism (Dong
et al., 2016). Agro-pastoralism is a form of pastoralism in which
most of the family income is generated from cultivating crops
compared to pastoralists that generate more than 50% of family
income from livestock and livestock products (IFAD, 2008).
Although the focus of this review is nomadic and transhumant
pastoralism, the review briefly discusses agro-pastoralism
and silvo-pastoralism due to its dominance and importance
for certain regions such as South-Asia and Latin America.
Currently, pastoralism predominantly exists in Sub-Saharan
Africa, Central Asia (including Himalayas), and Australia, some
part of Northern Europe, Central South America and Western
North America. Although distribution of livestock species
depends on geographic location, climatic condition and history
of pastoralism, the most common species of pastoral livestock at
the global scale are cattle, goats and sheep. Nevertheless, roughly
15 different livestock species are found in different pastoral
forms and geographic regions (Table 2).

POPULATION GROWTH, FOOD
PRODUCTION AND CLIMATE CHANGE

Anthropogenic GHG emissions have now reached the highest
levels in recent history with clear evidence of human influence
on climate change (IPCC, 2019). At current global food demand,
about 25% anthropogenic GHG emissions arise from food
production whereas agriculture accounts for 70% of freshwater
use globally (IPCC, 2019). However, compared to intensive
systems, pastoral livestock production systems utilize less water
due to less reliance on cultivated feeds and fodders, resulting
in less fossil fuel use (Steinfeld et al., 2010). Pastoral systems
produce animal foods using forages and thus utilize much less
human-edible protein compared to intensive production systems
(Steinfeld, 2012). In 2050, the global demand for crop production
is projected to increase by 100 to 110% (Tilman et al., 2011)
and meat and milk demand will increase by 60% (Brian, 2015).
Food demand will increase most in low-income countries due to
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FIGURE 1 | Benefits of pastoralism (adapted from Blench, 2001; and Nyariki and Amwata, 2019).

increasing middle class and living standard (Figure 2). To meet
increasing food demand, an additional 1 billion ha of land will be
deforested with added agricultural GHG emissions of 3 Gt carbon
dioxide equivalent (CO2-e) per annum by 2050 (Tilman et al.,
2011). The increasedGHG emissions resulting in extreme climate
events will negatively affect the pastoral industry by directly or
indirectly affecting both crops and livestock production (IPCC,
2019).

Total anthropogenic GHG emissions are still increasing
despite mitigation measures. In 2010, they reached 49 Gt CO2-
e comprising 76% CO2, 16% methane (CH4), 6.2% nitrous oxide
(N2O), and 2% fluorinated gases (IPCC, 2014). Combustion of
fossil fuels and industrial processes are the main sources of CO2,
whereas agriculture is one of the main contributors to non-
CO2 GHG emissions. The IPCC (2019) special report outlines
that increasing global GHG emissions increased land surface and
ocean temperatures. The rise in land surface air temperature
ranged from 1.38 to 1.68◦C. Although rising temperatures could
have stronger positive impact on biomass yields of C4 than
C3 grass (Reeves et al., 2014), the impact of temperature on
pastureland will depend on level of precipitation (Izaurralde
et al., 2011). This warming climate has subsequently increased
the frequency and intensity of drought in some regions and heavy

TABLE 1 | Forms of pastoralism (adapted from Blench, 2001).

Types Definition

Nomadic Pastoralists move with irregular patterns

Transhumance Pastoralists move with regular back and forth pattern

across locations

Pastoral farming/ranching Practiced in ranches/pastures across high-income

countries such as Australia, New Zealand, USA and

developed regions of mid-income countries such as

Argentina and Brazil

Agro-pastoralism Pastoralists mostly depends on cultivation of crops for

their livelihood and a small percentage of family income

comes from livestock

Silvo-pastoralism Integration of trees, forage and livestock grazing in a

mutually beneficial way. Carbon sequestration is the

most important environmental benefit of

silvo-pastoralism, which utilize the principle of

managed grazing

precipitation in other regions. Increased air temperature along
with decreased precipitation has amplified desertification in some
areas such as Sub-Saharan Africa. Increased precipitation could
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TABLE 2 | Geographical distribution of pastoral livestock species across

continents (adapted from Blench, 2001).

Continental Region Pastoral Animal Species

Central Asia Horse

East and Central Asia Bactrian Camels, Goat

South Asia Camels, cattle, buffaloes, sheep, goats, ducks

West Asia Donkey, Dromedaries and Goat

Highlands of Central Asia Yaks

North Africa Donkey, Dromedaries, Sheep and Goat

Sub-Saharan Africa Cattle, Camel, Sheep and Goat

Europe Sheep and Goat

Circumpolar Eurasia Reindeer

Central America Cattle and Sheep

North America Cattle and Sheep

South America Cattle and Sheep

Andes of South America Llamas and Alpaca

Australia and New Zealand Cattle and Sheep

increase productivity of pastureland, but drought could reduce
both quantity and quality of pasture (Humphreys, 1991). Global
warming will affect the distribution, abundance, and seasonality
of plants and animal species. Warming climate has increased
the likelihood of new disease outbreaks and infestations for
plants, animals and humans. Several other consequences of global
warming include flooding, melting ice, sea-level rise, wind and
heat stress, which might have direct or indirect negative effects
on plant and animal species. For instance, heat stress negatively
effects the performance of pastoral livestock (Reyad et al., 2016),
whereas flooding would make pastoral livestock systems more
vulnerable mainly due to creating feed crisis and increasing
morbidity and mortality of livestock (Hoffmann, 2010).

CLIMATE CHANGE AND PASTORAL
INDUSTRY

The pastoral industry is having both negative and positive
impacts on climate change and ecosystems, whereas climate
change is also affecting the pastoral industry. This two-way
interaction between climate change and the pastoral industry is
summarized in Figure 3.

Impact of the Pastoral Industry on Climate
Change
The livestock sector accounts for ∼19, 15, and 1.35% of global
anthropogenic CH4, N2O, and CO2 emissions (Rojas-Downing
et al., 2017). Data about the impacts of the pastoral industry
on climate change are not available. However, the intensity of
the carbon footprint of livestock products is much greater for
low input extensive systems than intensive production systems
due to low productivity of animals in the former systems. For
example, in 2015 the carbon footprint of milk production in Sub-
Saharan Africa, South Asia, Western Europe and North America

were 6.66, 4.10, 1.37, and 1.29 kg CO2-e per kg fat and-protein
corrected milk, respectively (FAO, 2018a). Thus, producing the
same amount of milk from extensive system of Sub-Saharan
Africa and South Asia would have much greater impact on
climate change compared to the intensive systems of Western
Europe and North America.

Among common food protein sources beef cattle have the
largest GHG emissions and land use intensity (Swain et al.,
2018), though that varies widely across production systems. For
instance, the carbon footprint for beef production ranges from 12
to 129 kg CO2-e per kg beef in extensive systems compared to 9
to 42 kg CO2-e per kg beef in intensive systems (Nijdam et al.,
2012). Similarly, land required to produce a kilogram of beef
ranges from 286 to 420 m2 in extensive systems and 15 to 29 m2

in intensive systems (Nijdam et al., 2012). Specifically, intensive
(grain-fed) beef systems require 45% less land and emit 30% less
GHG than grass-fed beef systems to produce a kilogram beef
(Capper, 2012). However, pastoral systems have the potential to
increase soil organic carbon (SOC) stock over time, which is often
overlooked due to the lack of data. A meta-analysis based on 42
long-duration studies (3 to 83 years, with an average of 18 years)
showed that manure applied to soil had significantly greater SOC
compared to soil without added manure or soil with chemical
fertilizer applied (Maillard and Angers, 2014). Additionally, in
pastoral systems, manure is naturally recycled back to land rather
than managed in lagoons which produce substantial GHG in
intensive systems (Aguirre-Villegas and Larson, 2017).

Increased food demand has increased livestock populations
globally. For example, buffalo, cattle and goat populations have
increased ∼2.2, 1.6, and 2.9 times between 1961 and 2016
(FAOSTAT, 2016). This increment in the livestock population
has led to the expansion of pastureland by 20 and 33% in Asia
and Latin America, respectively (FAOSTAT, 2017). Currently,
33.4 million km2 of land used as grazing land (including
pasturelands, rangelands, grasslands, savannas, shrublands and
steppes) which cover ∼25% of the earth’s surface (FAOSTAT,
2014). Grazing ruminant animals is one of the major drivers
for pastureland expansion leading to deforestation particularly
in the Brazilian Amazon as most of the deforested land ends
up being used for cattle grazing (Barona et al., 2010; Schielein
and Börner, 2018). Further increments in demand for animal
source-food will reinforce pastureland expansion. Overgrazing
by cattle can stimulate soil degradation and negatively affect
freshwater and terrestrial ecosystems. Overgrazing resulting in
reduction of vegetation cover is one of the major causes of
soil erosion (Kairis et al., 2015). Overgrazing is a function
of increasing stocking density. For example, stocking density
increased from 1.3 to 1.7 animal units between 2003 and 2015
in the Brazilian Amazon region (Schielein and Börner, 2018).
Blue water footprint for beef production in grain-fed system of
United States is 2,034 L per kg carcass weight where more than
90% of the water is used for irrigation to produce feed (Rotz et al.,
2019). However, properly managed grazing can enhance plant
cover and soil health, which is discussed in the climate change
adaptation section.
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FIGURE 2 | Changing per capita and total milk and meat consumption overtime in developing and developed countries (adapted from FAO, 2006).

FIGURE 3 | Impact of food production and climate change on pastoralism and vice-versa (adapted from Thornton et al., 2009; Golub et al., 2013 and Sejian et al.,

2018).
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Impact of Climate Change on Pastoral
Industry
Quality and Quantity of Forages and Pasture
A decline in biomass yield and fluctuations in biomass availability
of pastureland determine the extent and magnitude of climate
change risk for pastoral livestock production (Godde et al., 2020).
Global scale projection between 2000 and 2050 shows that 74%
of rangeland might experience a decline in biomass yield whereas
64 and 54% rangelands might experience inter-annual (year to
year) and intra-annual (month to month) fluctuations of biomass
availability, respectively. These changes might pose a serious
threat to about 174 million ruminants particularly in the tropical
region of Sahel, Australia, Mongolia, China and Uzbekistan
(Godde et al., 2020). Additionally, pastures in tropical Australia
and Sub-Saharan Africa are poor in quality (e.g., low protein
content and low digestibility), mainly during the dry season, due
to poor soil nutrient profiles, which might be worsened with
frequent and longer droughts (Humphreys, 1991).

Furthermore, a shift from herbaceous pasture to shrubs and
trees is projected to happen on 51% of rangeland areas globally
(Godde et al., 2020). This shift from herbs to shrubs and trees has
important implications for pastoral production systems because
herders need to couple livestock species with vegetation changes.
For example, woody pastureland would be suitable for goats but
not as suitable for cattle or sheep.

Elevated CO2, rising temperature and reduced precipitation
could affect growth of forage species (Table 3). Increased CO2
and precipitation will increase net primary production of
rangeland and pastureland species, but the impact of temperature
rise on net primary production is uncertain due mainly to
the uncertainty of predicting precipitation (Izaurralde et al.,
2011). Impacts of climate change also depend on the metabolic
pathways (e.g., C3 vs. C4) of pastureland grass species. For
example, rising temperatures would have the greatest positive
effect on the growth of warm season C4 grass whereas rise in
CO2 concentrations would mainly affect cool season C3 grass
(Reeves et al., 2014). In some regions (e.g., East and West
Africa), increased population and land competition led people
to covert pastureland into cropland, which reduced communal
pastureland (Godde et al., 2020). Feeding crop residues could be
a way to cope with this land competition.

Weed species showed a relatively strong response to elevated
CO2 which could enhance growth and make them herbicide
resistant (Ziska, 2003). This will increase competition between
weed and crops resulting in greater loss of crop production.
Competition will be exacerbated by rising temperatures because
growth of most weeds (mostly C4 metabolic pathway) will be
stimulated (Ramesh et al., 2017). Patterson et al. (1979) showed
that a 3◦C increase in temperature could potentially increase the
biomass yield of itchgrass by 80%. Some weed species such as
cheatgrass and yellow star thistle can grow faster with reduced
precipitation due to their adaptability to drought (Hatfield
et al., 2011). Weed infestation and growth also depend on crop
species, therefore, all combinations of weed and crops (or forage)
interactions (e.g., C3 weed and crop, C4 weed and crop, C4 weed
and C3 crop and any other combinations) need to be examined
(Ramesh et al., 2017).

TABLE 3 | Impact of climate change on photosynthesis and growth of different

forage species.

Forage

species

Metabolic

pathway

Impact of climate change References

Elevated

atmospheric

CO2

Increased

Temperature

Drought/

Decreased

Precipitation

Rhizoma

peanut

C3 + + NA Newman

et al., 2001

Ryegrass C3 + NA NA Suter et al.,

2001

Alfalfa C3 NA NA – Thomson

et al., 2005

Tama C3 + NA NA Greer et al.,

1995

Matua C3 + NA NA Greer et al.,

1995

Nui C3 + NA NA Greer et al.,

1995

Maru C3 + NA NA Greer et al.,

1995

Suckling

clover

C3 + NA NA Greer et al.,

1995

Tallarook C3 + NA NA Greer et al.,

1995

Bentgrass C3 + NA NA Greer et al.,

1995

Kara C3 + NA NA Greer et al.,

1995

Roa C3 + NA NA Greer et al.,

1995

Puna C3 + NA NA Greer et al.,

1995

Huia C3 + NA NA Greer et al.,

1995

Crabgrass C4 NC NA NA Greer et al.,

1995

Raki C4 NC NA NA Greer et al.,

1995

BahiagrassC4 NC + NA Newman

et al., 2001

“+”: Positive impact on growth, “–”: Negative impact on growth, NC, No change; NA, Not

Applicable or No data available.

Plant pests (insect and disease) cause major losses in crop
yields, which could be aggravated by climate change. Foodtank
(2019) summarized the potential impact of pests on crop yield
losses under changing climate. Pests could reduce crop yields
annually by 20 to 40% (Flood, 2010). Global crop yield losses
will further increase between 10 and 25% for each degree of
global surface temperature increase. Rising temperatures may
affect distribution, severity of infestation and life cycles of cold-
blooded pest species or they may reduce resistance of crop or
forage species to disease. Climate change could create extremely
severe food insecurity. For example, wheat blast caused by a
fungus (Magnaporthe oryzae), a recently emerged wheat disease,
poses a threat to tropical South America and South Asia. The
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disease affected approximately 3 million hectares of wheat field
in 1990 [International Maize and Wheat Improvement Center
(CIMMYT), 2019]. Recently, the disease has spread in South
Asia causing 51% yield reduction in infected areas (CIMMYT,
2019). This fungus has the ability to infect other grass species
such as barley and rice. Furthermore, climate change might
increase the vulnerability of crops susceptible to the disease or
newly emerged diseases due to reduced disease resistance of host
crop species.

In addition to forage growth and distribution, climate
change will also affect forage quality. A meta-analysis by
Dumont et al. (2015) showed that elevated CO2 increased
non-structural carbohydrates by 25% but decreased nitrogen
content by 8%. However, the increased abundance of legume
species with increasing CO2 might compensate for the reduction
in nitrogen. The impact of temperature rise on forage
chemical composition or digestibility was inconsistent, and
while drought increased digestibility, variability among studies
was high.

Diversity and Composition of Pastoral Livestock

Species
Pastoral systems utilize and maintain livestock diversity to
cope with climatic variability and keep production costs as
low as possible (Kaufmann et al., 2016). Locally adapted
livestock breeds are reared in pastoral systems because local
breeds have greater fit with the local climatic conditions than
exotic breeds (Provenza, 2008). Pastoralists use various livestock
species determined mainly by their geographic location and
climatic conditions as discussed earlier (Table 2). However,
Hoffmann (2010) concluded that climate change will affect
diversity of pastoral livestock in two ways. First, direct effect
of rising temperature (e.g., heat stress) or extreme weather
events (e.g., flood or storm) will increase the risk of morbidity
and mortality of locally adapted breeds compared to exotic
breeds because exotic breeds in the high-output intensive
systems are well-protected from climatic adversaries due to
better housing and management than local breeds in the
grazing systems. Second, increasing food demand and climate
change will push low input and extensive production systems
to improve efficiency and reduce their environmental footprints.
This intensification will remove most locally adapted livestock
species or breed, which will not be cost-effective in high
input systems.

Productive and Reproductive Performance of

Livestock
The impacts of climate change will not be limited to crop
production, but will also affect efficiency, product quality,
production, and reproduction of livestock species. Heat stress,
for example could cause huge economic losses in the dairy
and beef industries. Severity of heat stress is lower in beef
cattle than dairy cattle due to lower metabolic rate and heat
production resulting in higher temperature-humidity index in
beef cattle than dairy cattle (St-Pierre et al., 2003). Heat stress
can reduce up to 25% of daily milk yield along with reduced
feed intake when dairy cows are exposed to high temperature and

humidity (Cowley et al., 2015; Summer et al., 2019). Reductions
in feed intake can be used as an indication of heat stress. Intake
reductions start at 25◦C with 20 to 40% intake reductions when
temperatures exceed 40◦C (Hahn, 1999). Heat stress could reduce
milk production by 19% under extensive tropical production
systems, which have comparable levels of milk production to
pastoral systems (Reyad et al., 2016). In terms of milk quality,
Cowley et al. (2015) reported a decrease in milk protein content
due to heat stress. The effect of heat stress on milk lactose
content is not yet clear as some studies report a decrease, but
others report no change (Summer et al., 2019). Heat stress in
beef cattle causes high mortality and affects animal behavior
such as increased respiration rate, decreased rumination and
feed intake, and increased frequency of drinking water (Summer
et al., 2019). Morignat et al. (2015) reported that each degree
temperature increase above a certain threshold is associated with
a 5% increase in mortality risk. Heat stress adversely affects
follicle development and reduces pregnancy rate in cattle (Liu
et al., 2019). An increase in temperature-humidity index from
72 to 78 reduced pregnancy rate from 39.4 to 31.6% in dairy
cows (Domínguez et al., 2005). Nonetheless, the impact of heat
stress depends on livestock species or breed or type. For example,
tropical cattle breeds are more adaptive to heat stress than
temperate breeds. At a similar level of heat stress exposure,
tropical cattle had relatively less reduction of feed intake (25 vs.
30%), average daily gain (12 vs. 18%) and daily milk yield (20
vs. 28%) than temperate cattle (Johnson, 2018). This difference
in heat stress tolerance between cattle breeds is paramount to
select breed with greater adaptive capacity, which will be further
discussed in adaptation section.

Water Scarcity
Overall, the agriculture sector consumes about 70% of total
freshwater making this sector the largest user of freshwater
(Thornton et al., 2009; IPCC, 2019). Although the livestock
sector accounts for 8% of human water use globally (Nardone
et al., 2010), pastoral systems mostly depends on rainfall with
minimal consumption of ground and surface water compared
with intensive livestock production systems. Water is essential
for livestock production because water is used for drinking,
and to produce feed and process products. Approximately 90%
of water consumption in the livestock sector is associated
with feed production (FAO, 2018b). Thus, increasing livestock
populations to meet global food demand will increase water
consumption significantly. In general, ruminants drink 3.5 to
5.5 L of water/kg dry matter intake depending on physiological
status of the animal, feed water content and local climatic
conditions. Increasing temperature will further increase drinking
water consumption by 2- to 3-fold (Nardone et al., 2010). Water
unavailability or contamination can affect livestock production
and reproduction (Rojas-Downing et al., 2017). For example,
contamination of freshwater with saline water due to sea level
rise could affect metabolism and fertility of animals (Nardone
et al., 2010). Dehydration or water deprivation increases body
and rectal temperature but reduces respiration rate in small
ruminants. However, respiration rate might be increased due
to dehydration with rising environmental temperature. Water
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FIGURE 4 | Potential climate change mitigation and adaptation strategies for pastoral industry.

deprivation leads to body weight loss due mainly to reduced feed
intake, which can be up to 60% in small ruminants. Between 25
and 50% water restriction reduced milk yields by 18 to 20% in
small ruminants (Akinmoladun et al., 2019).

Emergence of New Diseases for Livestock
Climate change poses a threat to human and animal health
due to either increasing severity or frequency of outbreaks for
known diseases or emergence of new diseases. Rising temperature
or increasing severity and frequency of extreme events could
also affect animal health either directly or indirectly (Nardone
et al., 2010; Bett et al., 2017). Rising temperature increases
disease susceptibility and mortality of animals by suppressing
immunity of host animals or favoring pathogens. Indirect effects
of climate change on disease are associated with ecosystem
changes or socio-cultural changes such as changes in life-
style, which might increase vector-pathogen-host contact. Rising
temperature has already changed parasitic disease occurrence
by helminth (seasonality, abundance and spatial variation of
spread) (Van Dijk et al., 2010). Climate change could affect
animal health by affecting either vector or pathogens or host.
Pathogens for anthrax, black quarter and helminths, which
complete part of their life cycle outside a host, could be
stimulated with temperature rise (Bett et al., 2017). For instance,
growth of Bacillus anthracis spores (pathogen for anthrax)
depend on temperature, humidity and nutrient availability of
the environment (WHO, 2008). There is a lack of data on
indirect effects of climate change on diseases (Bett et al., 2017).
Furthermore, the association between climate change and disease
occurrence is complex and further studies are required to unravel
confounding between climate change parameters and other
factors causing a disease. The potential and currently available

climate change mitigation and adaptation strategies are discussed
in the following two sections (Figure 4).

CLIMATE CHANGE MITIGATION
STRATEGIES

Mitigation of climate change aims to either reduce sources
of GHG emissions or increase sinks of GHG (IPCC, 2014).
Mitigation of emissions from the agricultural sector can
be achieved either through reducing emissions per unit of
food product or per unit of land (supply-side approach) or
through reducing food demand, switching food choice, reducing
avoidable food waste and improving access to food through
proper distribution (demand-side approach) (IPCC, 2014).

Major emission sources for livestock products are enteric
CH4, N2O, and CH4 from manure management during storage
and after cropland-application, and CO2 and N2O emissions
from feed production and transportation. Enteric emissions
from ruminants could be reduced through: (1) nutritional
manipulation (e.g., improving feed digestibility, replacing
structural carbohydrates with non-structural carbohydrates in
the diet) (Hristov et al., 2015); (2) supplementation of feed
additives (e.g., feeding 3-nitrooxypropanol and red algae have
great potential to reduce enteric emissions) (Roque et al., 2019);
(3) genetic improvement (e.g., direct or indirect genetic selection
for enteric CH4 reduction using advance technique such as
genomic selection), and (4) improved herd management and
fertility (Knapp et al., 2014). The enteric emission mitigation
strategies might not be equally applicable and relevant for all
pastoral production systems. For example, supplementation of
concentrate feeds (i.e., source of non-structural carbohydrates)
has great potential to reduce enteric CH4 either through
improving production performance (i.e., dilution effect) or
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through acting as a sink of hydrogen in the rumen (Wattiaux
et al., 2019). This strategy could be implemented in agro-pastoral
systems. However, improving digestibility of natural pasture is
challenging, but can be achieved to some degree through grazing
management that helps to prevent maturation of plant species
(see climate change adaptation strategies section below). Feed
additives might be a challenge if they need to be given to animals
on a daily basis. However, technologies can be developed in
which feed additives can be given in a slow release form covering
several days or weeks. Breeding programs focusing on improving
productivity, fertility and adaptability of cattle in the pastoral
system could also be implemented.

Reducing duration of manure storage, solid-liquid separation
and anaerobic digestion are potential strategies to reduce
emissions from manure storage, whereas feed production related
emissions could be reduced by altering the amount and
improving the timing and application of chemical fertilizer
and manure to crop-fields (Aguirre-Villegas and Larson, 2017;
Wattiaux et al., 2019). Most of these techniques are not necessary
for pastoral systems because manure is recycled naturally.

A recent study showed that environmental impact of
producing the same product can vary by 50-fold among
producers (Poore and Nemecek, 2018). This variation among
producers provides the potential to reduce environmental impact
of food products by improving efficiency (e.g., feed efficiency for
livestock production, crop yield per unit of N fertilizer) and by
adopting best management practices (Clark and Tilman, 2017).
Based on life cycle analysis, the carbon footprint for feedlot beef
was much lower compared to grass-fed beef (6.0 vs. 9.6 kg CO2-e
per kg carcass weight) due to greater productivity of feedlot beef
production (Stanley et al., 2018). However, this comparison did
not take into account SOC change. When SOC change was taken
into account the carbon footprint for feedlot beef was greater
than grass-fed beef (6.1 vs. −6.6 kg CO2-e per kg carcass weight)
due to carbon sequestration in grass-fed beef systems (Stanley
et al., 2018). Although pastoral management systems cannot be
fully compared with grass-fed beef system it is important to
evaluate these systems by taking into account all components
within the system including accounting for SOC change and
carbon sequestration.

Dietary choices can impact GHG emissions due to wide
differences in emission intensity among food sources. For
instance, the carbon footprint of ruminant meat is 3 to 10
times greater than other animal-source foods such as milk, dairy
products, chicken, and 20 to 200 times greater than plant-based
foods such as cereals and pulses (Clark and Tilman, 2017). Thus,
diets composed of plant-based food could potentially reduce food
production related GHG emissions by up to 50% (Poore and
Nemecek, 2018). When the impacts of global population growth
are combined with income-dependent dietary changes, the net
effect would be 80% increase in food production related GHG
emissions by 2050 compared to dietary trend of 2009, however,
food production emissions would show no net increase if by 2050
the global diet became an average of the Vegetarian (combination
of fruits, vegetables, grains, sugars, oils, eggs, and dairy with
a single monthly serving of meat or seafood), Pescetarian
(vegetarian plus seafood) and Mediterranean (Pescetarian plus

modest amount of poultry, pork, lamb and beef) diets (Tilman
and Clark, 2014). While diets composed of processed foods
containing high sugars, fats and carbohydrates might help to
reduce GHG emissions, they will not improve human health
(Tilman and Clark, 2014). Myriad of factors, including acquired
cultural preferences, accessibility, price, and nutritional needs
and knowledge of consumers, influence people’s dietary choices
(Tilman and Clark, 2014). Therefore, dietary solution should
consider the cultural and physical environments in tandem with
human health. Any comparisons between animal- and plant-
source foods also needs to consider the nutritional value of the
products relative to the needs of the consumer. For instance, the
environmental footprint of most animal- and plant-source foods
are similar when comparisons account for the higher biological
value of animal proteins (Tessari et al., 2016). Furthermore,
livestock products produced under managed grazing systems
have the potential to improve soil health, increase carbon
sequestration and reduce water pollution (Derner and Schuman,
2007; Eisler et al., 2014; Teague et al., 2016; Stanley et al.,
2018).

Supply chain (harvest to consumption) food loss including
food waste accounts for roughly 30 to 40% of food loss (Godfray
et al., 2010). The extent of food losses is almost the same
between high, mid and low-income countries. However, in low-
income countries most losses happen on-farm due to poor
storage, distribution, conservation and processing whereas in
high-income countries most food losses happen at the consumer
level due to food waste (Godfray et al., 2010). Most food losses
are avoidable, however, some losses cannot be avoided, such as
those from peeling some fruits and vegetables. Avoiding food
loss can have profound impact on GHG reductions from food
production. Life cycle analysis conducted in the United States
showed that the carbon footprint of milk can be reduced by 23%
through avoiding 12% milk loss at retail or an additional 20%
loss at consumer levels due to cooking loss, spoilage and waste
(Thoma et al., 2013).

Although water scarcity is a regional issue, it needs to be
addressed to meet the future water demand, which is expected
to increase by 50% (UNEP, 2008). Increasing human populations
along with increased water use by the industrial and agricultural
sectors will further expand water scarcity even in places with high
rainfall (Doreau et al., 2012). Although water footprint for the
same livestock product varies widely across production systems,
livestock-induced water scarcity can be avoided by reducing blue
water use (surface plus ground water) (Doreau et al., 2012).
Crop-livestock integration (i.e., feeding crop by-products to
livestock) has been proposed as a potential management practice
to reduce water use for livestock production through water
recycling (van Breugel et al., 2010; Lal, 2020). Improved irrigation
management (e.g., timing and optimizing irrigation through
advanced precision technology), using crops which require
less water (e.g., triticale and sorghum require less irrigation
compared to alfalfa and corn), purchasing feed ingredients
from areas where irrigation is not required, and breeding
crops to increase either biomass yield or drought adaptability
are some of the strategies to reduce water consumption for
livestock products.
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CLIMATE CHANGE ADAPTATION
STRATEGIES

The pastoral industry has been using indigenous plants
and livestock breed/variety/species, which are known to be
most adapted to specific regional climatic conditions and
exposure of other challengers such as disease outbreak, heat
stress, parasite or pest infestation (Provenza, 2008). Local
zebu cattle, for example, have greater heat tolerance and
disease resistance in tropical climatic conditions than exotic
temperate cattle (Johnson, 2018). However, livestock with
greater disease resistance and heat tolerance only may not
sustain livelihoods due to their low productivity and poor
fertility. Thus, breeding strategies have focused on multi-trait
selection aiming to create a climate-smart or climate-adapted
livestock breed or variety along with improved reproductive
and productive efficiency resulting in lower emission intensity.
Similarly, plant breeding needs to improve forage and crop
varieties that are drought tolerant, resistant to pest infestations
and plant diseases, with greater yield and ability to compete
with weed infestations. Traditional breeding strategies that
utilize natural variation might not always be useful or might
take longer to create climate smart livestock and crops.
Modern breeding and selection techniques such as genomic
selection could make the improvement quicker by reducing
generation intervals and allowing traits with low heritability
(e.g., fertility traits in cattle) to be included in the breeding
scheme. New techniques such as CRISPR genome editing could
make much faster progress in livestock and crop varieties
that are adapted to ever changing climate to ensure the
sustenance of the pastoral industry (Derazmahalleh et al., 2019).
However, choice of breeding approaches will depend on multiple
factors such as phenotypic and genotypic information, type
of traits (simple or polygenic) and regulations in the regions
or countries.

Managed and adaptive multi-paddock grazing based beef
system can be a potential sink for carbon rather than a source
of carbon emissions due to sequestration (Stanley et al., 2018).
Although grazing can stimulate soil erosion, lightly grazed
grassland can potentially reduce soil erosion by about 60%
compared to cropland (Yu et al., 2019). The impacts of grazing on
soil erosion and SOC stock depend on regional climatic condition
(e.g., dry warm vs. dry cool, moist warm vs. moist cool), grassland
vegetation type (e.g., C3 or C4 or mixed), and how grazing is
managed (Abdalla et al., 2018). For instance, cover crops can
reduce soil erosion substantially (Teague et al., 2016). High
grazing intensity has greater impact on SOC increment in C4-
than C3-grassland (Abdalla et al., 2018). As an additional benefit,
winter grazing can reduce risk and intensity of wildfire in shrub-
grassland areas relative to un-grazed areas through reducing fuel
load for wildfire (Davies et al., 2016).

Several other forms of regenerative production systems
namely silvopastoral, intercropping and conservation
agricultural systems also have great potential to sequester carbon
(Provenza et al., 2019). Silvopastoral systems, for example, can
enhance soil carbon restoration five times greater than managed

grazing and are resilient against abrupt climatic events (e.g.,
rising temperature, drought) due to presence of grasses, shrubs,
and trees (Dass et al., 2018). Saponins and tannins commonly
found in forbs, shrubs and tree leaves can reduce CH4 and
N2O emissions from ruminant production systems which is
an additional benefit of silvopastoral system (Hristov et al.,
2013). In addition to GHG mitigations, co-benefits of managed
grazing and regenerative agriculture include enhancement of soil
health, biodiversity, water holding capacity of soil and ecosystem
services (Teague et al., 2016; Provenza et al., 2019).

Provenza (2008) mentioned the following strategies to
improve grazing: (1) coupling animal needs with forage
availability, (2) selecting animals that are adapted to local
conditions and landscapes, and (3) creating grazing systems
that simultaneously benefit soils, plants, herbivores and human
beings. Grazing management should also focus drought and
weeds, two serious threats to pastures. Drought can be
managed by carefully managing grazing, reducing carrying
capacity of pasture to 75% less than in normal years, and
slowing grazing rotations (Rinehart, 2008). Weeds can be
managed by multispecies and high-density rotational grazing
(Rinehart, 2008). Increased grazing duration can be more
damaging than higher stocking density which can help to
avoid palatability issue and weed problem in pastures (Rinehart,
2008).

Finally, integrating scientific knowledge gathered by
researchers with the experiences acquired by the herders would
help to manage grazing in better ways through: (1) improving
animal training to utilize pasture properly, (2) maintaining
grazing boundaries, (3) altering temporary forage palatability
scoring made by grazing animals, and (4) stimulating animal
appetite and intake by manipulating meal sequence (Meuret
and Provenza, 2015; Molnár et al., 2020). For example, skilled
herders in France design grazing circuits at a meal scale to
increase appetite and intake, to create synergies among meal
phases, and to increase intake of abundant but less palatable
forages (Meuret and Provenza, 2015). To do so, they partition
landscapes into grazing sectors that are carefully sequenced
within daily circuits. Meals are based on complementarity
blends of terrain and plant communities within and among
sectors, not on particular plants. To do so, herders identify
and ration various sectors into phases of a meal: appetite
stimulator or moderator, first course, booster, second course, and
dessert sectors.

CONCLUSIONS

Climate change and increased food demand pose a serious
threat to the pastoral industry, which has considerable economic,
ecological, and socio-cultural importance. Further population
growth will aggravate the impact of climate change on the
pastoral industry. Climate change is affecting the pastoral
industry through feed and fodder production, productivity and
fertility of livestock, pest and disease outbreak for crops and
livestock, water scarcity for livestock and feed production.
The pastoral industry also impacts climate change negatively
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through emissions of GHG, expansion of pastureland through
deforestation, erosion and degradation of soil, and air and
water quality. Both supply-side (e.g., reducing emission intensity
and improving resource-use efficiency) and demand-side (e.g.,
reducing food demand and food waste, and improving food
access through proper distribution) mitigation strategies are
needed to reduce emissions. In addition to properly managing
animals and pastures, modern breeding and selection techniques,
such as genomic selection, CRISPR genome-editing tools,
should also be used to aid crop and livestock adaptation

to ever changing climate, thus ensuring sustainability of the
pastoral industry.
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