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Abstract Increased atmospheric concentrations of green-
house gases has led to global warming and associated cli-
matic changes. The problem has been aggravated by the
perception that the atmosphere is an infinite and toll-free
resource. The well-known concept proposed by Garrett
Hardin—“The Tragedy of the Commons”—highlights the
misuse of common resources, which ultimately lead to their
depletion. This article emphasizes the relevance of the same
concept to the current climatic changes and highlights the
impact of agriculture on the environment. The specific focus
is on field crop production and livestock husbandry that
have resulted in deteriorating environmental services and
increased greenhouse gas emissions. Meanwhile, the total
amount of energy consumed by these sectors is enormous,
encompassing 11 exajoules (EJ) annually. In addition, the
article highlights possible impacts of climate change on
agricultural productivity. Considering the foreseen growth
of the global human population, it is expected that additional
pressures will aggravate natural environments. Adoption of
recommended management practices is crucial to reverse
the environmental footprint of agriculture and lessen its
impact on climate change. Regarding croplands, these prac-
tices can include reduced tillage systems, crop residue man-
agement, improved management of nutrients and pests,
cover cropping, agroforestry, biochar application as soil
amendment, and utilization of precision agriculture technol-
ogies. In the livestock sector, recommended management
practices include changes in animals’ diet and appropriate
management of manure. Adoption of these practices is also

expected to decrease the on-farm and off-farm energy use.
To encourage the adoption of these practices, authorities
should provide the farmers with incentives, such as pay-
ments for improving environmental services. Also, interna-
tional regulations must be enforced to instigate a notable
shift in human diets with the goal of reducing the environ-
mental impact of food production. Judicious implementation
of related policies would be crucial for promoting the re-
quired links between agricultural production and environ-
mental sustainability.
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1 Introduction

Food production entails high environmental costs because
of large emissions of greenhouse gases from soil, plant, and
livestock (FAO 2006), as well as substantial energy con-
sumption in growing, transporting, processing, and refriger-
ating the food products (Fiala 2009). Some inappropriate
agricultural activities also impose other adverse environ-
mental impacts such as contamination and eutrophication
of terrestrial and aqueous habitats, loss of biodiversity, and
accelerated soil erosion (Lal 2007).

The concept “The Tragedy of the Commons” was initial-
ly proposed by Hardin (1968), to describe the misuse and
overexploitation of common or public resources. Hardin
used this concept specifically to describe the overexploita-
tion of public rangelands. He hypothesized that every herds-
man is rationally pushed to maximize gains by adding
animals to his herd. At a certain stage, the carrying capacity
of the rangeland ecosystem is reached, and every additional
animal leads to overstocking. Yet, the expected revenue for
any herdsman from the addition of animals to his herd is
greater than the expected loss of revenue due to the de-
creased quantity and quality of pasture per animal. This is
because the declined pasture is shared with other herds that
use the same common land. Under these conditions, each
herdsman is locked into a system that compels him/her to
increase the herd without limit, leading to a gradual degra-
dation of the rangeland’s resources. Hardin added that this
concept is also relevant to pollution of common natural
resources, such as the discharge of pollutants into rivers,
other water bodies, or land areas because each producer of
these pollutants perceives this practice as the cheapest way
of their disposal.

Similarly to the misuse of land areas and water bodies,
which stems from their common nature, the increase in
atmospheric concentrations of greenhouse gases also
derives from the perception of the atmosphere as a common
property (Lal 2007). Until the late 1990s, carbon dioxide
(CO2) produced by burning of fossil or woody fuels was
considered valueless, and the cheapest mode of its disposal
was simply to let it be emitted into the atmosphere. In the
same manner, the oxidation of soil organic carbon (SOC),
caused by the conversion of natural ecosystems to cultivated
lands, was not restricted and was considered as a legitimate
environmental cost of agricultural production. As long as
the emission of greenhouse gases is free of any costs, the
economic rationale of the relevant sectors is to increase
industrial or agricultural production with the associated
increased emissions of CO2. Likewise, emissions of the
potent greenhouse gas methane (CH4), derived from rumi-
nant husbandry and cultivation of rice (Oryza sativa L.)
paddies, as well of nitrous oxide (N2O) from a range of
industrial processes and fertilizers used in croplands, are

expected to increase (Stavi and Lal 2012). The global warm-
ing potential of CH4 and N2O over 100 years, being, re-
spectively, 21 and 310 times larger than that of CO2 (IPCC
2007), further highlights the environmental impact of agri-
culture on global warming. Similar to the unidirectional
shift of common rangelands’ resources to extreme degrada-
tion (Hardin 1968), emissions of greenhouse gases associ-
ated with agricultural activities are expected to continue to
increase, exacerbating the risk of climatic change (FAO
2006).

Unless new technologies and prudent changes in life-
styles are adopted globally over the coming decades, the
projected increases in global energy and food consumption
will greatly elevate atmospheric abundance of greenhouse
gases from fossil fuel combustion, land clearing, cement
manufacturing, etc. and will cause biodiversity loss from
habitat destruction and climate change (Tilman et al. 2009).
Yet, as is already known for other environmental-related
issues, desired changes in behavior and attitudes of individ-
uals cannot rely solely on their own will and therefore
should be encouraged through regulations and policy incen-
tives (Meyerson 1998). Also, the projected increase in af-
fluence of several emerging economies (Delgado 2003)
must lead to adoption of advanced procedures and technol-
ogies aimed at increasing efficiency of food production. In
accord with judicious economic investments within house-
holds, cooperatives, and commercial companies, redistribu-
tion of resources must be undertaken on national and
international levels, aimed at encouraging the adoption of
sustainable practices and reduction of emissions from agri-
cultural activities.

2 Cropland intensification and climate change

Land converted to agriculture to meet global food demand
comes from forests, grasslands, and other natural habitats
(Tilman et al. 2001). The expansion of cultivated lands and
the intensification of agriculture have led to the release of
enormous amounts of greenhouse gases. One of the major
contributors of CO2 emissions from agricultural lands is soil
tillage (Fig. 1), leading to oxidation of SOC. Of the total
SOC, the particulate organic C (POC 50 to 2,000 μm) is
highly labile and most vulnerable to decomposition. Also,
tillage results in breakdown of macro-aggregates, accelerat-
ing oxidation rates of the formerly protected SOC (Six et al.
2000). The decreased SOC pool results in the reduction of
the physical and chemical quality of the soil, decreasing its
fertility and productive capacity (Stavi et al. 2011). Most
agricultural soils have lost between 30 and 75 % of their
original SOC pool, or about 30–40 Mg C ha−1 (Lal et al.
2007). Tillage may also increase emissions of N2O from
soil. The rate of N2O emissions is related to the soil’s
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moisture, temperature, and nitrate (NO3) concentration
(Perdomo et al. 2009). Manuring is another major source
of CO2 emissions, caused by the enhanced microbial activ-
ity (Matsumoto et al. 2008). Decomposition rates of manure
could be decreased if retained on the soil surface. However,
this practice may enhance its susceptibility to water erosion,
leading to undesired nutrient enrichment in downstream
water bodies (Franzluebbers et al. 2007). Yet, this practice
may be valuable for flat terrains, where rainstorms do not
result in an excessive water runoff. Application of nitrogen
(N)-based fertilizers is a key determinant of N2O emissions,
as excess N not absorbed by the plants is subject to gaseous
emissions (Smith et al. 2008). These emissions are attributed
to the processes of nitrification: the aerobic microbial oxi-
dation of ammonium (NH4) to nitrate; as well as to denitri-
fication: the anaerobic microbial reduction of nitrate to
dinitrogen (N2). In addition, excess fertilizers are susceptible
to runoff or to deep leaching, resulting in contamination and
eutrophication of above- or below-ground water sources
(DeAngelo et al. 2006) and anoxia of coastal ecosystems
(Committee on Environment and Natural Resources 2010).

Besides direct effects of agricultural intensification on
greenhouse gas emissions, it also indirectly affects the C
cycle by altering soil’s erodibility. Excessive tillage reduces
stability of soil structure, decreases infiltrability of water,
and lessens hydraulic conductivity of the soil (Moebius-
Clune et al. 2008). At the same time, incorporation of crop
residues into the soil increases raindrop splash impact and
enhances aggregate slaking and dispersion (Lal 2003).
These processes result in the increased erodibility of the soil
and also affect SOC dynamics. Fate of SOC transported by
erosional processes is debatable and probably affected by
site-specific conditions. While some studies have reported
long-term burying of eroded SOC in terrestrial depositional

sites or aquatic bodies (Van Oost et al. 2007; Harden et al.
2008), others have indicated that erosional processes in-
crease breakdown of aggregates and oxidation of SOC
(Stavi and Lal 2011a, b). One way or another, the decreased
SOC pool in the surface layer reduces microbial activity and
nutrient turnover, weakens formation and stability of soil
structure, and lowers availability of water for vegetation,
thereby lessening agronomic productivity and crop yields
(Lal 2003).

Traditional paddy rice production is one of the largest
sources of global greenhouse gases, especially that of N2O
and CH4 (DeAngelo et al. 2006; Fig. 2). In flooded rice
paddies, N2O and CH4 are produced through numerous
microbial processes. For example, N2O is generated from
denitrification of nitrate derived from N fertilizers. This
process also results in enormous N losses and low N fertil-
izer use efficiency (Kögel-Knabner et al. 2010). The rate of
N2O emission increases with increase in temperatures
(Smith et al. 2003). Production of CH4 can occur in the
rhizosphere, driven by root exudates, as well as during litter
degradation in the bulk soil (Kögel-Knabner et al. 2010).
Emission rates of N2O and CH4 from paddies depend on soil
type, climate, water management regime, fertilizer use, and
rice cultivar (DeAngelo et al. 2006).

Besides the impact of land use and management, a major
agricultural component that affects global warming is the
energy use in croplands including agrochemicals and tillage
operations which consume large amounts of fossil fuel (Lal
2004; Huggins and Reganold 2008). Nelson et al. (2009)
examined the energy utilization and greenhouse gas emis-
sions from the most widespread crops in the USA, including
wheat (Triticum aestivum L.), barley (Hordeum vulgare L.),
corn (Zea mays L.), soybean (Glycine max L.), cotton
(Gossypium herbaceum L.), hay, oat (Avena sativa L.),
sorghum (Sorghum bicolor L.), and rice. They estimated that
overall on-farm energy use and CO2 emissions range from 1.6
to 7.9 GJ ha−1 year−1 and from 23 to 176 kg C ha−1 year−1,

Fig. 1 Continuous corn cropping under intensive tillage system, east-
ern Ohio, Midwest USA. Note the mechanical crust covering the soil
surface. Photographed by I. Stavi

Fig. 2 Paddy rice planting, western Uzbekistan. Photographed by I.
Stavi
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respectively. In addition, agricultural production accounts for
off-farm emissions related to the manufacture and trans-
port of fertilizers, herbicides, and pesticides. Nelson and
colleagues calculated that in the USA’s croplands, total
(the sum of on-farm and off-farm) energy use and CO2

emissions range from 5.5 to 20.5 GJ ha−1 year−1 and
from 91 to 365 kg C ha−1 year−1, respectively. Also,
irrigation of croplands is associated with both off-farm
and on-farm emissions. Lal (2004) calculated that C
emissions related with installation of a range of irriga-
tion systems vary between ∼10 and ∼120 kg C equiv-
alent (CE)ha−1 year−1. Several studies that examined the
use of energy and fuel and the emissions of greenhouse
gases in relation to cropland systems are presented in Table 1.
These studies reveal wide ranges of energy and fuel consump-
tion rates and greenhouse gas emissions involved with crop-
lands activities, including tillage operations, nutrient
management, and pest and weed control. Of these studies,
especially noteworthy is that by Hoeppner et al. (2006), who
revealed the large share of energy investments in fertilizers
and pesticides, encompassing between 43 and 51 % and
between 7 and 10 %, respectively, of total (off-farm and on-
farm) energy use in croplands systems. Yet, in regard with on-
farm fuel use, it is acknowledged that advances in agricultural
technologies along the temporal axis improve fuel efficiency
and, thereby, considerably reducing emissions of greenhouse
gases from farming activities (Schneider and Smith 2009).
Nevertheless, the yearly 11 EJ of the world’s energy consump-
tion in agriculture is expected to increase between 0.8 and
2.9 % annually between the years of 2000 and 2030 (Price et
al. 2006).

Globally, about 1.6 billion ha of land is currently used for
crop production, of which almost 1 billion ha is in develop-
ing countries. During the last 30 years, the world’s cropland
area has expanded by ∼5 million ha annually, with Latin
America alone accounting for 35 % of this increase. The
potential for arable land expansion exists predominately in
Latin America and Africa. At the same time, there is rela-
tively little scope for arable land expansion in Asia, which is
home to ∼60 % of the world’s population (OFID 2009). On
a global scale, agricultural lands account for about 25 % of
the CO2, 50 % of the CH4, and 70 % of the N2O anthropo-
genic emissions (Hutchinson et al. 2007). Together with
ozone-depleting chlorofluorocarbons, these types of gases
account for approximately 96 % of the increase in radiative
forcing due to long-lived greenhouse gases that has occurred
since 1750. From 1990 to 2009, radiative forcing by all
gases increased by 27.5 %, with CO2 accounting for nearly
85 % of this increase (WMO 2010). In addition to global
warming, the expansion of agriculture is a major driver of
global environmental change. By 2050, global cropland
would increase by a net of 3.5×108 ha. This would be
accompanied by 2.4- to 2.7-fold increases in pesticide and

fertilizer use and would lead to contamination of habitats
and eutrophication of water sources. An additional 5.4×
108 ha would be converted to pasturelands. This would
cause unprecedented simplification of ecosystems, loss of
environmental services, extinction of species, and harm to
human health (Tilman et al. 2001).

3 The livestock sector

Livestock husbandry is a major anthropogenic contributor
of climate change. Emissions of greenhouse gases from
grazing lands occur in a variety of ways. First, conversion
of natural ecosystems to grazing lands decreases the sys-
tem’s C pools in plant biomass (Kauffman et al. 2003;
Fig. 3) and soil profile (de Jong et al. 2010). Second,
utilization of paddocks results in emissions of greenhouse
gases. Overall, it could be stated that higher stocking rates
decrease C pools in vegetation and soil and increase emis-
sions of CH4 from enteric fermentation in ruminants.
Utilizing N-fertilizer for increasing net primary productivity,
despite increasing the paddock-C pool, also augments emis-
sions of N2O from soil (Allard et al. 2007). Also, raising
livestock requires a large amount of supplemental feed per
unit of body weight. Production of the feed itself results in
the emission of greenhouse gases related to its growing,
such as those from agricultural machinery work and fertil-
izer use. In addition, farms for raising animals produce
numerous wastes that lead to greenhouse gas emissions
(Fiala 2009). The current production systems for meat prod-
ucts account for between 15 and 24 % of the global anthro-
pogenic emissions of greenhouse gases (Fiala 2008), a share
larger than global emissions from waste disposal (3 %),
manufacturing (7 %), residential (10 %), and transportation
(14 %) (Fiala 2009).

Feed production for livestock has been based mainly on
grains and, to a smaller extent, on oilseeds and hay. The
global feed use of cereals is over 650 Tg, or 35 % of the
world’s total cereal use (FAO 2006), and the worldwide
production of cereals for feed will be expanded by an
additional 295 Tg year−1 by 2020, compared to the 1996/
1998 annual average. Developing countries accounted for
36 % of global cereal feed use in 1996/1998 but are pro-
jected to account for 46 % in 2020. Yet, on a human per
capita basis, averaged cereal feed use in 2020 in developed
countries is projected to be 375 kg, compared to only 72 kg
in developing countries (Delgado 2003).

Global consumption of meat has been increasing tremen-
dously and is likely to continue to do so into the future
(Fiala 2008). However, in many developing countries,
where the need to increase protein consumption is the great-
est, meat consumption has been far below the standard
requirements. There are 26 developing countries with an
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average annual consumption of meat under 10 kg per capita
and 30 additional developing countries with an average of
between 10 and 20 kg, as compared to an average of 90 kg
in industrial countries. Yet, the annual growth rate in meat
consumption has grown at 6 % in the developing world
(Delgado 2003). This is because per capita consumption
has been growing continuously in some emerging econo-
mies, such as China and Brazil (FAO 2006), leading to a
much faster total growth rate in the developing than in the
developed world (Delgado 2003). Therefore, average meat
consumption in developing countries is projected to grow by
106 Tg between the late 1990s and 2020, whereas the
corresponding figure for developed countries is only 19 Tg
(Delgado 2003). Yet, in 2050, average yearly per capita
meat consumption is projected at 103 kg in developed
countries and at only 44 kg in developing countries
(Garnett 2009).

Global milk consumption has also increased tremendous-
ly during the last decades. Since the 1980s, consumption has
increased at an annual rate of 4 % in the developing world.
Yet, during the late 1990s, average per capita annual milk
consumption in developing countries was 44 kg, which was
only about one fifth of that in developed countries.
Projections for global milk consumptions vary between no
or small change (FAO 2006) and a sharp increase, mainly
due to the greater demands in some developing countries
(Delgado 2003). Projection of averaged increased milk con-
sumption between the late 1990s and 2020 in the developing
world is 177 Tg of liquid milk equivalent (LME), compared
to 32 Tg LME in the developed world (Delgado 2003). Yet,
average yearly per capita milk consumption in 2050 is
projected at 227 kg in the developed world, compared to
only 78 kg in the developing world (Garnett 2009).

Intensive livestock operations on an industrial scale,
mostly in developed countries but increasingly also in de-
veloping countries (Fig. 4), are a major source of environ-
mental concerns (FAO 2006). These operations, despite

revealing higher economic viability and emitting fewer
greenhouse gases than non-concentrated systems, have a
severe impact on global warming. Under these systems, beef
production emits the greatest amount of greenhouse gases,
with 14.8 kg CO2 equivalent (CO2-e)kg

−1. This is due in
part to the CH4 emissions from cows. Pork has a much
lower impact, with 3.8 kg CO2-e kg−1, and chicken is the
least, with 1.1 kg CO2-e kg

−1. Among the other factors, the
amount of energy input for production of unit products is of
special importance, with unit weight of pork products using
1/3 as much fossil fuel as beef and chicken using about 1/8 of
beef (Fiala 2008). Fiala projected that global emissions of
greenhouse gases from the production of chicken, pork, and
beef will reach, respectively, 121, 509, and 1,077 Tg CO2-e in
2020 and 142, 586, and 1,164 Tg CO2-e in 2030. The data in
Table 2 provide details on emissions of greenhouse gases from
several systems of beef and milk production. Despite a wide
range of scopes and a broad variability in occupied procedures
for monitoring and calculation, resulting in varied outcomes,
there is an overall consensus that the major sources of green-
house gases in this sector are related to field operations for
growing feed, enteric fermentation, and manure storing and
treatment. Also, Naylor et al. (2005) stressed that in addition
to greenhouse gases, industrial livestock operations also
require large amounts of water especially for feed pro-
duction and that water quality is reduced through the
release of nutrients, pathogens, antibiotics, and other
chemicals via return flows.

The energy requirements and greenhouse gas emissions in
production of animal source foods (ASF) are much greater
than in production of other food products, including grains,
vegetables, and fruits. For example, Fiala (2009) studied the
impact of several food products on greenhouse gases and
found that emissions from production of potatoes, apples,
and asparagus are 0.12, 0.14, and 0.18 kg CO2-e kg

−1, respec-
tively, compared to 0.49, 1.72, and 6.71 kg CO2-e kg−1 for
chicken, pork, and beef, respectively. This corresponds to the

Fig. 3 Extensive livestock grazing, central Uzbekistan. Note the
sparse vegetation cover. Photographed by I. Stavi

Fig. 4 Bull fattening in an intensive livestock operation system, west-
ern Tajikistan. Photographed by I. Stavi
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feed conversion ratio, calculated as the proportion between
consumed cereal weight and animal weight, which was
reported as 1.7, 2.43, and 5–10 for chicken, pork, and beef,
respectively (Garnett 2009). Protein delivery efficiency was
reported to be of 4.4, 7.3, and 7.0 g protein MJ−1 of energy
invested for beef, pork, and chicken, respectively. Protein
delivery efficiency of eggs and milk was calculated as 9 and
11, respectively. Much greater protein delivery efficiency was
reported for cereals—8 to 57 g protein MJ−1 and for legumes
—41 to 77 g proteinMJ−1. However, for vegetables and fruits,
protein delivery efficiency ranged between 2.6–15 and 0.7–
2.7 g protein MJ−1, respectively (González et al. 2011).

4 Climate change impact on agricultural productivity

Assessing the impact of climate change on agricultural
productivity is a challenging task as the influences of non-
climate factors, mainly advances in agronomy and soil man-
agement technologies, are also involved (Rosenzweig et al.
2007). Moreover, some climatic factors have contradictory
effects on agricultural production. For example, the higher
atmospheric CO2 concentrations are expected to have a
positive impact on crops, known as the CO2 Fertilization
Effect. This is because plants respond to elevated CO2 by
partially closing their stomata, which reduces transpiration
loss and increases water-use efficiency (Bindi and Howden
2008). However, the magnitude of this effect is less clear,
with differences depending on management practices and
crop type (Long et al. 2004). For example, the positive
effect on photosynthesis is more relevant for C3 than for
C4 plants that have a more efficient photosynthetic pathway
under current atmospheric CO2 concentrations (Bindi and
Howden 2008). Large-scale experimentations have revealed
that under optimal growth conditions, elevated CO2 concen-
tration of 550 ppm can increase yields by 10–20 % for C3

crops such as wheat, rice, and soybean, compared with only
0–10 % for C4 crops such as corn and sorghum (Ainsworth
et al. 2004; Long et al. 2004). Also, reduced stomatal
conductance under higher CO2 conditions may have impli-
cations for heat stress as leaf temperature rises with reduced
transpiration (Vadez et al. 2012).

In addition to CO2, climate change directly impacts agri-
cultural productivity through increase in temperature. In
humid temperate latitudes, higher temperatures are expected
to benefit agricultural production by expanding areas poten-
tially suitable for croplands, as well as by extending length
of the growing season (Rosenzweig et al. 2007). At the same
time, the expected high frequency of heavy rain storms in
these regions could increase the rate and magnitude of
floods and erosional processes (WMO 2011). Also, despite
the favorable impact of temperature rise on crop production
capacity in these regions, it may also increase infestation of

pests and diseases, augmenting potential damages to crops
(Rosenzweig et al. 2007). For example, a survey to assess
winter mortality of rice bugs and fruit bugs in Japan
revealed that every 1 °C rise in mean winter temperature
resulted in a reduction of ∼15 % in mortality of the pests
Nezara viridula and Halyomorpha halys in locations
where the mean winter temperature ranges from 2 to
6 °C (Kiritani 2007). The projected climate change can
affect plant pathosystems at various levels, namely from
genes to populations and from ecosystem to distribu-
tional ranges. Furthermore, climate changes may also
have a profound effect on geographical distribution of host
and pathogens, physiology of host–pathogen interactions, rate
of development of pathogens, transmission and dispersal of
pathogens, and emergence of new diseases (Vadez et al.
2012).

In Mediterranean and semi-arid regions, the expected
increased frequency of extreme warm episodes and droughts
(WMO 2011) will considerably increase moisture loss
through evapotranspiration, thereby decreasing the water-
use efficiency. This is in part due to the higher vapor
pressure deficit conditions, which will impose high plant–
atmosphere pressure gradients and drive water out of the
leaves at a faster rate, leading to more rapid depletion of the
soil moisture. Temperature rise in these regions could, there-
fore, trigger modifications in crop phenology: the higher
temperatures are expected to precede the onset of flowering,
while reducing the length of the growing period due to the
increased evapotranspiration (Vadez et al. 2012). At the
same time, increased frequency of extreme rain storms in
some of these regions may increase their vulnerability to
devastating erosional processes (Cudennec et al. 2007;
Fig. 5). In the African tropics and subtropics, projected
magnitude of rainfall changes for 2050 is small in most

Fig. 5 Extensive soil erosion from croplands following extreme rain
showers, northern Israel. Photographed by I. Stavi
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areas but may increase up to 20 % of 1961–1990 baseline
values in some regions. In addition, climate change will
have strong harmful impacts on agricultural productivity,
even with only a small increase in average temperature.
Overall, warming and shifts in precipitation regimes are
projected to decrease crop yields over a wide range in the
next decades throughout most of the tropical and sub-
tropical African regions, ranging between a 3 % drop to
almost total failure. Yet, in some of these African regions,
climatic changes may increase crop yields to a rate of
between 3 and 16 % (Challinor et al. 2007).

The impact of global warming on SOC dynamics is also
an issue of global importance. In a synthesis study that
analyzed data obtained from 1989 through 2008, Bond-
Lamberty and Thomson (2010) reported that detritivore
respiration is highly correlated with an increase in temper-
atures. However, they concluded that the increased respira-
tion rate is not necessarily induced directly by climate
change but rather by higher inputs of organic C to soil. In
a study on the impact of 5 °C rise on soil microbial activity,
Allison et al. (2010) reported that despite an initial increase
in respiration rate, it declined back to the initial level within
a few years. Allison and colleagues attributed this response
to modifications in detritivore physiological characteristics
with increasing temperature, such as a decline in the fraction
of assimilated C that is allocated to growth. The reduced C-
use efficiency limited the microbial biomass, thus mitigating
decomposition rates of SOC. Yet, Allison and colleagues
added that microbial adaptation or a change in detritivore
communities could lead to improved C use efficiency, coun-
teracting the decrease in microbial biomass and increasing
the rates of SOC decomposition.

In addition to the impact on agroecosystems, climate
changes also substantially alter some semi-natural eco-
systems. Such alterations may impact the global live-
stock sector due to decreased availability of feed and
pastures (Thornton and Gerber 2010). Also, climate
change may have significant impacts on the emergence,
spread, and distribution of livestock diseases because
higher temperatures may increase the rate of develop-
ment of pathogens and parasites through several path-
ways: first, by affecting hosts, such as shifts in disease
distribution that may impact susceptible animal popula-
tions; second, by affecting vectors, such as changes in
rainfall and temperature regimes that can impact distri-
bution and abundance of diseases; and third, by affecting
epidemiology, such as altered transmission rates between
hosts (Randolph 2008). Because of these impacts, vul-
nerability of households dependent on livestock is likely
to increase substantially, with concomitant exacerbated
poverty and inequity. This is particularly relevant in
relatively dry areas of developing countries (Thornton
et al. 2009).

5 Management, policy, and regulations

The interrelations among agricultural production, environ-
mental sustainability, and economic viability of low-income
populations throughout the world need a more prominent
position in future discussions on global changes (Ziesemer
2007). The rising prices of fuels and fertilizers increased the
world food prices by ∼140 % between 2002 and 2007. In
2007, the number of malnourished people in the world
totaled ∼923 million. The food price crisis in 2008 added
another 100 million to the world’s malnourished (OFID
2009). Yet, since the late 1990s, the increased economic
power of some populations in the developing world raised
the pressure on the globe’s natural resources (Delgado
2003).

It is indeed the misconception of the atmosphere as an
infinite and toll-free resource which has led to enormous
anthropogenic emissions of greenhouse gases, aggravating
global warming and exacerbating environmental change.
The projected growth of human population to between 8.1
and 10.6 billion by 2050 (UN 2011) is expected to consid-
erably exacerbate greenhouse gas emissions and increase the
pressure on natural resources. Therefore, one of the main
challenges for national and international policy makers is to
increase food security while reducing emissions of green-
house gases and decreasing the total environmental footprint
of agriculture. However, it seems that unless global demand
for food is decreased, the conversion of uncultivated land to
arable lands and grazing lands will continue and agricultural
practices will become more intensive. Therefore, consider-
able efforts should be directed at encouraging the relevant
sectors to adopt conservation farming practices, aimed at
increasing efficiency and decreasing emissions of green-
house gases related with agricultural production, while re-
covering environmental services.

In croplands, the required modifications could be imple-
mented through several conservation means such as reduced
tillage or no-till (NT) systems (Fig. 6). The energy use under
NT systems requires 50 to 80 % less fuel than that under
intensive tillage systems (Huggins and Reganold 2008).
While emissions of greenhouse gases for seedbed prepara-
tion are ∼35 kg CE ha−1 for intensive tillage, they encom-
pass only ∼8 kg CE ha−1 for reduced tillage and
∼6 kg CE ha−1 for NT (Lal 2004). Also, NT reduces total
costs, as work force can be reduced by 30 to 50 % under
these systems compared to intensive tillage systems
(Huggins and Reganold 2008). In addition, NT reduces the
adverse impacts of tillage by increasing the soil macro-
aggregation processes and lessening of SOC oxidation.
The increased SOC concentration enhances microbial pro-
ductivity, improves soil fertility, and decreases its erodibility
(Lal et al. 2004). Other means include improved nutrient
management and integrated pest management, which
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decrease agricultural inputs and reduce off-farm and on-
farm emissions of greenhouse gases (Lal 2009).
Conversion from inorganic to organic farming could reduce
total (combined off-farm and on-farm) energy input, as
organic agriculture uses between 30 and 50 % less fossil
fuel-based inputs (Ziesemer 2007). Also, despite 30 %
smaller energy output under organic systems, their energy-
use efficiency could be up to 40 % greater than that under
inorganic systems (Hoeppner et al. 2006). Yet, the lower
crop yields with organic farming would necessitate bringing
more land under cultivation. Also, an economic burden in
wide adoption of organic farming relates to the high input of
on-farm human labor that requires a 30 to 35 % increase as
opposed to inorganic farming (Ziesemer 2007). In addition,
over reliance on tillage for weed control increases risk of
soil erosion (Hoeppner et al. 2006) and augments oxidation
of SOC.

A specific management practice for improving soil qual-
ity and productive capacity could be the utilization of bio-
char—the solid by-product of the C-negative pyrolysis
process for production of bio-energy from biomass—as a
soil amendment. This management practice was reported to
increase the recalcitrant fraction of SOC and decrease emis-
sions of greenhouse gases from soil (Lee et al. 2010). At the
same time, biochar application amplifies the soil’s cation
exchange capacity and retention of nutrients, augmenting
their availability for plants (Laird et al. 2010). Another
option is the combining of trees with field crops under
agro-forestry systems (Fig. 7). That would further boost C
sequestration capacity of agriculture (Stavi and Lal 2012)
and at the same time provide variety of products from a land
unit, augment fertilizer efficiency, and improve natural pest
control (Nair et al. 2010). Also, wise adoption of precision
agriculture’s technologies would considerably increase

efficiency and would, therefore, reduce inputs of fuel, fer-
tilizer, herbicides, and pesticides and minimize the environ-
mental footprint of farmlands (Bongiovanni and
Lowenberg-Deboer 2004). Overall, the implementation of
conservation practices, entitled best management practices
(BMPs), is expected to decrease emissions of greenhouse
gases, minimizing the impact of agriculture on climate
change (Soil Conservation Council of Canada 2003). In
order to be effective in mitigating the adverse environmental
impact of agriculture, BMPs should be implemented con-
cordantly with increasing energy efficiency in farming
systems.

However, since the advantages for individuals from such
modifications being obscure in some cases, it seems unlike-
ly that behavioral changes can happen voluntarily.
Therefore, motivation should be reinforced through national
and international regulations and active policy tools, aimed
at providing economic incentives for reducing the environ-
mental footprint of agriculture. An efficient mechanism
could be initiated through payments for improving ecosys-
tem services (FAO 2007). Of these, the most relevant is
decreasing greenhouse gas emissions. Popp et al. (2010)
emphasized that putting a price on greenhouse gas emis-
sions via a tax or emission trading scheme is an economi-
cally sound strategy for addressing the adverse externalities
of greenhouse gases. Additional services include maintain-
ing quality of water sources, soil erosion control, and bio-
diversity conservation. Yet, key challenges in implementing
this approach include creating a mechanism for valuing a
service and identifying how additional amounts of that
service can be provided most cost-effectively. Also, payments
are only one of the potential tools for improving environmen-
tal services. Others include information provision, policy
reforms to reduce market distortions, command-and-control

Fig. 6 Continuous corn cropping under no-till system, eastern Ohio,
Midwest USA. Note the corn residues of the previous year covering the
soil surface. Photographed by I. Stavi

Fig. 7 Agroforestry system, comprised of apricot (Prunus armeniaca)
trees in the outer rows and apple (Malus domestica) trees in the central
row, with alfalfa (Medicago sativa) as an intercrop. Photographed in
western Tajikistan by I. Stavi
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regulations, and taxation (FAO 2007). In addition, future
research and development should be aimed at providing the
basis for energy-reducing technologies, as well as policies that
prioritize energy efficiency in all stages of food production
(Ziesemer 2007).

An especially noteworthy alternative for providing a
replacement for fossil fuels is the emerging sector of bio-
energy and biofuels. Because of an enthusiastic global re-
sponse, it is pertinent to highlight several associated
concerns that are related to environmental sustainability
and global food security. Biofuels are being considered for
the aim of addressing the challenges of climate change,
energy security, and rural development. The interest in bio-
fuels has been accelerated by governmental policies and
support measures, such as time-bound targets for biofuels
consumption. Commercial agriculture has embraced this
opportunity of assured long-term governmental support
and responded with investments to increase production for
meeting the market demand for biofuel feedstocks. This has
resulted in increased market prices of current first-
generation biofuels feedstocks that are also important food
and feed crops, including sugar cane (Saccharum spp.),
corn, cassava (Manihot esculenta), rapeseed (Brassica
napus L.), oil palm (Elaeis spp.), and soybean. Among the
non-edible first-generation biofuels, jatropha (Jatropha
spp.) is of special importance. Among second-generation
biofuels, different woody and herbaceous lignocellulosic
feedstocks are considered as commercial crops. The current
share of ∼1.5 % of biofuels in the total fuel consumption for
transportation is expected to increase by 2020 to 6 and 8 %
in the developing and developed world, respectively. The
corresponding shares by 2030 are expected to increase to
8 and 12 %, respectively (OFID 2009). However, the rapid
evolvement of the bioenergy sector has resulted in numer-
ous environmental and socioeconomic challenges. First, in
order to become environmentally justified, biofuels must be
produced with lower life-cycle greenhouse gas emissions
than fossil fuels (Tilman et al. 2009). Calculations of the
emission of greenhouse gases must include emissions dur-
ing all stages, including the production and transportation of
feedstocks, conversion of feedstocks to biofuels, distribu-
tion of biofuels to end users, and final use (OFID 2009). A
recent report by OFID (2009) showed that net greenhouse
gas savings through biofuels can only be expected 30 to
50 years after land-use conversion. Over shorter periods, net
greenhouse gas balances are dominated by C debts due to
direct and indirect impacts of land-use changes. Fargione et
al. (2008) showed that clearing of forests, savannas, grass-
lands, or peatlands releases 17 to 420 times more CO2 than
the annual greenhouse gas reductions that biofuels grown on
these lands would provide by displacing fossil fuels.
Another major challenge is that the massive conversion of
lands from food production to biofuels decreases world’s

food supply and accelerates an increase in food prices
(OFID 2009; Biello 2011).

Therefore, public regulations should ensure that biofuels
receive policy support as substitutes for fossil energy only
when they optimize several benefits, including real energy
gains and greenhouse gas reductions and assure the preser-
vation of biodiversity and sustaining of food security
(Tilman et al. 2009). For example, corn ethanol, so far the
only biofuel to reach commercial scale in the USA, has
proved many times to be C-positive (Fargione et al. 2008;
Biello 2011), doubling greenhouse gases over 30 years after
land clearing and increasing emissions for additional
∼130 years (Searchinger et al. 2008). In production of corn
ethanol, a great deal of energy is required to distill the
ethanol from the blend of water and yeast in which it has
been fermented. The energy for this process is typically
supplied by burning fossil fuels such as natural gas or coal
that cost money as well. In addition to this, a gallon of
ethanol produces only two thirds of the energy produced
by a gallon of gasoline. Therefore, corn ethanol may never
compete in price with gasoline without subsidies (Biello
2011). Even the perennial switchgrass (Panicum virgatum
L.), if grown on lands previously planted with corn,
increases emissions by 50 % over 30 years after land-use
change (Searchinger et al. 2008). As opposed to these,
perennial grasses grown on degraded or abandoned lands
could be C-neutral and even C-negative (Fargione et al.
2008). Specifically, mixtures of native perennial grasses
grown on degraded lands and which require almost no
fertilizer and no herbicides at all proved to be highly effi-
cient, producing up to ∼240 % more biomass than mono-
culture crops and with an energy gain of approximately
three times that of corn ethanol and switchgrass. Under such
scenarios, these grasses would not compete with food pro-
duction (Tilman et al. 2006) and could be considered legit-
imate candidate for support. Moreover, if managed properly,
use of such lands for perennial grasses would restore wild-
life habitat, improve water quality, and sequester C in soil
(Tilman et al. 2006, 2009).

As regards ASF, despite the fact that their consump-
tion rates in developing countries have increased from
rather low levels of the past, they still have a long way
to go before approaching the averages in developed
countries. Nevertheless, in many cases, these dietary
changes have created serious environmental challenges.
For example, the projected increase in livestock produc-
tion will require annual feed consumption of cereals to
rise tremendously and especially so in the developing
world. To some extent, this is attributed to the incomes
and nutrition of millions of poor people in developing
countries that have been improving considerably. It was
shown that the per capita consumption of ASF is increasing
at the fastest rate in regions where urbanization and rapid
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income growth are also happening. For instance, in East and
Southeast Asia—where income grew at 4–8 % annually be-
tween the early 1980s and 1998, population at 2–3 % annual-
ly, and urbanization at 4–6 % annually—meat consumption
grew between 4−8 % annually (Delgado 2003). The adverse
impact of livestock on global warming could be mitigated
through several pathways. First, wise implementation of the
BMPs would decrease emissions of greenhouse gases related
to feed production. Second, changes in animals’ diet could
considerably reduce direct emissions from livestock. For ex-
ample, about 50 % reduction of CH4 emission from cattle
could be achieved by grazing in high quality rather than
in low-quality pastures. Also, adding as little as 25 %
legumes to forage would further reduce CH4 emissions
(Soil Conservation Council of Canada 2003). Another
potential pathway is through utilizing CH4-capturing
systems and using the CH4 to generate electricity. However,
these systems are still too costly to be commercially viable
(Fiala 2009). Also, there are some management options to
minimize emissions of greenhouse gases from animal wastes.
For example, the use of covers in liquid manures may reduce
up to 95 % of CH4 emissions. Other waste treatments include
managing pH, shortening storage time, and choosing the best
timing for application in croplands, further reducing emissions
of greenhouse gases (Soil Conservation Council of Canada
2003).

Similarly to the croplands sector, the meat sector also
requires significant regulations. These are needed in order to
make the necessary link between livestock production and
its related environmental footprint. Currently, trade in meat
products obscures the environmental cost of livestock pro-
duction, particularly for meat importers. The importers pay
for the direct costs of production and transportation, but do
not pay for the external environmental costs, such as de-
graded water quality, biodiversity loss, and emissions of
greenhouse gases (Naylor et al. 2005). Concordantly with
such regulations, publicity and educational efforts on na-
tional and international levels should be directed at generat-
ing positive public opinion, aimed at reducing meat
consumption. A recent modeling study showed that a global
dietary change toward a low meat consumption could lead
to the abandonment of up to 2,700 Mha of pasture and
100 Mha of cropland, resulting in a large C uptake from
regrowth of vegetation and reducing mitigation costs to
achieve a 450 ppm CO2-e (Stehfest et al. 2009). This would
help in fulfilling the long-term climate target adopted by the
United Nations of limiting temperature increase to less than
2 °C compared to pre-industrial levels with a chance of
∼50 % (based on probability distribution functions for cli-
mate sensitivity) (IPCC 2007). Another study modeled sev-
eral dietary change scenarios and revealed that a drastic
decadal reduction in global demand for meat products by
25 % would lead to a total decrease of non-CO2 emissions in

2055 by 51 % compared to the 1995 baseline (Popp et al.
2010). However, similar to the required modifications in
crop production systems, the good will of individuals may
not be enough to generate the desired dietary changes,
preventing the wide adoption of low-meat diets. In this
regard, Naylor et al. (2005) proposed that a recoupling
mechanism of crop and livestock systems needs to be imple-
mented through pricing and other policy tools that reflect
costs of resource use and environmental abuse. Such a
mechanism could be perceived as a legitimate environmen-
tal tax and would be expected to reduce consumption of
meat products and to lower the environmental footprint of
livestock systems. Yet, it is hereby stressed that such tools
should be well managed in order to prevent an increase in
inequality between wealthy populations and those which are
impoverished and already prone to malnutrition. For that
reason, such mechanisms need to be operated and effective-
ly controlled through national and international policies in
order to regulate meat consumption among numerous socio-
economic groups around the world. The collected tax then
could be allocated for projects aimed at sequestering C and
restoring environmental services in agriculturally–damaged
areas worldwide.

6 Conclusions

The well-known concept “The Tragedy of the Commons”
was previously suggested to highlight the over-exploitation
of public resources due to their common nature. In this
review, we broadened this concept to include anthropogenic
emissions of greenhouse gases to the atmosphere, and spe-
cifically, we focused on the impacts of agriculture.

Intensive farming practices of field crops production and
livestock husbandry increase the pressure on natural envi-
ronments and augment emissions of greenhouse gases.
Principal factors in field crop production are fuel consump-
tion and tillage operations which result in emission of CO2

and oxidation of SOC, respectively. Also, application of N
fertilizers leads to emissions of N2O. In the livestock sector,
the main issues are the high input of energy, as well as the
decreased efficiency of energy conversion along the food
chain. A specific impact of livestock industry is the emis-
sion of CH4 from ruminants. Together, cropland farming
and livestock husbandry account for a considerable share
of global anthropogenic emissions of greenhouse gases, as
well as for several adverse impacts on environmental serv-
ices. The growth of human population and the increased
demand for food products boosts the need for regulations,
aimed at augmenting the adoption of conservation agricul-
tural practices and, at the same time, encouraging the spread
of environmentally sound diets. Concordantly, international
mechanisms should form effective policies for increasing
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nutritional equality and global food security, while restoring
the environmental footprint of agriculture.
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