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Ever since its inception in 1945, the United Nations has addressed internation-
al issues of cultural, educational, economic, and human wellbeing through a
series of initiatives that have evolved over time. The most recent of these ini-
tiatives is that of the Sustainable Development Goals (SDGs), launched in 2015.
Of the 17 SDGs, 8 are strongly dependent on the judicious management of
soil processes and their properties. However, many countries are not on track
to accomplish these goals, and they also have the problems of soil and water
degradation. An effective conservation of soil and water resources, restoration
of degraded soils, adoption of conservation agriculture, and recarbonization of
soil and vegetation are critical to advancing SDGs. Complementary to SDGs
are initiatives, including the “4 per Thousand,” to enhance sequestration of
carbon (C) in soil for food and climate.

Global human population (in millions) was 200, 275, 450, 500, and 700 in the
years 1, 1000, 1500, 1650 and 1750 AD, respectively. The population increased
rapidly and was (in billions) 1.0, 1.2, 1.6, 2.0, 2.55, 3.0, 4.0, 6.0, 7.0 and 7.77 in the
years 1804, 1850, 1900, 1927, 1950, 1960, 1975, 1999, 2011, and 2019, respectively
(Rosenberg 2019). The world population (in billions) is projected to be 8, 9, 10,
and 11.2 by 2025, 2043, 2083, and 2100, respectively (UN 2017, 2019).
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The rate of increase in global food production has exceeded that of the
population growth since 1960. World cereal production was 785 Mt (865 mil-
lion tn) in 1962, 998 Mt (1,100 million tn) in 1970, and more than 3 Gt (3.31 bil-
lion tn) in 2017 (table 1). Whereas the world population increased by a factor
of 2.48 between 1960 and 2017, the total cereal grain production increased by
a factor of 4.05 over the same period (table 1). Consequently, the per capita ce-
real grain production increased from 241 kg (530 1b) in 1961 to 395 kg (869 lb;
+64%) in 2017, with an overall increase by a factor of 1.64. Such an impressive
gain in food production, however, has been realized with severe environmen-
tal consequences, such as warming of climate, degradation of soils, eutrophi-
cation of water, pollution of air, reduction of biodiversity, extinction of species,
etc. Furthermore, nutritional quality of food may not necessarily improve
with an increase in total grain production because the increase in atmospheric
concentration of carbon dioxide (CO,) may threaten human nutrition (Myers
et al. 2014). Thus, future needs for food production must be reconciled with
the necessity of improving the environment by adopting the food-energy-wa-
ter-soil nexus approach because of their strong interconnectivity (Kopittke et
al. 2019), and by making agriculture nutrition sensitive (Soares et al. 2019).
Rather than expanding the land area under agriculture, large yield gaps must
be abridged (Neumann et al. 2010; Foley et al. 2011; Tilman et al. 2011; Wu et

Total population, global cereal grain production, and the per capita grain
production. The data on population is from Rosenberg (2019) and UN
(2017), and that of cereal grain production is from the World Bank (2017).

Cereal production Per capita
Year Population (10°)  (10°Mg) production (kg)
1961 3.05 736 241
1970 3.71 998 269
1975 4.00 1,202 301
1980 445 1,342 302
1985 4.85 1,613 333
1990 5.28 1,706 323
1995 5.70 1,885 331
2000 6.08 2,050 337
2005 6.50 2,250 346
2010 6.93 2,463 355
2015 7.36 2,859 388
2017 7.55 2,980 395
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al. 2018) and land resources saved for nature conservancy (Lal 2016). These
options are properly called “climate-smart agriculture” (Dinesh et al. 2018), or
regenerative agriculture (Francis et al. 1986; Rhodes 2017).

There is already an adequate amount of global food production even for
a total population of 10 billion. However, the causes of undernourishment
of 821 million people globally (FAO et al. 2018, 2019) are those related to in-
adequate access to and distribution of food, political instability, and internal
displacement and civil strife. Additionally, 2.1 billion people are prone to the
epidemic of overweight and obesity, and 2 billion to micronutrient deficiency
(Beal et al. 2017). Excessive food intake, insufficient physical activity (Hill and
Peters 1998), and inappropriate diet (Caballero 2007) aggravate obesity. The
increase in atmosphere CO, concentration may decrease protein content in
rice, wheat, barley, and potato by 7.6%, 7.8%, 14.1% and 6.4%, respectively
(Medek et al. 2017), which may contribute to malnutrition. There is the seri-
ous problem of food waste (Corrado et al. 2019), and 1.3 Gt (1.43 billion tn) of
food is wasted annually (Depta 2018). The amount of food wasted could feed
2 billion people (Huber 2017).

Impressive progress in agronomic production has also perturbed the glob-
al C cycle with drastic increase in atmospheric concentration of CO,, methane
(CH,), and nitrous oxide (N,0) since 1750 (WMO 2019). The decoupling of the
coupled cycling of water, C, nitrogen (N), phosphorus (P), and sulfur (S) has
exacerbated environmental degradation.

Thus, there is a strong need for a paradigm shift of adopting eco-effective
measures of agriculture, which narrow the yield gap, produce more from
less, increase food and nutritional security, and advance SDGs of the United
Nations. Further, the need for recarbonization of depleted and degraded
soils is also in accord with SDGs or the Agenda 2030 (UN 2015). Therefore,
the objective of this chapter is to deliberate on the idea that global adoption
of restorative and conservation-effective agriculture is critical to food and nu-
tritional security, essential to advancing SDGs, and pertinent to meeting the
ambition of climate change mitigation. The review is based on the hypothesis
that restoration of depleted and degraded soils can sequester C while creating
climate-resilient soils and agroecosystems, and advancing SDGs.

I Soil Degradation and the Anthropocene

The so-called “Anthropocene” began with the onset of settled agriculture
about 10 to 12 millennia ago, accompanied by deforestation, biomass burning,
soil tillage, and drainage of wetlands (Ruddiman 2003). Agriculture, espe-
cially extractive farming practices, created a negative ecosystem-C budget,
depletion of ecosystem-C stocks, and emission of CO, and other greenhouse
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gases. Cultivation of rice (Sweeney and Mccouch 2007; Callaway 2014) and
domestication of animals (Bollongino et al. 2012) caused emissions of CH,.
Production and use of synthetic fertilizers since the mid-20* century have
been the major source of N,O (Smil 2001). Direct and indirect emissions from
agroecosystems contribute about 30% of the total anthropogenic emissions
expressed as CO, equivalent (CO, eq; figure 1).

Direct and indirect sources of emissions.
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Conversion of natural landscapes to agroecosystems also exacerbated soil
degradation by physical, chemical, and biological processes. Soil degradation
by erosion affects as much as 1.1 Gha (2.72 billion ac) by water and 0.55 Gha
(1.36 billion ac) by wind erosion (Oldeman 1994). Sediment transport into
world rivers has increased from 14 Gt (15.43 billion tn) during the prehuman
era to 36 Gt (39.7 billion tn) at present (Walling 2008, 2009). Expansion of land
area equipped for irrigation in arid and semiarid regions increased risks of sec-
ondary salinization and depleted the groundwater level of aquifers around the
world including the Indo-Gangetic Plains (Mukherjee et al. 2018), North China
Plains (Yang et al. 2017), and the Ogallala of the US Great Plains (Terrell et al.
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2002). Depletion of the soil organic C (SOC) stock in world soils is estimated at
133 to 135 Gt C (146.6 to 148.8 billion tn C) (Sanderman et al. 2017; Lal 2018).
The negative nutrient budget in croplands of Africa, especially in sub-Saharan
Africa (Kiboi et al. 2019), is the cause of low yield and poor nutritional quality
of the food (Davidson et al. 2016). Land area vulnerable to diverse degradation
processes covers 24% of the ice-free land (Bai et al. 2008) and affects as many as
two billion people. Further, risks of soil degradation may be exacerbated by the
present and projected climate change (Jiang et al. 2014).

I Sustainable Development Goals

Beginning with the report of the Brundtland Commission (World Commission
on Environment and Development 1987), the United Nations has thus far
focused on sustainable development through three consecutive development
initiatives. The Agenda 21 was launched following the US Conference in Rio in
1992. The Millennium Development Goals, initiated in 2000, were built on the
Agenda 21. The SDGs of 2015 comprise 17 specific focal points with numerous
targets. The common themes connecting these three initiatives, improving the
environment (i.e., climate, air, water, biota) and enhancing human wellbeing
(i-e., food, equity, poverty, education), are strongly related to soil functionality
and health, but especially to the accomplishments of some key SDGs.

SDGs closely related to soil processes include #1 (Ending Poverty), #2
(Zero Hunger), #6 (Clean Water and Sanitation), #13 (Climate Action), and
#15 (Life on Land) (Bouma 2014, 2019; Bouma and Montanarella 2016; Hanjra
et al. 2016; Keesstra et al. 2018; Lal et al. 2018a; Gil et al. 2019). If world soils
are under threat (Montanarella et al. 2016), then SDGs are also under threat
(Lal et al. 2018a). Indeed, 5 years into the 2030 Agenda, the world is not
where it needs to be, and SDGs are also under increasing threat because of
the COVID-19 pandemic and the rapidity of global warming. At the current
rate of accomplishment, most SDGs may not be met within the next 10 years
(Xu et al. 2020). There are several implications if SDGs are not met: poverty
and hunger will perpetuate, human health and wellbeing will be jeopardized,
water quality will degrade, aquatic life will be at risk, global warming will
accelerate, and land degradation will be exacerbated. Therefore, improving
and sustaining soil health is a high priority.

I Achieving Goals of Soil Carbon Sequestration

The COP 21 Climate Agreement of 2015 is a voluntary initiative to limit an-
thropogenic warming below 2.0°C (3.6°F) compared with the preindustrial
levels, while also pursuing the options to limit the temperature increase to
1.5°C (2.7°F). In the meanwhile, the global mean temperature is increasing
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at the rate of 0.2°C + 0.1°C (0.36°F = 0.18°F) per decade, and it reached ~1°C
(1.8°F) above the industrial levels in 2017 (Allen et al. 2018). With business as
usual, the global mean temperature may reach 1.5°C as early as 2030 to 2050
(Allen et al. 2018). Achieving the ambitious target of limiting global warming
to 1.5°C would imply achieving net zero greenhouse gas emissions by 2050
(IPCC 2018). However, there is still time to limit the global warming to 1.5°C
by reducing anthropogenic emissions and sequestering atmospheric CO, in
soil and vegetation (Lal et al. 2018b). Reduction in emissions from industry
and travel because of the lockdown necessitated by the COVID-19 pandemic
indicates that anthropogenic warming can be deaccelerated by judicious and
timely action (Lal 2020a). The global land area adversely impacted is estimat-
ed at 4% (range of 2% to 7%) with warming of 1°C, 6.5% corresponding with
warming of 1.5°C, and 13% (range of 8% to 20%) with the global warming
of 2°C (Hoegh-Guldberg et al. 2019). The adverse effects of global warming
on ecosystems are more severe for drylands than humid climates (Lal 2019c;
Hoegh-Guldberg et al. 2019).

There are three strategies of achieving the net zero emission by 2050 (figure
2): (1) increasing efficiency by substituting low-C fuel sources (e.g., gas versus
coal), (2) reducing emissions by implementing non-C fuel sources (i.e., wind,
solar, hydro, geo, nuclear), and (3) sequestering emissions (e.g., terrestrial).

Strategies to achieve net zero emissions from agroecosystems.

Achieving
net zero
emissions

Sequestering
emissions . Reducing
in soil and emissions

vegetation
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I Agriculture and Soil as a Source of Greenhouse Gases

Since 1751, anthropogenic activities have emitted a total of 1.5 trillion t (1.65
trillion tn) of CO, (Friedlingstein et al. 2019), of which the United States has
contributed 25% of the total (Ritchie and Roser 2019). In general, one-third
of the total anthropogenic emissions are contributed by agriculture (Gilbert
2012). Therefore, adoption of improved agricultural practices (eco-effective
techniques such as conservation agriculture) can reduce emissions and limit
global warming (Thornton et al. 2018). Low-emission or no-emission agricul-
ture should be the goal (Sa et al. 2017).

Soil is a source or sink of greenhouse gases depending on land use and
management. Oertel et al. (2016) used an average rate of emission from all
soils of 300 mg CO, eq m™ h™ (1,713 Ib CO, eq mi~ hr) or a global annual
net soil emission of 350 Gt (385.8 billion tn) CO, eq. This is approximately
equivalent to 21% of global soil C and N stocks. Total annual emissions from
farm soils have been estimated at 68 to 77 Gt C (75.0 to 84.9 billion tn C) (Raich
and Schlesinger 1992; Raich and Potter 1995), and at 98 Gt C (108 billion tn C)
(Bahn et al. 2010). The Intergovernmental Panel on Climate Change estimated
that 35% of CO,, 42% of CH,, 53% of N,O, and 21% of nitric oxide (NO) of
the total annual emissions are from soils (IPCC 2007). Globally, food is re-
sponsible for approximately one-quarter of greenhouse gas emissions (Poore
and Nemecek 2018; Ritchie 2019). With more than 70 billion animals raised
annually for human consumption (Arcipowska et al. 2019), meat production
has strong implications for resource use and the environmental footprint.

M Reducing Emissions from Agricultural Soil and Managing Soil for
Enhancing Its Capacity as a Sink of Atmospheric Carbon Dioxide

Emissions from the manufacture and application of agricultural chemicals (Lal
2004a) can be reduced by alternative approaches to managing soil fertility (e.g.,
biofertilizers and integrated nutrient management) and use of low-chemical
or no-chemical pesticides (e.g., integrated pest management), and through
enhancement and restoration of soil health that creates disease-suppressive
soils (Mendes et al. 2011; Schlatter et al. 2017). Erosion-induced emissions and
those from plow-based tillage can be reduced by conversion to conservation
agriculture. A system-based conservation agriculture must be implemented
in conjunction with crop residue mulch, incorporation of cover crops in the
rotation cycle, use of complex cropping systems along with integrated nutri-
ent management, use of perennial systems (Waldron et al. 2017; Gunathilaka
et al. 2018), and integration of crops with trees and livestock (Lal 2015). These
are pertinent options of land use and soil management for staying within the
planetary boundaries (Heck et al. 2018). These are examples of eco-effective
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techniques (Czyzewski et al. 2018) because not all practices of sustainable
intensification always produce the desired results (Mockshell and Kamanda
2018; Dicks et al. 2018).

Soils of agroecosystems are depleted of their antecedent SOC stocks. The
s0il-C sink capacity thus created can be filled by adoption of recommended
management practices (RMPs), which create a positive ecosystem/soil C bud-
get (Lal 2004b, 2010, 2018; Lal et al. 2018b). Conversion from a conventional
tillage to conservation agriculture, along with the use of agroforestry, biochar,
organic amendments, etc., can lead to SOC sequestration (Lal et al. 2018b). There
is also a potential of sequestration of soil inorganic C as secondary carbonates
and through leaching of bicarbonates in arid and semiarid climates (Lal 2019c¢).

The soil is a source of CO, if the net ecosystem exchange (NEE), the dif-
ference between photosynthesis and ecosystem (soil, vegetation, and biota)
respiration, is positive, and a sink if it is negative. The objective of sustainable
management of agricultural soils is to enhance their C sink capacity through a
negative NEE. Increase in fertilizer use has increased agronomic productivity
and improved access to food. It is estimated that N fertilizer supports 42%
of all births over the last century (1910 to 2010) (Erisman et al. 2008; Ritchie
2017). As much as 30% to 50% of the yield increases may be attributed to fer-
tilizers (Smil 2001; Stewart et al. 2005).

However, the magnitudes of NEE and net biome productivity are strongly
affected by soil moisture regime (Zhao and Running 2010; Green et al. 2019).
Drought stress, and loss of soil water in the subsoil, may be exacerbated by
climate change (Feddema and Freire 2001). However, the plant available wa-
ter capacity of the soil can be increased by restoring SOC concentration and
sustaining it at the threshold level /range (Lal 2020b).

Low external inputs of organic or inorganic fertilizers have reduced pro-
ductivity and decreased inputs of biomass C into soil. Aggravated soil degra-
dation has diminished the SOC stocks and reduced agronomic productivity.
Soil degradation caused by the severe depletion of SOC is a major problem in
sub-Saharan Africa and South Asia, where there is a strong need to address
environmental challenges by advancing SDGs (Omisore 2018). Predominant
agricultural systems in sub-Saharan Africa and elsewhere in developing coun-
tries, based on extractive practices and poor management, contribute to the
already serious problem of soil degradation and desertification. The goal is
to strike the balance between attaining high agronomic yield and decreasing
the environmental footprint of agroecosystems. Global cumulative potential
of C sequestration (i.e., the maximum amount of CO, that can be transferred
via photosynthesis into soil and biomass) in the terrestrial biosphere between
2020 and 2100, through adoption of eco-effective practices, is estimated at 155
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Gt C (170.9 billion tn C, at the annual rate of 3.3 Gt [3.64 billion tn]) in the
biomass compared with 178 Gt C (196.2 billion tn C, at the annual rate of 3.2
Gt [3.53 billion tn C]) for soil (Lal et al. 2018b). In addition, there exists a large
potential of soil inorganic C sequestration in soils of arid regions (Groshans et
al. 2018; Lal 2019¢).

I Toward Low or Zero Emission Agriculture

Rather than a problem, improved and science-based agriculture must be a
solution to the environmental issues of the 21 century, including the chang-
ing climate, contaminated and depleted water resources, polluted air and
enriched concentration of greenhouse gases, decreased biodiversity, and
degraded landscapes. Important among technologies of achieving low or
zero emission agriculture are those that reduce emissions by adopting ener-
gy-efficient options or those that are based on renewable sources of energy
(figure 3). For South America, Sa et al. (2017) estimated that the terrestrial C
sink capacity for adopting RMP-based agriculture is 8.24 Gt C (9.1 billion tn
C) between 2016 and 2050. Sa and colleagues calculated that the ecosystem
C payback time for RMP-based agriculture may be 50 to 188 years. It may be
essential to use payments to incentivize land management for adopting RMPs
and strengthening ecosystem services. Payments based on just and fair price
of soil C (Lal 2014) may also promote the concept of Rights-of-Soil (Lal 2019a).

I Adopting Restorative/Regenerative Agriculture for Advancing
Sustainable Development Goals

Adopting improved and restorative/regenerative agriculture is critical to ad-
vancing SDGs (Lal et al. 2018b) (figure 4). There is a strong need for adoption
of “business unusual technologies” in agroecosystems to advance SDGs and
achieve their mission by 2030 (table 2). Improving life on land is essential to
achieving the goals of land degradation neutrality adopted by United Nations
Convention to Combat Desertification (Lal et al. 2012b; Cowie et al. 2018). Public
universities in developing countries can play an important role in advancing
SDG #4 focused on education (O'Keeffe 2016). Sustainable management of wet-
lands can also advance some SDGs (Seifollahi-Aghmiuni et al. 2019), especially
SDG #6. Several international initiatives have been launched to promote se-
questration of atmospheric CO, in world soils. The “4 per Thousand” initiative
launched at COP 21 in 2015 encourages farmers to voluntarily enhance SOC
concentration in soil at an annual rate of 0.4% to 40 cm (16 in) depth (Chambers
et al. 2016). Other initiatives providing region-specific RMPs include Adapting
African Agriculture launched at COP 22 in 2016 (Lal 2019b), Global Soil
Partnership/Inter-Governmental Panel on Soils (FAO and ITPS 2015), Global
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Approaches to making agriculture a solution to climate change.

Strategies for zero emission agriculture
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Notes: INM = integrated nutrient management. IPM = integrated pest management.
SOC = soil organic carbon. CH, = methane.

Soil Week (Lal et al. 2012a, 2013), land degradation neutrality (Kust et al. 2017;
Cowie et al. 2018), the pan-African Great Green Wall across Sahel (Goffner et al.
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Strategies for mitigation of climate change through achievement of the
Sustainable Development Goals or the Agenda 2030.

Specific goal Specific strategies for mitigating climate change

#2 Zero Hunger Land saving options, narrowing the yield gap,
conservation agriculture, integrated nutrient manage-
ment, improving use efficiency of inputs

#3 Good Health and Nutrition-sensitive agriculture, improving soil health
Wellbeing by carbon sequestration, enhancing quality of water
and air by adopting improved systems

#6 Clean Water and Conservation agriculture, cover cropping, conserva-

Sanitation tion-effective measures, reducing inputs of chemicals,
agroforestry with establishment of contour hedges,
drip subfertigation

#13 Climate Action Carbon sequestration in soil and vegetation, produc-
ing more from less, integration of crops with trees
and livestock

#15 Life on Land Achieving land degradation neutrality, adopting
diverse farming systems, restoring degraded soils

2019), and the Platform on Climate Action in Agriculture for Latin America at
COP 25 in Madrid, Spain. Such international initiatives (figure 5), with effective
systemic environmental governance (Gupta 2015; Williams et al. 2018; Scown et
al. 2019) and political will, are needed to keep the SDGs on track, realistic, and
effective (Deonandan and Mathers 2018).

People are the mirror image of the land on which they depend for their
livelihood. When people are desperate, hungry, miserable, and suffering, they
pass on their suffering to the land (Lal 2009). In turn, the land reciprocates and
makes them even more miserable, and people and the land become entrapped
in a series of overlapping vicious cycles that are difficult to break (Lal 2020a).
It is this desperation and hopelessness that exacerbates the risks of political
instability and civil strife and aggravates risks of pandemics (e.g., COVID-19)
because of the increase in interactions between humans and the animal king-
dom. There are numerous examples of this throughout human history that
have resulted in the collapse of once-thriving civilizations (Diamond 2005;
Montgomery 2007).

Aviable entry point to break these overlapping vicious cycles (Lal 2020a) is
the restoration of degraded /desertified soils to enhance their productivity and
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Meeting Sustainable Development Goals (SDGs) through soil
conservation and restoration.

strengthen the provisioning of essential ecosystem services. Recarbonization
of the depleted terrestrial biosphere (i.e., soil, vegetation) is a step in the right
direction (Lal et al. 2012b).

I Conclusions

World soil, water, and other natural resources are adequate to meet rational
and just needs of the current and projected population only if the current rate
of degradation is curtailed and degraded soils are restored. The commend-
able progress made in enhancing agronomic production since the 1960s is
also linked with large emission of greenhouse gases and the attendant global
warming, eutrophication and depletion of water, degradation and depletion
of soils, denudation of landscape, and mass extinction of species. While the
quantity of grains produced is increased, nutritional quality (i.e., protein and
micronutrients) may be adversely affected by soil degradation and global
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Recarbonization of soil and terrestrial biosphere through
several international initiatives leading to achieving Sustainable
Development Goals.

International Sustainable
initiatives Development Goal

Recarbonization Restoration & - ggp (Agenda 2030)
of the terrestrial management H : PS H #2 (Zero Hunger)
biosphere of soil health - GSW #6 (Clean Water

) and Sanitation)

_GGW #13 (Climate Action)

- PLACA

#15 (Life on Land)

Notes: 4PT = 4 Per Thousand. GSP = Global Soil Partnership. ITPS =
Intergovernmental Panel on Soils. GSW = Global Soil Week. AAA = Adaptation
of African Agriculture. GGW = Great Green Wall. PLACA = Platform on Climate
Action in Agriculture.

warming. Strong threats to soil resources can also endanger SDGs, which are
not on track to be accomplished by 2030. Thus, there is a strong need to rec-
oncile the growing demands of the increasingly affluent human population
with the necessity of restoring degraded soils and enhancing the environment
through recarbonization of the biosphere in general and of the world soils in
particular. Adopting the approach of food-energy-water-soil nexus through
several international initiatives can keep SDGs on track. There is a need for a
paradigm shift in adopting eco-effective measures for agriculture which can
narrow the yield gap while restoring SOC stock and improving soil health.
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