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tious and safe food for each of the 7.8
billion people is important to achieving the #2 goal (zero hunger) of the 17
Sustainable Development Goals of the
United Nations’ Agenda 2030. Advancing
food and nutritional security is also the
theme of the United Nations Food System
Summit scheduled for the fall 2021.
The urgency of these global issues
(i.e., climate change, food and nutritional
insecurity, increasing extent and severity
of soil and environmental degradation)
has created proliferation of terms aimed
at transforming agriculture. Examples of
commonly used terms include net zeroemission agriculture (Pradhan et al. 2018;
Nisbet et al. 2020; Wang et al. 2021), net
zero CO2 (Tanneberger et al. 2021), zerocarbon (C) era (Ahn and Cowern 2011),
zero emissions farming systems or production (Ulgiati et al. 2008; Thanh Hai
et al. 2020), net-zero deep decarbonization (Bataille et al. 2020), low-C farming
(Sà et al. 2017; Dou 2018), and C-neutral
farming (Torres et al. 2015). These terms
are increasingly being used as policy relevant indicators (Arnell et al. 2021) and as
a rhetoric to stimulate a global endeavor
to limit the increase of global average temperature to 1.5°C (2.7°F) or at the most
to 2°C (3.6°F) above the preindustrial
level. Whereas the overall strategy is that
the global net CO2 emissions are reduced
to zero by 2050 (UNFCCC 2015), the
range of terminology being used is confounding the problem and aggravating the
confusion among farmers, land managers,
researchers, and the policy makers. Even
the strategy of adopting “climate neutral”
options is not good enough because of the
urgent need to adopt technologies which
create negative emission and substantially
reduce concentration of greenhouse gases
(GHGs) in the atmosphere. It is precisely
in this context that proliferation of these
ad hoc terms can be counterproductive.
In this context, use of the term “climate
smart agriculture” (Ross 2016; Abegunde
et al. 2019; Brohm and Klein 2020), while

apparently appropriate, is neither specific
enough nor directly focuses on creating
drawdown of GHGs from the atmosphere.
Indeed, the underlying concept must
be clearly defined and understood by all
intended users (Żukowska et al. 2016).
Therefore, the objective of this article is
to deliberate the basic issues related to the
role of agriculture in achieving negative
emission farming (NEF) by identifying
technological options that increase agronomic productivity but also minimize
emissions of GHGs (especially CH4 and
N2O) through adoption of recommended
management practices (RMPs).
NEGATIVE EMISSION FARMING
The Paris Agreement of 2015 calls for a
global effort to preferably limit the global
warming to 1.5°C (2.7°F), but no more
than 2°C (3.6°F) by 2050 (Tanneberger et
al. 2021). In this regard, agriculture must
create strong net negative emissions, not
just zero emissions. Achieving net zero
emissions is an attractive slogan for industry
(e.g., Danone, Microsoft, Sony, Panasonic)
and doable by reducing emissions and
substituting fossil fuel with solar or geothermal energy, etc., but it is not applicable
to agriculture and, even if accomplished,
cannot feed the growing and increasingly
affluent world population. The use of the
term “net zero emission” is similar to the
use of the term “leakage” in geological
sequestration of CO2 by injecting emissions
from industrial installations (e.g., coal-fired
power plant, ethanol production from corn
grains) into saline aquifers and stable geological strata. Carbon dioxide thus injected
is prone to leakage via cracks and crevices
in rocks. However, there is no similarity of
the process of geological injection to that of
the natural process of C sequestration in the
surface 1 m (3.28 ft) of the surface soil, and
the use of the term “leakage” to C seques-
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n comparison with levels in 2000,
global carbon dioxide (CO2) has
increased by 43.5 ppm to 414.4 ppm
during 2020, an increase of 12%. Indeed,
concentration of atmospheric CO2 now is
higher than at any time during the past 3.6
million years (Stein 2021). Similarly, the
global average concentration of methane
(CH4) for December of 2020 was 1,892.3
ppb, representing an increase of about 119
ppb (6%) since 2000 (Stein 2021). Despite
the shutdown caused by the COVID-19
pandemic, the increase in atmospheric
concentration of CO2 during 2020 may
be among the largest for the entire period
since the records started. There has also
been notable increase in atmospheric
concentration of nitrous oxide (N2O),
primarily due to the use of nitrogenous
fertilizers (WMO 2020). Thus, there is a
strong need to identify sources and sinks
of these gases, especially those of CH4 and
N2O, which are 28 and 285 times more
potent, respectively, in trapping heat than
is CO2 (IPCC 2007).
While known sources include fossil fuel
combustion, land use conversion, biomass
burning, rice paddies, cattle production,
etc., the role of soil processes has not
been given the emphasis that is deserves.
Whereas science-based and sustainable use
of soils of agro-ecosystems and other managed land uses can be a sink for CO2 and
CH4, soils prone to degradation by diverse
processes (e.g., decline in soil structure,
compaction, anaerobiosis, erosion/deposition) can be sources of CH4 through
methanogenesis and of N2O through nitrification and denitrification. The impact of
soil degradation, difficult and challenging
to quantify as it may be, cannot be ignored
(Stein 2021). There is growing interest in
making agriculture a solution to the global
problem of climate change because agriculture contributes about one-third of
the CO2 equivalent of all anthropogenic
emissions (IPCC 2018), both directly and
indirectly. Simultaneously, meeting the
demand for adequate amounts of nutri-
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Table 1
Managing sources and sinks of greenhouse gases for achieving negative emission farming.
Management		

References

Sources
• Cultivation of peatlands
• Diesel/power consumption
• Intensive farming and indiscriminately/ad hoc
use of chemicals and energy
Sinks
• Photosynthesis and high crop yield
• Conservation agriculture, residue retention
complex rotations
• Restoration of peat lands
• Integration of corps with trees and livestock
• Eco-intensification and regenerative agriculture
• Plantations (coffee), and forest agriculture
			
• Agroforestry		

from cultivation of rice paddies, raising of
livestock, and management of manure. Two
among principal sinks of atmospheric CO2
are photosynthesis (net primary production, net ecosystem production, and net
biome production) and sequestration of C
in soil as soil organic matter and secondary
carbonates (figure 1).
SPARING LAND FOR NATURE BY
NEGATIVE EMISSION FARMING
Agriculture is practiced on almost 5 billion ha (12.4 billion ac) of land. Not only
is this land area already excessive and
unnecessary, but there are also organizations and communities demanding that
more land be brought under agriculture
by 2050 through deforestation of tropical
rainforests, burning of grasslands/savannas, drainage of peatlands, and flood-based
irrigation of deserts into rice paddies.
These natural ecosystems, especially rainforests and peatlands along with grasslands,
are major reservoirs of C in soil (SOC and
SIC) and in vegetation. Therefore, come
what may, C stocks of natural ecosystems
(along with wildlife and its habitat) must
be protected. Furthermore, one-third of
the world soils are degraded by erosion,
salinization, acidification, pollution/contamination, depletion of SOC and nutrient
stocks, etc.(FAO and ITPS 2015). These
degraded soils and ecosystems, strongly
depleted of their C stocks, must be restored
by re-carbonization of both the soils and

Tanneberger et al. 2021
Chandio et al. 2020
Dorneanu 2017

Frankelius 2020
Chen et al. 2021
Xiao et al. 2020
Tanneberger et al. 2021
Ullah et al. 2020; Lal 2020
Waheed et al. 2018; Birkenberg and
Birner 2018
Briner et al. 2011

the vegetation. Protection and restoration,
implemented in conjunction with technological options that lead to NEF, will also
spare land for nature (figure 2). Humanity
should have a goal of returning at least
one-third of the land used for agriculture
(1.5 billion ha [~4 billion ac]) to nature by
2050.The United Nations Food System
Summit scheduled for the fall of 2021 provides the pertinent event to promote the
adoption of this land-sparing concept.The
summit provides a unique opportunity for
the world population to rise above local,
national, and regional politics and give the
highest priority to nature and the planet.
TRANSLATING WORDS INTO DEEDS
AND SCIENCE INTO ACTION
Now is the right time to strengthen the
Clean Air Act (1967) and Clean Water Act
(1972) with the new and long-overdue
“Soil Quality Act” in conjunction with
the forthcoming farm bill (2023). The
proposed act must have the provision to
reward farmers for restoration of degraded
soils by payments for ecosystem services
through sequestration of both SOC and
SIC.While payments for geological sequestration of CO2 deep into saline aquifers
or stable rock formations are justified at
US$50 t–1 (US$45 tn–1) of CO2 and should
be paid, land managers (farmers, ranchers,
and foresters) should also be rewarded for
long-term sequestration of atmospheric
CO2 into soil and the biomass C stocks at
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tration in agricultural and other terrestrial
ecosystems is confusing and irrelevant.
An urgent need of the present era is to
promote adoption of RMPs to enhance
and sustain quantity and quality of food by
improving the net ecosystem productivity
and the net biome productivity (Jansson et
al. 2010) while reducing losses due to erosion, fire, and other degradative processes
(e.g., methanogenesis and denitrification caused by anaerobic soil conditions).
The latter requires a lot more productivity (through photosynthesis) per unit area
while restoring soil quality and functionality than just to offset emissions from farm
operations (i.e., tillage, chemical use, irrigation, harvesting). In addition to the choice
of appropriate species and improved varieties adapted to site-specific conditions,
restoration of soil health by sequestration of
soil organic C (SOC) and soil inorganic C
(SIC) (Lal 2018; Lal et al. 2021) is critical to
achieving the high and sustained production that NEF is intended to achieve.
Nonetheless, prudent management of
sources and sinks of GHGs is critical to
achieving the NEF (table 1). For example,
widespread adoption of system-based conservation agriculture is globally recognized
as an efficient soil management option to
reduce risks of soil erosion, conserve water
in the root zone, reduce the C footprint
production systems (Xiao et al. 2020; Lal
2015; Chen et al. 2021), and sustain productivity and nutritional quality of the food.
Ecological agriculture, based on the concept
of eco-intensification, can also enhance productivity (Ullah et al. 2020). The goal is to
develop synergism between the mitigation
of and adaptation to climate change (Smith
and Olesen 2010). Restoration of peatland
(e.g., stopping cultivation, reflooding, and
reforestation) is also an important consideration (Tanneberger et al. 2021) to achieving
NEF. Therefore, sources of GHG emissions
must be reduced and sinks for atmospheric
CO2 increased, especially that of SOC,
which leads to high food production (figure 1). Major sources of emissions include
farm operations involving use of diesel/
energy, inputs of agrochemicals (chemical
fertilizers, pesticides, herbicides), excessive
tillage and the attendant increase in risks of
accelerated soil erosion and decomposition
of soil organic matter, and emission of CH4

Figure 1
Important sources and sinks of atmospheric carbon dioxide (CO2) in agriculture. Emission negative farming implies increasing sinks
and reducing sources so that there is a significant drawdown of atmospheric CO2, much more than just offsetting the emissions
from farm operations, and, therefore, increasing photosynthesis of agricultural crops is a major sink along with carbon sequestration in soil. SOC = soil organic carbon. SIC = soil inorganic carbon.

Negative emission farming involving adoption of science-based management (cropland, grazing lands, horticultural/plantations), along with protection of natural ecosystems and restoration of degraded lands, can lead to sparing land for nature. NPP = net
primary productivity. NEP = net ecosystem productivity. NBP = net biome productivity.

between geological and terrestrial sequestration. After all, there is no difference in
the global warming whether GHGs are
emitted from agriculture or industrial
sources. There is no cause for complacency,
and now is the time to translate words into
deeds and science into action.
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