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Soil carbon (C) sequestration is one of three main approaches to carbon dioxide

removal and storage throughmanagement of terrestrial ecosystems. Soil C sequestration

relies of the adoption of improved management practices that increase the amount of

carbon stored as soil organic matter, primarily in cropland and grazing lands. These C

sequestering practices act by increasing the rate of input of plant-derived residues to

soils and/or by reducing the rates of turnover of organic C stocks already in the soil.

In addition to carbon dioxide removal potential, increases in soil organic matter/soil C

content are highly beneficial from the standpoint of soil health and soil fertility. Practices

to increase soil C stocks include well-known, proven techniques, or “best management

practices” (BMP) for building soil carbon. A second category includes what we refer to

as frontier technologies for which significant technological and/or economic barriers exist

today, but for which further R&D and/or economic incentives might offer the potential for

greater sequestration over the longer term. We reviewed published estimates of global

soil carbon sequestration potential, representing the biophysical potential for managed

cropland and/or grassland systems to store additional carbon assuming widespread

(near complete) adoption of BMPs. The majority of studies suggests that 4–5 GtCO2/y as

an upper limit for global biophysical potential with near complete adoption of BMPs. In the

longer-term, if frontier technologies are successfully deployed, the global estimate might

grow to 8 GtCO2/y. There is a strong scientific basis for managing agricultural soils to act

as a significant carbon (C) sink over the next several decades. A two-stage strategy, to

first incentivize adoption of well-developed, conventional soil C sequestering practices,

while investing in R&D on new frontier technologies that could come on-line in the next 2–

3 decades, could maximize benefits. Implementation of such policies will require robust,

scientifically-sound measurement, reporting, and verification (MRV) systems to track that

policy goals are being met and that claimed increases in soil C stocks are real.

Keywords: biophysical potential, carbon sequestration, best management practice, carbon dioxide removal and

storage, agricultural soils
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INTRODUCTION

Together with other terrestrial ecosystem-based strategies for
CO2 removal [i.e., afforestation, bioenergy with carbon capture
and storage (BECCS)], soil carbon sequestration relies on plant
photosynthesis to carry out the initial step of carbon “removal”
from the atmosphere. However, rather than increasing the
storage of carbon contained in plant biomass, soil C sequestration
relies on management practices that increase the amount of
carbon stored as soil organic matter, primarily in cropland and
grazing lands. Part of the attraction of soil C sequestration as
a biological negative emission (BNE) strategy is that carbon
stocks are most depleted on lands currently under agricultural
management and thus this approach to CO2 removal doesn’t
require land use conversions (e.g., to forests) and competition for
land resources. In addition, increases in soil organic matter/soil
C content are highly beneficial from the standpoint of soil
health and soil fertility, which provides additional incentives for
adopting soil carbon sequestering practices. In this paper, we
review and summarize data and understanding, from field to
global scale, of the capacity for soil carbon sequestration to play
a role in helping draw down atmospheric CO2 concentration
(NASEM, 2019).

Globally, soils contain about 1,500 Gt of organic carbon (C)1

to 1m depth and 2,400 GtC to 2m depth (Batjes, 1996). Thus,
the total size of the soil carbon reservoir exceeds the total mass
of carbon in vegetation and atmosphere combined. About 45% of
global soils are under some form of agricultural use (i.e., cropland
and grazing land). Inmost soils, organicmatter2 makes up a small
fraction (∼1–10%) of the total soil mass which is dominated by
mineral matter (i.e., sand, silt, and clay particles); these are so-
called “mineral soils.” The vast majority of agricultural lands are
on mineral soils. In contrast, “organic soils” (e.g., peat soils), as
the name implies, have very high organic matter content. Organic
soils form where anaerobic conditions restrict decomposition,
such that partially decayed plant material accumulates, making
up the matrix of the soil.

Most agricultural soils (both mineral and organic) are
depleted in C relative to the native ecosystems from which
they were derived, due to reduced net primary production
and export of harvested biomass—which reduce C inputs to
soil; nutrient depletion, intensive soil disturbance, and soil
erosion are other contributing factors to soil C depletion
(Paustian et al., 1997). Most cropland mineral soils have lost
30–50% of the C stocks in top soil layers (0–30 cm) relative
to their native condition (Davidson and Ackerman, 1993). In
contrast, grassland soils managed for grazing may or may
not have suffered similar C losses relative to their native
state, depending on how they have been managed. Grasslands
that have been overgrazed and poorly managed are likely
significantly depleted in soil C, whereas well-managed grasslands
may have C stocks equal to or exceeding their original native
condition (Conant et al., 2016).

1In this paper, C refers to carbon and CO2eq refers to CO2-equivalents. One tone

of C is equivalent to 3.67 tones of CO2eq.
2About 50% of the mass of soil organic matter is carbon.

The organic carbon content of soils is governed by the balance
between the rate of C added to the soil from plant residues
(including roots) and organic amendments (e.g., manure,
compost), and the rate of C lost from the soils, which is mainly
as CO2 from decomposition processes (i.e., heterotrophic soil
respiration). Other organic C can be lost as CH4 from anaerobic
(e.g., flooded) systems as well as from leaching of dissolved
organic C, but these are minor loss processes in most ecosystems.
Soil erosion can greatly affect C stocks at a particular location,
but at larger scales erosion may not represent a loss process per
se but rather a redistribution of soil C. Effects of erosion on the
global C balance is a subject of continued research but soil erosion
may actually result in a small net C sink, because burial of C-
rich sediment reduces its decomposition rate and, with erosional
exposure, low C subsurface soil layers can have a higher capacity
to store additional C (van Oost et al., 2007).

In native ecosystems the rate of detrital C inputs is a function
of the type (e.g., annual vs. perennial, woody vs. herbaceous)
and productivity of the vegetation, largely governed by climate
but also nutrient availability and other growth determining
factors. Decomposition rates are controlled by a variety of factors
including soil temperature and moisture, drainage (impacting
soil O2 status) and pH. Soil physical characteristics such as
texture and clay mineralogy also impact the longevity and
persistence (i.e., mean residence time) of soil C, by affecting
organic matter stabilization processes, i.e., the extent to which
organic matter is “protected” from decomposition through
mineral-organic matter associations (Schmidt et al., 2011).

In managed ecosystems such as cropland and grazing land
both the rate of C input as well as the rate of soil C loss via
decomposition are impacted by the soil and crop management
practices applied. In general, soil C stocks can be increased by:
(a) increasing the rate of C addition to the soil, which removes
CO2 from the atmosphere, and/or (b) reducing the relative rate
of loss (as CO2) via decomposition, which reduces emissions to
the atmosphere that would otherwise occur.

However, three key points need to be made regarding the
pattern of gains or losses of soil C. The first is that with increased
C inputs and/or decreased decomposition rates, soil C stocks tend
toward a new equilibrium state and thus after a few decades C
gains attenuate, becoming increasingly small over time (Paustian,
2014). Secondly, because the soil C balance is governed by
biotic processes, changes in management that lead to C gains
are potentially reversible, i.e., if management reverts back to its
previous condition, much or all of the gained C can be lost. Thus,
practices that led to increased soil C need to be maintained long
term. Third, mineral soils (i.e., non-peat soils) have an upper
limit or “saturation level” of soil C (Six et al., 2002). While this
maximum soil C concentration is much higher than is found in
most managed soils, it does mean that soils that already have
very high organic matter levels (e.g., >5% C by mass) have a low
propensity for further C gains.

An additional consideration that has been raised regarding
constraints on aggressive targets for soil C sequestration, is the
need for additional inputs of nitrogen (van Groenigen et al.,
2017). In most mineral soils, soil organic matter has a relatively
narrow C:N stoichiometry, typically ranging from 8 to 20, with a
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C:N of 10–12 as a general “rule-of-thumb” for agricultural soils.
Thus, to maintain this balance, if soil organic matter stocks were
to increase by say 4 billion tons CO2eq/y (1.1 GtC/y), then about
100 million tons per year of N would need to be incorporated
into the added soil organic matter. van Groenigen et al. (2017)
point out that this is equivalent to about 75% of the current global
synthetic N fertilizer production.While this is a valid point, many
of practices being promoted for increasing soil C include using
more legumes (e.g., N-fixing cover crops, legume hay/pastures
in rotation with annual crops) that could help meet demands
for additional N inputs into soil organic matter. Moreover,
many cropland soils in North America, Europe, China, India,
and SE Asia currently lose a significant amount of added N
(from fertilizer, manure, N-fixation) as gaseous losses and leached
nitrate, and thus improved practices that could “mop up” some
of this N and incorporate it into soil organic matter would
yield multiple environmental benefits. Undoubtedly, improved
management of N inputs, both to sustain crop productivity and
soil organicmatter increases and tominimize N2O emissions (the
most potent biogenic GHG on a per mass basis) and other losses
of pollution-causing reactive nitrogen to the environment, will be
an important part of strategies for negative emissions from soils.

MANAGEMENT PRACTICES TO INCREASE
SOIL C STORAGE AND NET CO2

REMOVALS

In evaluating management interventions to increase soil C
stocks, the recent National Academies report divides soil carbon
sequestering management practices into two broad categories
(NASEM, 2019). The first category includes known, proven
conservation management systems that can increase soil C on
lands with existing crops and management techniques. These
are practices that are typically not (yet) in dominant use, but
are being practiced by more conservation-minded farmers and
have the potential to become much more widely adopted. Such
management techniques can be referred to as BMPs (“Best
Management Practices”) for increasing soil carbon storage.
With proper incentives, such BMPs can be quickly adopted to
provide near-term soil C stock increases. The second category
of practices are referred to as “frontier technologies” which
represent systems or practices for which significant technological
and/or economic barriers exist. Thus, they represent technologies
and practices that are still largely experimental, with little or no
occurrence in production agricultural systems and thus are not
yet mature enough to deploy at scale. However, with further R&D
and sufficient economic incentives these frontier technologies
may offer the potential for greater soil C increases over the
longer term.

Conventional Conservation Practices
(BMPs) to Sequester Soil C
Conservation practices that can contribute to an increase in
carbon stocks in soils are well-known from numerous field
experiments and comparative field observations. Table 1 lists
several classes of practices, classified according to their main

TABLE 1 | Examples of agricultural management actions that can increase

organic carbon storage and promote a net removal of CO2 from the atmosphere

and the main mode of action on the soil C balance (from Paustian, 2014).

Management practice Increased C

inputs

Reduced C

losses

Improved crop rotations and increased crop

residues

X

Cover crops X

Conversion to perennial grasses and legumes X X

Manure and compost addition X

No-tillage and other conservation tillage X

Rewetting organic (i.e., peat and muck) soils X

Improved grazing land management X

mode of action in either increasing C inputs to soils and/or
reducing C losses from soils.

Improved Crop Rotations and Cover Cropping
Farmers may adopt a number of cropping choices that increase
inputs of C into soils: planting of high-residue crops, seasonal
cover crops/green manure, continuous cropping (reduced fallow
frequency), and planting of permanent or rotated perennial
grasses (CAST, 2004). For example, a recent global review of
cover crops reported a mean annual sequestration rate of 0.32
tC/ha/y, with several studies reporting rates higher than 1 tC/ha/y
(Poeplau and Don, 2015). In many dry climates, farmers fallow
croplands every other year to conserve soil moisture and stabilize
grain yields. Intensifying and diversifying crop rotations in such
systems can increases average annual C inputs, leading to higher
soil C stocks than high fallow frequency systems (e.g., West and
Post, 2002; Sherrod et al., 2005; O’Dea et al., 2015). In moister
environments, adding 2–3 years of perennial hay/forage crops to
row crop rotations increases C inputs from fine roots and boosts
SOC stocks (e.g., Dick et al., 1998).

Manure and Compost Addition
Organic matter additions such as compost and manures can
increase soil C contents, both by virtue of the added C in the
amendment itself and through improving soil physical attributes
and nutrient availability, such that plant productivity and residue
C inputs increase as well (Paustian et al., 1997). One difficulty
in assessing the overall impact of organic amendments on
net CO2 removals is that the amendments typically originate
from an “off-site” location and thus don’t directly reflect on-
farm CO2 uptake from the atmosphere as with other practices
described in this section. Hence a full life cycle assessment (LCA)
approach, in which the boundaries of the assessment extend
outside the farm to include the source of the amendment, is
needed for an accurate accounting of C accrual and net GHG
reductions. An example is given by work in California on
compost addition to rangeland, in which Silver and coworkers
(Ryals and Silver, 2013; Ryals et al., 2015) found substantial
increases in soil C storage following modest compost additions
(a one-time ∼1.3 cm thick surface dressing), in part attributed
to improved infiltration and water retention, increased grass
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productivity and hence greater grass root and residue inputs
to soil. Without counting C in the compost addition, they
estimated an increase in C storage of 0.5 tC/ha (1.8 tCO2eq/ha)
and 3.3 tC/ha (12.1 CO2eq/ha) at two contrasting rangeland
sites, respectively, 3 years after compost addition. Further, where
the compost was sourced from organic waste in which the
business-as-usual case involved land filling and thus potential
large emissions of methane, DeLonge et al. (2013) estimated
an average net GHG mitigation of 23 tCO2eq/ha, over the 3
year study duration, considering the full LCA including landfill
waste emissions vs. compost production, transport, application,
and subsequent soil improvement impacts. Considering the large
amount of organic waste generated by urban centers and impacts
of landfilling on GHG emissions and the potential benefits of
organic amendments to soil, use of compost is a potentially
attractive option that merits additional R&D to assess the full
range of environmental costs and benefits.

Tillage
Tillage is used by farmers to manage crop residues and prepare a
seed bed for crops, and is the main source of soil disturbance in
annual croplands. Advances in tillage technology and agronomic
practice have allowed farmers in recent decades to reduce tillage
frequency and intensity, sometimes ceasing tillage altogether
with a practice known as “no-till” (NT). The main impetus for
many farmers to reduce tillage is to mitigate soil erosion. Studies
have reported highly significant reductions in soil erosion under
NT, often as high as 90% (Langdale et al., 1979; Ghidey and
Alberts, 1998; Williams and Wuest, 2011). Tillage also acts to
speed the breakdown of stable soil aggregates that can “protect”
organic matter from decomposition (Six et al., 2002). Under
NT, aggregation and aggregate stability is significantly enhanced,
which is believed to be themainmechanism promoting increased
C storage under NT (Six and Paustian, 2014). Many field studies
and reviews have shown increases in soil organic carbon (SOC)
following adoption of reduced till and NT, with variations due
to soil texture and climate (Denef et al., 2011). For example,
Ogle et al. (2005) estimated increases under NT of approximately
0.25 tC/ha/y and 0.29 tC/ha/y on sandy and non-sandy soils,
respectively. In a global analysis, Six et al. (2004) reported
increases in dry climates of 0.1 tC/ha/y and 0.22 tC/ha/y in humid
climates. Sainju (2016) recently assessed the net impact of NT
to the atmosphere, and found NT systems to have 66% lower
GlobalWarming Potential (GWP) and 71% lower greenhouse gas
intensity (GHG emissions per unit of yield) than conventionally
tilled systems. However, there are instances in which no-tillage
does not increase soil C relative to conventional tillage (Angers
and Eriksen-Hamel, 2008), primarily in soils with already high
surface C concentrations and often cooler (and wetter) areas
where crop productivity and C inputs may be lower under NT,
e.g., because of delayed germination (Ogle et al., 2012).

In humid and subhumid croplands, particularly for soils with
moderate to poor drainage and with high C concentrations in
surface layers relative to subsurface horizon, a one-time deep
inversion tillagemay be highly effective at promoting a significant
increase in soil C stocks, over a multi-decadal period. This
practice entails the burial of C-rich surface horizons to a depth

of 60–80 cm depth and the transfer of low-C subsoil material
to the surface. Burial of C-rich surface soil can significantly
slow its decomposition (and promote deeper root penetration)
while “conventional” C sequestering practices—e.g., high residue
crops, cover crops, and no-till—applied to the newly exposed
subsoil material, could rapidly build new C stocks in surface
soil layers. For example, Alcantara et al. (2016) sampled 10
sites in Germany that had been subjected to a single deep
tillage operation between 1965 and 1978 (done to alleviate
compaction of subsurface layers) and found that the deep-tilled
sites contained on average 42 t/ha greater SOC stocks (to 1.5m
depth) than similar soils that were not deep-tilled. Crop yields
were similar on the fields that received the deep tillage treatment
and on untreated fields. The implied average rate of soil C
increase following the deep tillage operation was 0.96 tC/ha/y (3.5
tCO2eq/ha/y), over a 45 year period.

Conversion to Perennial Grasses and Legumes
Where croplands are converted to perennial vegetation (grasses,
trees), we observe both an increase in C inputs and a reduction in
soil disturbance (Denef et al., 2011). Lands retired from cropland
cultivation are often referred to as “set-aside.” In the U.S., the
Conservation Reserve Program (CRP) pays farmers to retire
marginal and highly erodible croplands, with peak cumulative
enrollments of just over 35 million acres (USDA FSA, 2012). The
EPANational Greenhouse Gas Inventory report credits CRP land
as a key contributor to agricultural soil carbon sinks in the U.S.
(USEPA, 2017). A synthesis by Conant et al. (2016) estimated C
stock increases of 39% after conversion of annual cropland to
permanent vegetation, with an average rate of almost 0.9 tC/ha/y.
Initial rates of SOC accumulation can be high under set-aside,
and long-term field studies have noted that accumulations can
continue for several decades, approaching levels of native SOC
stock (Baer et al., 2010; Munson et al., 2012).

Rewetting Organic Soils
The soils and practices discussed to this point relate to “mineral
soils,” soils in which the bulk of the soil mass is made up
of mineral matter, i.e., sand, silt and clay, and where organic
matter normally constitutes only a few percent of the total mass.
In contrast, organic soils (referred to as “histosols” in formal
soil classification systems), include peat and muck-derived soils
for which the total mass consists mainly of organic matter.
These soils are formed under waterlogged conditions (hence very
low O2 concentrations) which strongly inhibit decomposition
processes, leading to the buildup of deep layers of partially
decomposed plant material. In contrast to mineral soils, organic
soils are not subject to saturation in the same way—that is,
organic matter can continue to accumulate, with the soil “depth”
increasing, as long as the conditions inhibiting decomposition
remain. When organic soils are exploited for agriculture they
are typically drained, limed, and fertilized. They can be very
productive for annual cropping, but conversion to agriculture
gives rise to extremely high rates of CO2 emissions, as much as
40–80 tCO2/ha/y (as well as substantial N2O emissions; IPCC,
2006) as the soil mass is being oxidized, which can continue as
long as organic layers remain exposed to aerobic (i.e., ambient O2
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concentrations) conditions. Consequently, where organic soils
can be taken out of production and hydrological conditions
restored (referred to as “rewetting”), the very high CO2 and N2O
emissions can be abated and the soil C accumulation can resume
(Wilson et al., 2016). When wetland conditions are restored, CH4

emissions can increase but, overall, restoring cultivated organic
soils provides very large per hectare net emission reductions.
However, the area of cultivated organic soils is very small in
comparison to that of mineral soils so that that overall mitigation
potential is relatively modest (Paustian et al., 2016a).

Improved Grazing Land Management
In the US, non-forested grazing lands are typically differentiated
into two main categories: pastures and rangelands. Generally
speaking, rangelands refer to grasslands dominated by native
species, often occurring in drier environments, and where
conventional management interventions are largely restricted
to manipulating grazing intensity and duration. In contrast,
pastures are often made up of non-indigenous and/or non-
native species, are often derived from other land covers and
support more intensive and more diverse management options
(e.g., fertilization, irrigation, plant species introduction, as well as
grazing management).

With the exception of some managed pastures, grazing lands
are generally never tilled. Therefore, increasing SOC stocks under
perennial grasses relies mainly on enhancing C inputs from plant
roots and residues. Ranchers may achieve this by managing plant
biomass removal from grazing or increasing forage production
through improved species, irrigation and fertilization, yielding
increases in SOC stocks of as much as 10% (Conant et al., 2016).
Other analyses of grazing land BMPs (including adjusting animal
stocking rates and managing plant species) found SOC stock
increases of 0.07–0.3 tC/ha/y on rangelands and 0.3–1.4 tC/ha/y
onmanaged pastures (Morgan et al., 2010). Looking at individual
practices, Conant et al. (2016) estimated average positive stock
changes for improved grazing (0.28 tC/ha/y), sowing legumes
(0.66 tC/ha/y) and fertilization (0.57 tC/ha/y).

For improving productivity and soil condition on grazing
lands, there is heightened interest in intensive grazing practices
employing high animal stocking rates for short durations,
from a few hours to a few days, on an area of pasture,
with frequent movement of animals and relatively long “rest
periods” for the vegetation between grazing events. Various terms
including rotation grazing, mob grazing, or adaptive multi-
paddock (AMP) grazing are used to label such management
systems although terminology is far from standardized. Some
studies suggest very dramatic effects from AMP grazing systems
in terms of improved productivity and soil physical properties
and increased soil carbon stocks. Teague et al. (2011) reported
rates of soil C accumulation of about 3 tC/ha/y in AMP
systems compared to heavy, continuous grazed systems and
Machmuller et al. (2015) reported even higher C accrual rates
of up to 8 tC/ha/y on annually cropped soils converted to
intensive rotational grazing systems. However, others have
questioned whether AMP/rotational grazing systems are superior
to well-managed continuous grazing systems (Briske et al.,
2008) and there is an ongoing debate within the scientific

community. A confounding issue is that adaptive grazing
systems, by definition, are dynamic in response to varying
weather and other environmental conditions that affect grassland
productivity. Thus it is difficult to set up traditional replicated
field experiments to compare different grazing systems at the
landscape scale (Teague et al., 2013). In any case, additional
research and better understanding of grazing impacts on SOC
stocks is needed determine optimal management conditions for
increasing soil C stocks and minimizing N2O and CH4 emissions
from livestock in these systems.

“Frontier Technologies” to Sequester Soil C
Several “non-conventional” management practices offer
considerable promise for producing negative emissions but
require further research to develop the necessary technology
and/or better constrain estimates of costs and life-cycle emissions
under large-scale deployment. Technologies that we consider
here include application of biochar to cropland soils, deployment
of perennial grain crops, and adoption of annual crops that
have been bred to produce deeper and larger root systems for
enhanced C inputs.

Biochar Additions
Biochar is a carbon-rich solid produced from biomass using
a thermochemical conversion process known as pyrolysis. A
range of temperatures can be used in pyrolysis, with lower
temperatures/longer residence times favoring solid biochar
formation and higher temperatures/shorter residence times
producing a greater proportion of gases and liquid bio-oil
and less char (Tripathi et al., 2016). Tradeoffs therefore arise
between energy production, which generally favors maximal
production of volatiles and bio-oil, and soil applications which
favors maximal production of biochar. Biochar also occurs in
the soils of many fire-prone ecosystems (where it is typically
referred to as pyrogenic carbon), including grasslands, savannas
and woodlands, and can make up as much as 35% of the total
organic C in these systems (Skjemstad et al., 2002; Glaser and
Amelung, 2003; Bird et al., 2015). Hence biochar/pyrogenic
carbon is a natural constituent of many soils and soil function is
not generally impaired (and may be enhanced) with the addition
of large quantities (e.g., 100 t/ha or more) of biochar. Thus, many
soils have a potential large storage capacity for added biochar.

Biochar amendments can impact soil C storage and net CO2

removals from the atmosphere in three different ways. For
biochars produced as a coproduct of biofuel pyrolysis processes,
when added to soils, most of the biochar mass (80–95%) is highly
resistant to microbial decay, with a mean residence time of 100s
of years or more (Santos et al., 2012; Wang et al., 2016). Hence,
the biochar itself represents a carbon stock that once added to
soil tends to persist for a long time. Secondly, biochar additions
can also interact with the native organic matter already present in
soils, and either stimulate or reduce the rate of decomposition of
the native soil organic matter. These interactions could involve
a number of factors including impacts on soil water holding
capacity and soil moisture, changes in pH or nutrient availability
and direct impacts of biochar additions on microbial community
activity and composition. Both positive and negative effects on
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native SOM decomposition following biochar addition have been
found (e.g., Song et al., 2016; Wang et al., 2016), but in most
cases these effects on the long-term soil C balance are small
(Wang et al., 2016). Finally, biochar additions can influence plant
productivity and hence C inputs to soil in the form of plant
residues. Impacts of biochar addition on plant productivity can
vary widely depending on the characteristics of the biochar and
soil/plant characteristics. Results frommeta-analyses suggest that
biochar additions generally have neutral or positive effects on
plant growth, with small increases on average (typically <10%)
in temperate cropping systems and larger increases (e.g., 10–25%)
in tropical systems, particularly on acid, nutrient-poor soils (Liu
et al., 2016).

Aside from impacts on soil C storage, a number of studies
suggest that biochar amendments may decrease soil N2O
emissions, which would further contribute to greenhouse gas
mitigation. A recent meta-analysis by Verhoeven et al. (2017)
reported average reductions of N2O emissions of 9–12% while
an earlier global assessment (Cayuela et al., 2014) suggested
greater average reductions of almost 50%, compared to non-
biochar amended soils. Differences in these meta-analyses are
due to different selection criteria for the studies included and
the weighting factors used. Regardless, there is an emerging
consensus that, on average, biochar applications help to reduce
N2O emissions. The exact mechanisms involved are uncertain
since many of the controls on nitrification and denitrification
processes (by which N2O emissions occur), for example pH,
mineral N concentrations, soil moisture, and O2 concentrations,
can be impacted by the presence of biochar.

In summary, the main effect of biochar amendment on
the GHG balance is associated with the long term storage of
the biochar when added to soil. Because the production and
transport of the biochar (and bioenergy coproducts) entail a
number of different GHG emission sources, the actual mitigation
attained (vis a vis the atmosphere) depends on the full biochar
life cycle and emissions of the biomass feedstock production and
harvesting, biochar production process, and field application.
This net life cycle C offset value may vary considerably with
system design and location, and better knowledge of biochar
system LCAs is needed to support broad-scale deployment.
One of the few global assessments of biochar amendments as
a CO2 mitigation strategy, by Woolf et al. (2010), suggested a
climate change mitigation potential of 1.8 Gt C per year. Due
to the complexity of biochar-bioenergy-agricultural systems, the
viability of large-scale biochar production and soil application
will be spatially variable and process dependent. One cost-benefit
analysis found that (without a C price), the net present value of
biochar application to soils was positive in a sub-Saharan African
context but negative in a Northwestern European context, due to
a combination of greater production costs andmore modest yield
benefits in the latter scenario (Dickinson et al., 2015).

Deployment of Perennial Grain Crops
There have been breeding efforts underway over the past three
decades to develop cereal grains (and other annual crops) with
a perennial growth habit. The perennial grasses selected for
breeding stocks, such as intermediate wheatgrass, are notable in

having deep and extensive root systems with a higher proportion
of dry matter allocation belowground than conventional annual
crops. Hence C inputs to soil are much greater than annual
crops and thus will support greater SOC stocks. Perennial crops
would also greatly reduce the need for tillage and its negative
effects on SOC stocks and soil erosion. Larger and deeper root
systems could also reduce nitrate leaching losses to waterways
and possibly N2O emissions to the atmosphere (Glover et al.,
2010; Pimentel et al., 2012; Abalos et al., 2016; Crews and
Rumsey, 2017).

Because of the relatively recent focus on developing
agronomically-viable perennial grains, there are few long-term
experiments that are of sufficient duration to document increases
in SOC from adoption of perennial grain crops. Culman et al.
(2013) found that intermediate wheatgrass increased the amount
of labile soil C after 4 years compared to annual winter wheat
in SW Michigan, but there was no significant increase in
total SOC. However, results from other long-term studies and
chronosequences involving perennial grass (e.g., hay, pasture)
systems probably provide a reasonable proxy for what would be
expected for the longer term response of soils under perennial
grains. Some rates of SOC change observed following conversion
of annual cropland to a variety of managed perennial grasslands
systems are given in Table 2.

From Table 2 it is reasonable to assume that perennial
grains could sequester, on average, about 1 tC/ha/y (about 3.6
tCO2/ha/y) over a number of years, on land converted from
continuous annual crop production in the central US grain belt.

At present there are several barriers to adoption of perennial
grains on significant areas of land currently allocated to
conventional annual crops. Chief among these barriers are low
yields and hence questionable economic viability if brought to
scale. Yields for intermediate wheatgrass (presently the most
commercially viable perennial grain) are typically <1,000 kg/ha,
which is 5–10 times less than annual wheat yields at the same
locations (Culman et al., 2016). Between-year variability is also
high—in a 4 year study in Southwestern Michigan, Culman
et al. (2016) reported average yields ranging from 119 kg/ha/y

TABLE 2 | Observed rates of SOC change under various managed perennial

systems.

Cropping system Mean 1SOC

(t C/ha/y)

Range

(t C/ha/y)

Source

Restored prairie 0.77 0.62–0.91 Tilman et al., 2006

Hayed grassland 0.47 None given Culman et al., 2010

Conversion of annual crops

to pasture

0.87¶ Conant et al., 2016

Meta-analysis of perennial

bioenergy crops

Switchgrass 3.10 −5.4 to 13.0 Qin et al., 2016

Miscanthus 1.97 −4.7 to 8.2

Poplar 0.56 −3.4 to 6.0

¶Mean value from a global meta-analysis of 93 studies.

Results are annualized rates of change from multi-year studies.
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(in 2012) to 1,493 kg/ha/y (in 2011), with a mean over the
4 years of 485 kg/ha/y. In a 4-year trial of more than 75
lines of perennial wheatgrass in Australia, several had first-
year yields that approached a profitability threshold (without
considering any value for potential carbon mitigation benefits),
but yields for the following three seasons declined to negligible
levels (Larkin et al., 2014). Other issues include problems
with grain shattering, lodging, small seed size, and sparse
knowledge on optimal agronomics. Such challenges are not
unexpected given the few years of active breeding efforts so far,
and thus further selection, breeding and field experimentation
are likely to improve yields and agronomics3. However, there
are likely persistent tradeoffs involving resource allocation by
perennial plants between dry matter belowground to roots and
aboveground to grain (Smaje, 2015; Vico et al., 2016) that will set
limits on grain production capacity.

There are also clear tradeoffs in the case of replacing higher
yielding annual crops with lower yielding perennials in terms of
land use impacts at regional to global scales. If food/feed supply
is decreased as a result of adopting lower yielding perennials,
there would be pressure to replace that lost production through
conversion of new land to agriculture elsewhere, leading to
potentially large increases in GHG emissions due to land use
conversion. This phenomenon, termed indirect land use change,
has been extensively analyzed in the case of substituting energy
crops for food crops (e.g., Searchinger et al., 2008; Creutzig
et al., 2015) and tradeoffs between crop yields and land use
choices are central to arguments underpinning sustainable land
use intensification (e.g., Foley et al., 2011; Garnett et al., 2013).
However, the potential for mixed grain and forage production
and targeting the use of marginal lands that are poorly suited
for annual grain production offer opportunities for successful
initial commercialization of perennial grain crops (Bell et al.,
2008; Culman et al., 2016). In summary, perennial grains show
promise for broadening the array of ecosystem services provided
by agriculture, including building SOC, but considerable work
remains to produce cultivars with reliable regrowth and adequate
grain yields, among other important agronomic traits (Cox et al.,
2010; Crews et al., 2016).

Annual Crops Bred to Develop Deeper and Larger

Root Systems
Another future option, somewhat similar to the deployment of
perennial cereals, would be to modify, through targeted breeding
and plant selection, existing annual crop plants to produce more
roots, deeper in the soil profile. Thus, while the crops would still
have an annual life cycle, both C inputs to soil would be increased
and deeper root distributions, where decomposition rates are
slower compared to surface horizons, would act to increase soil
C storage. In a concept paper, Kell (2012) laid out a rationale for
the potential to direct plant breeding efforts toward developing
varieties for our major grain crops, e.g., corn, sorghum, wheat,
and barley, that would have much greater allocation of C to roots

3Glover et al. (2010) estimated that commercially viable perennial grains could be

available by 2030.

and also deeper root distribution compared to current annual
crop varieties.

In an analysis to support a new program launched by DOE’s
ARPA-E, Paustian et al. (2016b) performed a “bounding analysis”
to estimate what level of soil C increase and total greenhouse gas
mitigation (including N2O emissions) might be possible based
on specifying feasible increases in total root mass and changing
root depth distributions toward those found in perennial
grasses. They estimated that widespread adoption of annual crop
phenotypes designed to have deeper and larger root systems
could yield soil C stock increases of 0.5 Gt CO2/ha/y on current
US cropland.

ESTIMATES OF THE BIOPHYSICAL
POTENTIAL FOR CO2 REMOVAL AND
SEQUESTRATION IN SOILS

As described in the preceding section, there are a wide variety of
management practices that can be adopted on agricultural lands
to remove CO2 from the atmosphere and convert it into soil
organic matter. The question then is “how much?”—how much
carbon can actually be added to and maintained in soils and is it
large enough to matter?

Over the past 20 years there have been several estimates
of the soil C sequestration potential globally and for the US.
In nearly all cases these represent the biophysical potential for
managed cropland and/or grassland systems to store additional
carbon assuming widespread (near complete) adoption of the
sequestering practices. As such, these represent upper-bound
estimates of the C sequestration potential. Economic or policy-
related constraints are generally not considered as they require
a detailed coupled ecosystem and economic modeling approach.
In terms of methods, most estimates, particularly at global
scale, are based on highly aggregated data on total area by
land-use type, stratified into broadly defined climate types,
and then applying estimates of representative per ha soil
C sequestration rates for different management practices or
suites of practices, based on measurements from long-term
field experiments.

Despite somewhat different scope (land types included)
and assumptions (practices considered), there is fairly close
alignment among global estimates (Figure 1), suggesting a
technical soil C sequestration potential of 2–5 Gt CO2 per
year, for what were characterized in the section above as
existing best conservation management practices. Estimates
toward the lower end of this range consider either less land
area (e.g., cropland only) and/or a more restricted set of
practices. It is not surprising that these various estimates are
in reasonably close alignment since the two main determining
factors, land area by land use type and observed rates of soil
C sequestration from long-term field trials, are fairly tightly
constrained. Thus, there seems to be good support for an
estimate of as much as 4–5 Gt CO2 per year for widespread
adoption of a broad suite of BMPs for soil C sequestration
on global grassland and cropland. These rates of C storage
could be sustained for a limited time period, on the order
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FIGURE 1 | Published estimates of global biophysical soil carbon sequestration potential, assuming (near) full adoption of C sequestering practices. Estimates vary in

terms of land use types and mix of practices included; e.g., the pre-2000 estimates (Paustian et al., 1998; Lal and Bruce, 1999) focused on cropland and set-aside to

grassland of marginal crop land, while later estimates (Lal, 2004; Smith et al., 2008; Sommer and Bossio, 2014; Paustian et al., 2016a; Griscom et al., 2017; Fuss

et al., 2018) included a fuller range of options on all agricultural lands. The IPCC (2000) estimate provided a point estimate whereas other publications provide a range

of per annum rates. The two estimates shown for Paustian et al. (2016a) denote with and without frontier technologies.

of 2–3 decades before decreasing, as soil C levels approach a
new equilibrium.

The estimate by Paustian et al. (2016a) that goes as high as 8
Gt CO2 per year, includes∼3 Gt CO2/y from what we’ve referred
to as “frontier technologies,” in this case biochar amendments
and high root C input crop phenotypes, in addition to the
conventional conservation technologies included in other global
estimates. However, estimates of technical potentials for these
frontier technologies are much more uncertain, either because
empirical data on their performance in the field (e.g., in long-
term field studies) is much scarcer, or in the case of novel
crop types (e.g., perennial grains, enhanced root phenotype
annual crops), the technologies themselves are still in an early
developmental stage.

In conjunction with the negotiations for the Paris climate
accords, the French government announced an initiative dubbed
“4 per mille” which advocates for a massive effort to increase
global soil C stocks as a core greenhouse gas mitigation strategy.
As articulated by INRA, the French National Institute for
Agricultural Research (INRA, 2017), if global soil C stocks in
the top 40 cm (860 GtC) could be increased on average by 0.4%
(i.e., 4 per mille) per year that is equivalent to about 3.4 GtC/y or
12.6 GtCO2/y. That level of net CO2 uptake would offset most of
the current annual increase in atmospheric CO2 (15.8 GtCO2/y),

assuming that the current ocean and terrestrial C sinks remained

intact. There is considerable debate about whether this level of
soil C sequestration is indeed possible, and whether all soils or

mainly agricultural soils should be targeted (e.g., Chambers et al.,
2016; Minasny et al., 2017). In any case, as an aspirational goal,
the 4 per mille concept has certainly spurred debate and “raised
the profile” of soils as a potentially key mitigation strategy.

As points of comparison, current global GHG emissions are
about 40 GtCO2e/year (with about 83% of that from fossil fuel

combustion), and meeting the goals of the Paris agreement may
require negative emissions of about 15 Gt CO2/year by the end of
the century (NASEM, 2019).

CONCLUDING REMARKS

There is strong scientific evidence for agricultural soils to
act as a significant carbon (C) sink over the next several
decades and thereby to contribute to meeting the objectives
of the Paris Climate Accord. There are a wide variety of
C sequestering practices that can be applied and the best
solutions vary according to climate, soil, and farming practices.
Many practices (e.g., improvements in crop rotations, use
of cover crops, tillage changes, N fertilizer management)
are already developed and their efficacy is relatively well-
understood. Wide-scale adoption of such measures could
take place quite rapidly. Other potential practices, requiring
development of new crop varieties and broad-scale use of soil
amendments such as biochar, require additional research and
development to overcome technological hurdles and/or improve
economic feasibility.

This suggests a “two-stage” strategy. Strong policy could be
enacted immediately to begin an international effort to increase
soil carbon sequestration, based on existing technologies. Key
ingredients are efficient policies that incentivize farmers to adopt
improved (C sequestering) practices, by compensating them for
additional costs and/or added risk. Expanded education and
outreach can also help to overcome knowledge or “know-how”
barriers. Meanwhile, continued R&D, with increased investments
could be devoted to further developing new crop varieties, both
perennial grains (and “perennialization” of other crops such as oil
seeds) and breeding for annual crops with larger and deeper root
systems. This could lead to viability of these new crops for use
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by about 2030 and beyond, when the need for negative emission
strategies will be growing.

Implementation of these policies will require a robust,
scientifically-sound measurement, reporting, and verification
(MRV) system to track that policy goals are being met and
that claimed increases in soil C stocks are real. Much of
the infrastructure for an effective MRV system for soil C
sequestration could be assembled relatively quickly and with
modest research and development investments (NASEM, 2019;
Paustian et al., 2019). Existing ground-based data from long-
term field experiments (e.g., Harden et al., 2018) together with
national networks for on-farm soil monitoring (van Wesemael
et al., 2011) can support the continued improvement and
deployment of process-based predictive models. Expanded use
of remote sensing can help to monitor management practices
(e.g., Hively et al., 2018) and constrain local-scale estimates of
CO2 assimilation and C input to soils by crops (e.g., Guan et al.,
2017). This extensive and broad-based melding of ground-based
experiments andmonitoring, dynamic predictive models, remote
sensing and farmer-based knowledge of management practices

can form the basis for quantification tools that can inform policy
and program implementation, at field- (Paustian et al., 2018) to
national-scales (Ogle et al., 2014).

In summary—by leveraging existing scientific knowledge
and infrastructure, together with modest investment to
further advance the knowledge base and develop new
technologies, many countries could move to implement
negative emission strategies in the agricultural sector and at
the same time improve the health and resilience of their soils.
This would stimulate and encourage global-scale initiatives
(e.g., Schleussner et al., 2016; INRA, 2017), to help achieve the
goal of limiting average global temperature increases to <2◦C.
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