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Background and Summary 
Most greenhouse gas (GHG) emission scenarios that keep the world from warming more than 2oC by the 
end of the century depend on removing significant amounts of CO2 from the atmosphere and 
sequestrating it in the biosphere or geosphere – as much as 15 billion tonnes of CO2 per year (GtCO2/y) 
by later this century. A number of technological strategies for achieving these negative emissions have 
been proposed, but it is increasingly recognized in the scientific community that our knowledge of how to 
implement negative emissions systems at scale, and the associated collateral impacts, are still only just 
developing. 

Research on negative emissions systems will need to be accelerated to ensure intended benefits of such 
technologies are achievable and at the scales and in the time frames relevant to meeting the goals of the 
Paris climate agreement. Understanding the potential for carbon negative technologies, quantitatively 
assessing the impacts on food, energy, and water of land-intensive strategies to limit global warming, and 
identifying and overcoming research and communications gaps are critical to developing policy solutions 
grounded in the best science.  
To inform policies that can help bring negative emissions technologies to scale, this paper reviews the 
prospective need for negative emissions in the U.S. and globally, the state of science and technologies 
relevant to near-term deployment of negative emissions systems, and estimated potentials for agriculture-
based processes for negative emissions. The latter are generally acknowledged to be the most promising 
options for the near term, both for the potential speed and scale at which they could be adopted and the 
collateral benefits that they could provide, such as improved water quality and soil health.  

This review is part of a larger multi-disciplinary initiative involving researchers at Colorado State 
University, Princeton University and Climate Central to assess strategies and potential impacts of a 
greatly heightened role for agricultural and other land-based systems providing removal and sequestration 
of CO2 via enhanced soil organic carbon sequestration, ecosystem restoration or afforestation on marginal 
and/or abandoned agricultural lands, and biomass energy with CO2 capture and storage (BECCS).  The 
technical, economic and societal feasibility of these biological negative emission (BNE) strategies and 
their implications for the future of food and water systems are far from clear.  The larger initiative aims to 
address these uncertainties by seeking to answer several questions in depth: 

• What are the potential consequences for land use, food production, water resources, the energy system, 
and net global greenhouse gas emissions of deploying BNE measures at scale in the U.S.?  What are 
the key uncertainties? 

• What strategies can help optimize the efficacy with which biomass, land, and water are used to achieve 
BNE for the U.S. and to decrease emissions from current and future agriculture, while feeding the 
world?   

• Based on the best available evidence, what are sustainable, cost-constrained biogeophysical potentials 
(and associated uncertainties) in the U.S. for biological removal of CO2 from the atmosphere via 
BECCS and other BNE measures? 
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• To what degree will development and deployment of these strategies meet the required negative 
emissions consistent with remaining at or below 2oC globally? 

• How best to communicate the science and policy options around BNE strategies to broad audiences? 

Sequestering carbon in soils 
Cropland soils are typically depleted in carbon relative to their native ecologies: most long-term cropped 
soils have lost 30-50% of the carbon stocks in top soil layers relative to their native condition.  Grassland 
soils managed for grazing may or may not have suffered similar carbon losses, depending on how they 
have been managed.  How croplands and grazing lands are managed affects both the rate at which they 
take up carbon from the atmosphere and the rate at which carbon returns to the atmosphere via 
decomposition.  Mineral soils have an upper ‘saturation’ level of soil carbon above which no further 
increases are possible. Soils that already have high organic matter levels (e.g. > 5% carbon by mass) have 
a low propensity for further carbon gain.  Soils that are carbon-depleted, however, have the ability to store 
substantial amounts of carbon. Storage can continue for several decades, depending on the initial 
condition of the soil.  The initial rate of storage in such soils can be high, but will attenuate as the carbon 
stock builds toward a new equilibrium condition, determined by climate, soil and management conditions. 
Importantly, soil carbon gains are reversible, and much or all of the gained carbon can be lost if 
management practices resulting in carbon buildup are not maintained long term.   

One can divide management interventions to increase soil carbon into two broad categories.  The first 
category includes well-known, proven techniques that are conservation-oriented management practices, or 
“best management practices” (BMP) for building soil carbon. The impacts of these BMPs are relatively 
well-known from numerous field experiments and comparative field observations. Examples include 
increasing crop productivity coupled with residue retention, use of cover crops, conversion of marginal 
cropland to perennial grasses or legumes, modified tillage, adding manure or compost, and improved 
grazing-land management. A second broad category includes what we refer to as ‘frontier technologies’. 
These are systems or practices 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 soil carbon 
increases over the longer term. Technologies that we consider in this category 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 carbon transfer to soil. 

We reviewed published estimates made over the past two decades of global and U.S. soil carbon 
sequestration potential, mainly on cropland and managed grassland.  These generally represent the 
biophysical potential for managed cropland and/or grassland systems to store additional carbon assuming 
widespread (near complete) adoption of BMPs.  As such, these represent upper-bound estimates of the 
carbon sequestration potential without ‘frontier technologies’. Most estimates, particularly at global scale, 
are based on highly aggregated data, but are useful for putting in perspective the potential of negative 
emissions from soil carbon sequestration relative to the need for negative emissions to achieve the goals 
of the Paris agreement. Our review of the literature suggests that 4 to 5 GtCO2/y is a good estimate of the 
global potential for soil carbon sequestration (with 0.2-0.3 GtCO2/y in the US alone), via a broad suite of 
well-understood BMPs on grasslands and croplands globally.  In the longer-term, if ‘frontier 
technologies’ are successfully deployed, the global estimate might grow to 8 GtCO2/y. For comparison, 
meeting the goals of the Paris agreement may require negative emissions globally of about 8 GtCO2/y by 
mid-century and 15 GtCO2/y by the end of the century.  Current global CO2 emissions from fossil fuel 
combustion are about 40 GtCO2/y.   

Negative emissions systems beyond agriculture-based options will ultimately be needed to meet the goals 
of the Paris agreement, but implementing best management practices in agriculture will provide 
significant steps forward at relatively low costs and with a variety of collateral benefits.  The options to be 
implemented will be specific to local conditions.  In this paper, we present spatially disaggregated 
(county-by-county) high-level estimates for the U.S. of existing BMP opportunities (i.e., not including 
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frontier technologies) for negative emissions.  Collectively, these represent about 0.2 GtCO2/y of potential 
soil C stock increase in the country. The highest carbon sequestration potentials via management 
interventions on cropland are in the Midwest, northern Great Plains and Mississippi River Valley.  The 
potential on irrigated croplands of the arid and semi-arid west are also significant. Potentials for U.S. 
grasslands (western rangelands and eastern pastures) are lower than those we estimated for croplands, but 
spatial patterns are more distinct due to differences in climate and in management practices: eastern 
pastures sequester more carbon per unit area, but the expanse of western rangelands leads to a higher total 
carbon sequestration on grasslands in the west than in the east. 

In summary, 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.  
While much of the infrastructure for an effective MRV system for soil C sequestration is already in place, 
investment to buildout a full-scale, on-farm national soil monitoring network is a critical need.  Likewise 
continued support for long-term field experiments and refinements in farm- and national-scale soil C 
inventory systems are needed.  Finally, improved communication of the science issues and policy 
alternatives is needed to inform government, industry, NGOs, other stakeholders and the general public.  
These actions would enable the US to move rapidly to implement negative emission strategies in the 
agricultural sector and at the same time improve the health and resilience of the nation’s soils. 

1. Introduction: the need for negative emissions 

The Paris Climate Agreement provides hope for limiting the impacts of global warming, with the world’s 
nations agreeing to keep the global average temperature rise to “well below 2°C above pre-industrial 
levels and to pursue efforts to limit the temperature increase to 1.5°C.” Because long-term warming 
increases approximately linearly with total cumulative emissions of CO2 to the atmosphere 
(Intergovernmental Panel on Climate Change [IPCC], 2014a), it is possible to estimate the total remaining 
amount of allowable CO2 emissions that would commit the world to a warming of 2oC.  This is estimated 
to be between 600 and 1200 billion tonnes of CO2 (GtCO2), starting from 2016 (Rogelj et al. 2016, 
Schleussner et al. 2016).  At the current global rate of CO2 emissions (about 40 GtCO2/y), the lower end 
of this range would be reached by 2030, the upper end before 2050. Thus, even in the unlikely event that 
dramatic reductions in global CO2 
emissions begin soon, large-scale negative 
emissions, wherein CO2 is captured from 
the atmosphere and held in storage in the 
biosphere, geosphere, or oceans will likely 
be required to bring cumulative emissions 
back under the cap after first 
“overshooting” the cap.  
 
The imperative of negative emissions is 
reflected in the many emissions scenarios 
assessed in the IPCC’s 5th Assessment 
Report (IPCC 2014b) that require negative 
emissions in future emissions scenarios to 
limit warming to less than 2oC (Fig. 1). In 
fact, negative emissions are also included 
in many integrated assessment model 

 
Figure 1. Median outcomes of 76 integrated assessment 
scenarios assessed by the IPCC that are consistent with not 
exceeding warming of 2oC (Anderson and Peters, 2016). 
Negative emissions appear as early as 2030 and reach 15 
billion tCO2/y (GtCO2/y) by later this century. 

(for 2oC)

Negative 
Emissions
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scenarios that fail to achieve the 2oC target (Fuss et. al. 2014). In the long term, some level of sustained 
negative emissions will be required to maintain climate stability by offsetting the impacts of difficult-to-
eliminate emissions of greenhouse gases (GHGs), such as methane from agriculture (Rockström et al. 
2016).  
 
Natural processes (ocean sinks and land sinks) today remove from the atmosphere the equivalent of more 
than half of CO2 emitted by fossil fuel combustion and other anthropogenic activities. Negative 
emissions, as discussed here, would represent either an enhancement of these removal processes or a 
supplement to them.   

2. Overview of Negative Emissions Technologies 

A variety of ways in which negative emissions might be achieved have been proposed: 

1. Enhancing natural processes for CO2 removal via land management, e.g., reforestation/afforestation, 
changing agricultural practices and crop phenotypes to increase soil uptake of carbon, or establishing 
perennial grasses on carbon-depleted soils unsuitable for arable agriculture. 

2. Using biomass (residues or purpose-grown plant matter) for energy and capturing the resulting 
byproduct CO2 for storage away from the atmosphere, for example in deep geologic formations. This 
approach is often called BECCS, for biomass energy with carbon capture and storage. 

3. Directly extracting CO2 from the atmosphere by passing ambient air over a solvent that selectively 
absorbs CO2, and then storing the CO2 away from the atmosphere, for example in deep geologic 
formations.  This process is often called DAC, for direct air capture. 

4. Accelerating the natural weathering of certain widely-occurring rock types by bringing them into 
contact with concentrated CO2, leading to storage of carbon as either solid carbonate mineral (on land 
or in the ocean) or as dissolved bicarbonate ions (in the ocean). 

5. Fertilizing the ocean with iron to promote photosynthetic uptake of CO2 by phytoplankton that 
subsequently sinks to the deep ocean, carrying carbon with it.  

The ocean fertilization option (#5) has been studied for more than two decades (Williamson et al. 2012), 
and the understanding that has developed of potential ecosystem disruptions and other negative impacts 
has resulted in near-universal rejection of this as an acceptable approach for negative emissions 
(Williamson 2016).  Accelerated weathering strategies (#4 above) involving use of the ocean also carry 
environmental risks, and weathering strategies using either land or ocean would have large, economically-
challenging requirements for mining and processing of mineral material (National Research Council, 
2015).   
 
Of the five options listed above, BECCS and DACS (#2 and #3) are projected to have the largest potential 
for annual CO2 removal (> 10 Gt CO2/y globally) (National Research Council 2015).  Equipment for 
capturing CO2 in BECCS systems is already commercially used in other applications, and deep 
underground storage of CO2 (captured from fossil fuels) is ongoing at commercial scale in a number of 
projects around the world (Global CCS Institute, 2017).  Significant quantities of biomass residues from 
agricultural and forestry operations are available today (IPCC 2011, Turkenburg et al. 2012) and could be 
used for BECCS systems without impacting agricultural or forest production (Tilman et al. 2009).  
However, a key limitation of BECCS today is a lack of sufficiently strong policies to incentivize their 
economics.  A carbon emission price of $100/tCO2 (National Research Council 2015) or higher (Hailey et 
al. 2016) would likely be needed for BECCS systems to be commercially viable.  For the projected levels 
of negative emissions needed by mid-to-late century to limit global warming to 2oC or less, there is 
additionally a concern about competition for land and water to grow biomass for BECCS versus to 
provide feed and fiber for increasing populations (Smith et al. 2016; Field & Mach 2017).  There is not 
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the same level of concern about land requirements for DACS, because these systems will have relatively 
smaller footprints on the land. However, DACS technologies are still under development today, and 
carbon emission prices projected for commercial viability once the technologies are ready are in the range 
of $400 to $1000/tCO2 (National Research Council 2015, Socolow et al. 2011).  Projected costs are high 
in large part because CO2 occurs in a relatively low concentration in air (currently about 400 ppm), and 
removing a low-concentration species from a mixture of gases is thermodynamically (and thus 
practically) difficult. 
 
Currently, the most technologically established and lowest projected-cost negative-emissions option is 
land management that enhances natural biological sinks, i.e., #1 in the above list.  A theoretical upper 
bound estimate of the cumulative negative emissions potential for this strategy is 660 ± 300 Gt CO2-
equivalent, which is the estimated historical loss of carbon (C) from native ecosystems (forests, grassland, 
wetlands) globally, that resulted from human-induced land-use change, largely to agricultural uses (IPCC 
2014b).  Without reestablishing native ecosystems, negative emissions can also be achieved via enhanced 
storage of carbon in managed agricultural soils through increased plant productivity, cultivation of 
deeper-rooted or more decomposition-resistant crops, decreased soil disturbance, and with organic 
amendments such as biochar addition (Paustian et al. 2016a).  Also, perennial grasses and trees 
established on land abandoned from agricultural use due to soil degradation or lands that are poorly suited 
for agricultural production (Zumkehr & Campbell 2013, Campbell et al. 2008) can result in significant 
carbon build-up over time (Tilman et al. 2006).  Because the stock of organic carbon in soils today is 
large – estimated to be 8,600 GtCO2eq globally (Stockmann et al. 2013) – small percentage changes in soil 
carbon via changes in land use or in land management can have large impacts on atmospheric CO2. 
However, the total potential for natural accrual of organic carbon in any soil is limited by a number of 
biogeochemical controls, including climate and soil minerology (Schmidt et al., 2011). Paustian et al. 
(2016a) have estimated the overall carbon mitigation potential for a combined set of natural and 
anthropogenic soil management strategies to be as high as 8 billion tCO2eq/y, corresponding to 240 
GtCO2eq over a 30-year period.  Field and Mach (2017) have recently pointed out that the land 
management option comes with potential environmental co-benefits, such as improving habitat quality or 
increasing agricultural yields. They also noted the important downside risk that most carbon sequestered 
in ecosystems can be re-released relatively easily to the atmosphere if that ecosystem is disturbed.  Thus 
policy interventions need to focus both on the adoption and the long-term maintenance of CO2 
sequestering practices.  

3. Soil C sequestration technology/management options 

Globally, soils contain about 1500 Gt of organic carbon (C)1 to 1 meter (m) depth and 2400 GtC to 2m 
depth (Batjes 1996). About 45% of global soils are under some form of agricultural use (i.e., cropland and 
grazing land).  Cropland soils are typically depleted in C relative to the native ecosystems from which 
they were derived, due to reduced net primary production, export (as products) of biomass, intensive soil 
disturbance, and soil erosion as contributing factors (Paustian et al. 1997).  Most long-term cropped soils 
have lost 30-50% of the C stocks in top soil layers (0-30 cm) relative to their native condition (Davidson 
and Ackermann 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-

                                                      
 

1 In this paper, C refers to carbon and CO2eq refers to CO2-equivalents.  One tonne of C is equivalent to 3.67 tonnes 
of CO2eq. 
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managed grasslands may have C stocks equal to or exceeding their original native condition (Conant et al. 
2016). 

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)2.  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 a decreased decomposition rates, soil C stocks tend towards 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, soils have an upper limit or ‘saturation level’ of soil C (Six et al. 2002) 
above which no further increases in soil C are possible.  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 8-20, with a 
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 tonnes CO2eq/y (1.1 GtC/y), then about 100 million 
tonnes 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 
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 

                                                      
 

2 Other organic C can be lost as CH4 from anaerobic (e.g. flooded) systems as well as leaching of dissolved organic 
C, but the latter is a minor loss process in most ecosystems.  Soil erosion can greatly affect C stocks at a particular 
location, but 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 result in a small net C sink, because burial 
of C-rich sediment reduces decomposition rates and erosional exposure of low C subsurface soil can have a higher 
capacity to store additional C (van Oost et al. 2007) 
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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 help ‘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 organic matter increases and to minimize N2O emissions and other losses of 
pollution-causing reactive nitrogen to the environment, will be an important part of strategies for negative 
emissions from soils. 

In evaluating management interventions to increase soil C stocks, one can divide them into two broad 
categories.  The first category includes well-known, proven techniques that can increase soil C by 
adopting more conservation-oriented practices, with conventional crops and existing management 
systems.   In other words, adopting 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 includes what we refer to as ‘frontier technologies’ which represent 
systems or practices for which significant technological and/or economic barriers exist, such that they are 
not yet ready 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. 

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

Table 1.  Examples of agricultural management actions that can increase organic carbon storage and 
promote a net removal of CO2 from the atmosphere (from Paustian 2014). 
 
Management Practice Increased C inputs Reduced C losses 
Increased productivity and residue retention    
Cover crops    
Conversion to perennial grasses and legumes     
Manure and compost addition    
No-tillage and other conservation tillage    
Rewetting organic (i.e., peat and muck) soils    
Improved grazing land management    

 
Modified crop rotations 
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., Sherrod et al. 2005, O’Dea et al. 2015, West and Post 2002). 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). 
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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 the 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 net GHG reductions.  An excellent 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 about 1.3 cm thick surface dressing), in part attributed to improved infiltration and water 
retention, increased grass 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, three 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 three 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. 
 

No-tillage and other conservation 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 croplands.  Advances in tillage implement 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% (Ghidey and Alberts 1998, Langdale et al. 1979, Mickelson et al. 
2001, Williams & 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 the main mechanism 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 at 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) predicted 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 Global Warming Potential (GWP) and 71% lower greenhouse gas intensity (GHG 
emissions per unit of yield) than conventionally tilled systems.  There are instances in which no-tillage 
does not increase soil C relative to conventional tillage (Angers & 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 tillage may be 
highly effective at promoting a significant increase in soil C stocks, over a multi-decadal period.  This 
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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.  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 tha-1 greater SOC stocks (to 1.5 m depth) than 
similar soils that were not deep-tilled.  Crop yields were similar on the fields that received the deep tillage 
treatment to untreated fields.  The implied average rates 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 EPA National Greenhouse Gas Inventory report credits CRP land as a key 
contributor to agricultural soil carbon sinks in the U.S. (USEPA 2017).  A new 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 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 
With the exception of some managed pastures, grazing lands are generally never tilled.  Therefore, 
increasing SOC stocks under perennial grasses relies 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 (Conant et al. 2016).  Overall, improved 
grassland practices may increase SOC stocks by as much as 10% (Conant et al. 2016).  Other analyses of 
grazingland BMPs (including adjusting animal stocking rates and managing plant species) found SOC 
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stock increases of 0.07-0.3 tC/ha/y on rangelands and 0.3-1.4 tC/ha/y on managed pastures (Morgan et al. 
2010). Looking at individual practices, Conant et al. (2016) estimated 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 crop 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 effect 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 potential mechanisms on 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. 

Additional information on field studies and syntheses of the impacts of various ‘conventional’ 
management practices on soil carbon storage are given in the Appendix. 

 

3.2 ‘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, most commonly 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 & Amelung 2003, Bird et al. 2015).  Hence 
biochar/pyogenic 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. 
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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 native SOM decomposition following biochar addition have been found (e.g., 
Wang et al. 2016, Song 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 from meta-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 of 9-12% while an earlier global 
assessment (Cayluela 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 are 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 CO2eq 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 and more 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 
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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 (Abalos et al. 2016, Glover et al. 2010b, Pimentel et al. 2012, Kantar et al. 2016, Crews & 
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. (2014) found that intermediate wheatgrass increased the amount of 
labile soil C after four 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. 

 
Cropping System Mean ΔSOC 

(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 
Miscanthus 
Poplar 

 
3.10 
1.97 
0.56 

 

 
-5.4-13.0 
-4.7-8.2 
-3.4-6.0 

 
(Qin et al. 2016) 

¶ Mean value from a global meta-analysis of 93 studies. 
 
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 < 1000 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 an 4 
year study in Southwestern Michigan, Culman et al. (2014) reported average yields ranging from 119 
kg/ha/y (in 2012) to 1493 kg/ha/y (in 2011), with a mean over the four years of 485 kg/ha/y.  In a four-
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 

Table 2. Observed rates of SOC change under various managed perennial systems.  Results are 
annualized rates of change from multi-year studies. 
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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.  However, the potential for mixed grain and forage 
production and targeting the use of marginal lands that are poorly suited for annual grain production may 
be key to successful commercialization (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 
As described in section 3.1, one of the most effective means for increasing soil C sequestration is through 
changing land cover, such as converting annual cropland to forest or perennial grasses, either of which 
generally contributes much more plant residue to soils.  However, if widely applied, such land use 
conversions would have negative consequences for food and fiber production from the crops that are 
displaced. One future option, already described above, might be the deployment of perennial cereals, 
which would provide grain as well as significantly increase soil C storage, on at least a portion of current 
annual cropland. A related option that has not yet been widely explored would be to modify, through 
targeted breeding and plant selection, annual crop plants to produce more roots, deeper in the soil profile.  
Thus 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 towards developing varieties 
for our major grain crops, e.g., corn, sorghum, wheat, and barley that would have much greater allocation 
of C to roots 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 towards those found in perennial grasses. The impacts on soil C stocks 
of altered root systems were then modeled using the Century process-based ecosystem C model. The 
analysis also evaluated impacts of the projected soil C changes on soil N interactions, including potential 
changes in soil N2O emissions. Summary results of the analysis on deployment of annual crops with 
enhanced root phenotypes for deployment in the US are included in Table 4. 

4. Review of published estimates of soil C sequestration potential 

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 twenty 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 

                                                      
 
3 Glover et al. (2010) estimated that commercially viable perennial grains could be available by 2030. 
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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. 

4.1 Global potential 

Despite somewhat different scope (land types included) and assumptions (practices considered),  there is 
fairly close alignment among global estimates (Table 3), suggesting a technical soil C sequestration 
potential of 2 to 5 Gt CO2 per year, for what were characterized in the section above as ‘conventional’ 
management practices.  Estimates towards 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 to 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 of 2-3 decades before decreasing, as soil C 
levels approach a new equilibrium. 

Table 3.  Published estimates of global soil carbon sequestration potential.  All values reflect technical or 
‘biophysical’ potential estimates that are not constrained by carbon price or policy design. 

Study/Citation Estimate 
Gt CO2eq/y 

Scope 

Paustian et al. 1998 1.5-3.3 Improved cropland management, setaside, restoration of 
degraded land 

Lal & Bruce 1999 1.7-2.2 Improved cropland management, restoration of degraded 
land¶ 

IPCC 2000 3 Improved cropland & grassland management, setaside, 
agroforestry, restored peat soils 

Lal 2004 1.5-4.4 Improved cropland & grassland management, setaside, 
agroforestry, restored degraded lands 

Smith et al. 2008 5-5.4 Improved cropland & grassland management, setaside, 
agroforestry, restored degraded lands, restored peat soils§ 

Sommer & Bossio 
2014 

2.5-5.1 Improved cropland & grassland management, setaside, 
agroforestry, restored degraded lands 

Paustian et al. 2016a 2-5  Improved cropland & grassland management, setaside, 
agroforestry, restored degraded lands, restored peat soils 

Paustian et al. 2016a 4-8 Potential from practices above, plus unconventional 
technologies including high root C input crop phenotypes and 
biochar amendments 

¶ An additional 1-1.5 GtCO2eq emission reduction was projected from biofuel CO2 offsets 
§ This study also included an estimate of ‘economic potential’: about 2.5 GtCO2eq/y was achievable for < 
$50 tonne CO2 
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The estimate by Paustian et al. (2016a) that goes as high as 8 Gt CO2 per year includes 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 technologies included in other global estimates.  However, 
estimates of technical potentials for these unconventional practices 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 strongly 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. Budiman et al. 2017, Chambers et al. 2016, Lal 
2016).  In any case, as an aspiration 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 (Figure 1).  

4.1 U.S. potential 

Estimates of soil C sequestration for the US have employed roughly similar methods to those described 
above for global studies, although in some cases analyses have been done with more stratified and 
spatially disaggregated data to better account for the dependency of C accrual rates on climate and soil 
conditions. 

Table 4.  Published estimates of US soil carbon sequestration potential.  Previously published studies 
reflect technical or ‘biophysical’ potential estimates that are not constrained by carbon price or policy 
design.4 

Study/Citation Estimate 
Million  

t CO2eq/y 

Scope 

Lal et al. 1998 275-639 Land conversion and setasides, restoration of degraded land, 
improved management on cropland ¶ 

Sperow et al. 2003 305 Improved cropland management, setaside of marginal (highly 
erodible) cropland to grassland § 

                                                      
 
4 The analysis done in this paper reflects somewhat more of a policy-constrained C sequestration potential in 

that modeled adoption rates are extrapolated from observed trends but they don’t explicitly consider economic 
constraints. 
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Sperow 2016 240 Improved cropland management, setaside of marginal (highly 
erodible) cropland to grassland § 

Chambers et al. 2016 250 Improved cropland and grassland management, setaside of 
marginal (highly erodible) cropland to grassland † 

Paustian et al. 2016b 500-800 Deployment of enhanced root phenotypes for major annual 
crops (assumes 2X root C input and downward shift in root 
distribution equivalent to native prairie grasses) ‡ 

This study 216 Improved cropland and grassland management, setaside of 
marginal (highly erodible) cropland to grassland (see 
description below) 

¶ Value corrected for error in the publication for C sequestration from residue management; also 
‘stacking’ of multiple practices for the same land area increased their total estimate 
§ Based on IPCC Tier 2 method 
† Based on estimate for widespread adoption of USDA/NRCS conservation practices on all private lands 
‡ Excluded non-irrigated semi-arid cropland with major water limitation on production 
 
Estimates for US agricultural (cropland and grazing land) lands are on the order of 200-300 million t 
CO2eq per year, with widespread adoption of soil C sequestering BMPs (Table 4).   The higher upper limit 
for the Lal et al. (1998) study is likely an overestimate as rates multiple practices were in some cases 
combined for the same land area and the per ha estimates used may be most representative for humid and 
subhumid climates and hence would underestimate gains for semiarid cropland areas.  The estimate of 
Paustian et al. (2016b) for widespread deployment of enhanced root phenotype crops on US cropland is 
nearly twice as high as that for all conventional C sequestering practices combined.  However, these 
values are very speculative in that they presuppose the successful development of radically different crop 
varieties from those currently in use.  A major assumption is that such crops would have much greater dry 
matter allocation belowground, while suffering minimal yield declines (i.e., an assumption in the analysis 
was that no additional annual cropland would be needed to maintain current commodity production 
levels).   

Additional information on global and national estimates for soil carbon sequestration potential are given 
in the Appendix. 

5. A new spatially-resolved assessment of soil C sequestration potential 
in the US 

Although a few US-based assessments of potential soil C sequestration have been done in the past (Table 
4), most have been based on highly aggregate data that minimally represent variability in climate, soil and 
land management practices.  To get a more spatially resolved view of potential sequestration, we 
estimated the technical potential at the county level of U.S. croplands and grasslands to sequester carbon 
using a simple but robust approach based on the IPCC Tier 2 national GHG inventory methods (IPCC 
2006) with U.S. specific reference carbon stocks and stock change factors (Eve et al. 2002).  Baseline 
(current) SOC stocks were compared to two alternate future scenarios in which best management 
practices are adopted at a moderate level and at a high potential level.   
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Croplands 

Within the IPCC method for croplands, reference SOC stocks are adjusted by land use, tillage and C 
inputs to the soil.  Future scenarios were designed to represent realistic adoption rates of improved 
practices rather than complete conversion.  Carbon sequestration scenarios for croplands were defined as 
follows: 

• Moderate Adoption Scenario 
o All conventionally tilled lands are converted to reduced till (Table 5) 
o No-till adoption increases by 50% over current rates (Table 5) 
o Single practices increasing C inputs (such as cover crops, rotation intensification, 

perennials in rotation) are adopted on all croplands resulting in low input systems 
becoming medium input systems, and medium input systems becoming high input 
systems (Table 6) 

o 50% of marginal croplands are converted to native permanent vegetation or perennial 
bioenergy crops  

• Widespread Adoption Scenario 
o All conventionally tilled lands are converted to reduced till (Table 5) 
o No-till adoption increases by 100% over current rates (Table 5) 
o Two or more practices increasing C inputs (such as cover crops, rotation intensification, 

perennials in rotation) are adopted on all croplands resulting in low and medium input 
systems becoming high input systems (Table 6) 

o 100% of marginal croplands are converted to native permanent vegetation or perennial 
bioenergy crops  

 

Soil carbon reference stocks and stock change factors are unique to IPCC soil types and climate zones.  
As such, we classified SSURGO (USDA NRCS 2016) soils data into IPCC soil types according to the 
IPCC 2006 Guidelines (IPCC 2006).  Soils were then overlaid with IPCC climates zones (IPCC 2006).  
To determine current C input levels of croplands as outlined in the IPCC guidelines (IPCC 2006), we 
evaluated USDA Cropland Data Layers (CDL) remotely sensed land cover data for 2009-2015 and 
classified each pixel into low, medium, and high C inputs based on the residue production of crops 
reported and frequency of fallowing (USDA-NASS 2009-2015).  At this time, no national datasets report 
frequency of cover crop use.  The Crop Residue Management Survey reported county-level rates of 
conventional, reduced, and no till, which were then area-weighted over the spatially distinct soil, climate 
and crop input combinations (CTIC 2004).  We determined areas of marginal croplands by overlaying 
SSURGO pixels with land capability classes of 4 or greater with CDL croplands (USDA NRCS 2016). 

Table 5. Average U.S. tillage percentages for baseline, moderate adoption, and widespread adoption 
scenarios. 
Scenario Conventional Till Reduced Till No Till 
Baseline 38% 40% 22% 
Moderate Adoption 0% 67% 33% 
Widespread Adoption 0% 56% 44% 
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Table 6.  Average U.S. carbon inputs grouped into IPCC input categories of low, medium and high.  
Carbon inputs are based on crops grown and fallow frequency. 
 Carbon Inputs 
Scenario low medium high 
Baseline 8% 80% 11% 
Moderate Adoption 0% 8% 92% 
Widespread Adoption 0% 0% 100% 

 

Grasslands 

IPCC methods for grasslands focus on the condition of grasslands, ranking them as severely degraded, 
moderately degraded, nominal or improved.  Baseline (current) and future scenarios assess the impact of 
changing grassland condition on western rangelands and eastern managed pastures: 

• Baseline Scenario 
o Western rangelands: 80% are nominal, 10% are moderately degraded, 10% are severely 

degraded 
o Eastern pastures: All pastures are nominal condition 

• Moderate Adoption Scenario 
o Western rangelands: 90% are nominal, 5% are moderately degraded, 5% are severely 

degraded 
o Eastern pastures: 50% are nominal and 50% are improved 

• Widespread Adoption Scenario 
o Western rangelands: 95% are nominal, 5% are moderately degraded 
o Eastern pastures: 10% are nominal and 90% are improved 

 
Spatial data for IPCC soil and climate zones (as described above) were used to determine soil carbon 
references stocks and stock change factors.  We used 2011 National Land Cover Data (NLCD) (Homer et 
al. 2015) to determine areas of grassland, excluding any areas that overlapped with the CDL Cultivated 
Layer (USDA-NASS 2016).  To separate extensive, western rangelands from managed, eastern pastures, 
we used a longitudinal separation (-100 degrees) that is consistent with the east-west precipitation 
gradient in the U.S.  Herrick et al. (2010) estimated from an assessment of National Resource Inventory 
survey points, that approximately 20% of U.S. western rangelands were at least moderately degraded.  No 
information was available for eastern pastures, so we assumed all pastures were in nominal condition. 

Results 

Potential C sequestration on U.S. croplands is predicted to be significant, with improved cropland 
management sequestering approximately 116 million t CO2eq/y under a scenario of moderate adoption of 
C-sequestering practices (Table 7). Even wider adoption of these practices may sequester upwards of 127 
million t CO2eq/y.  In this analysis, we removed marginal croplands (totaling about 17.5 Mha) from 
production, assuming a return to native permanent vegetation or planting of perennial bioenergy crops.  
Retiring half of all marginal croplands (8.8 million ha, in the moderate scenario) was predicted to remove 
approximately 12 million t CO2eq/y from the atmosphere, while completely retiring marginal lands from 
cultivation (widespread adoption scenario) may remove 23 million t CO2eq/y (Table 7).    Overall, the 
potential of the current cropland land base may be as high as 150 million t CO2eq/y, or 3,008 million t 
CO2eq over 20 years. 
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The highest C sequestration potentials were predicted in the Midwest, northern Great Plains and 
Mississippi River Valley (Figure 2).  We also predicted significant per ha potential in irrigated croplands 
of the arid and semi-arid west, although the total land area involved is relatively small. 

Using the IPCC inventory methods, potentials for U.S. grasslands were lower than those predicted for 
croplands.  We predicted a C sequestration potential of 36 million t CO2eq/y in the moderate adoption 
scenario and 66 million t CO2eq/y in the widespread adoption scenario (Table 7).  Nationwide adoption of 
grassland best management practices may remove as much as 1,317 million t CO2eq from the atmosphere 
after 20 years. 

 

 

Figure 2. County-level predicted carbon sequestration for croplands: a) moderate adoption scenario, total 
county C sequestration in thousand t CO2eq/y, b) moderate adoption scenario, average county C 
sequestration in t CO2eq/ha/y, c) widespread adoption scenario, total county C sequestration in thousand t 
CO2eq/y, d) widespread adoption scenario, average county C sequestration in t CO2eq/ha/y.   
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Table 7. Total predicted soil carbon sequestration for moderate adoption and widespread adoption 
cropland and grassland scenarios. 

Management 
interventions 

Medium adoption scenario High adoption scenario 
Million t CO2eq 

y-1 t CO2eq/ha y-1 
Million  

t CO2eq y-1 t CO2eq/ha y-1 
Cropland Management 116 1.05 127 1.26 
Conversion to set-aside§ 12 1.35 23 1.35 
Improved grazing land 36 0.36 66 0.65 
Total 164 - 216 - 

§ Conversion of annual cropland on marginal lands (based on Land Capability Class ≥ 4) to permanent 
grassland 
 

Spatial patterns of carbon sequestration potentials in grasslands are more distinct, due to the differences 
climate and management of western vs. eastern pastures.  While eastern pastures may sequester more C 
per hectare, the expansive areas of grasslands in the west may lead to higher total C sequestration 
potential (Figure 3).  

 

Figure 3. County-level predicted carbon sequestration for grasslands: a) moderate adoption scenario, total 
county C sequestration in thousand t CO2eq/y and b) widespread adoption scenario, total county C 
sequestration in thousand t CO2eq/y. 

The estimates for soil C sequestration are similar to, but somewhat lower than other recent assessments 
for the soil C sequestration potential in the US.  This is largely due to the fact the adoption rates in our 
scenarios were based more on extrapolations of historical trends and don’t represent the absolute 
maximum potential assuming complete adoption of best practices for C sequestration.  Thus our estimates 
are somewhat more conservative than published studies. 

We used a similar methodology as Sperow (2014) but differing in data sources in that we used a ‘wall-to-
wall’ analysis, at county resolution,  based on intersecting spatial databases on land use and soil 
characteristics whereas Sperow (2014) used sample data from the National Resource Inventory (NRI) 
system.  However, the main difference between our estimates is likely due to assumptions of complete 
adoption of carbon BMPs by Sperow (2014) whereas our estimates may be characterized as a more 
conservative in terms of adoption rates. 
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6. 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 a national 
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 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 is 
already in place.  The US has one of the most sophisticated inventory methods for agricultural soil C 
stock accounting at national-scale as part of the US national greenhouse gas inventory (Ogle et al. 2010, 
USEPA 2017).   At the entity- (i.e., farm and ranch) scale, USDA has developed inventory methods for 
CO2, CH4 and N2O for all major agricultural sinks and sources, including soil (and biomass) C stocks 
(Eve et al. 2014).  The accounting methods are deployed in a free web-based data and computing 
platform, COMET-FarmTM (Paustian et al. 2012, 2017; http://cometfarm.nrel.colostate.edu) which has a 
user-friendly spatial graphical interface that is being used by farmers, ranchers, crop consultants, 
companies, NGOs, students and state and federal land managers.  The methodologies are currently being 
used by USDA/NRCS to support conservation programs (Chambers et al. 2016), by companies to 
develop low C footprint supply-chains for agriculturally sourced projects, and by GHG registries (ACR, 
CAR, VCS,)5 to support agriculturally-based C offset projects.   

To further strengthen MRV capabilities, and in particular improve estimates of measurement uncertainty, 
a national on-farm soil C monitoring system could be established (van Wesemael et al. 2011, Ogle et al. 
2014).  A pilot network with support from USDA/NRCS and utilizing the National Resource Inventory 
(NRI) systems was initiated in 2007 (Spencer et al. 2011), ultimately involving about 500 NRI sample 
locations.  However, following the US budget ‘sequester’ in 2013, further buildout of the network 

                                                      
 
5 The most well-established registries involved in GHG offset project are: American Carbon Registry (ACR) - 

http://americancarbonregistry.org/; Climate Action Reserve (CAR) - http://www.climateactionreserve.org/; Verified 
Carbon Standard (VCS) - http://www.v-c-s.org/ 

http://americancarbonregistry.org/
http://www.climateactionreserve.org/
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towards the full design of 5,000-10,000 points was suspended.  However, protocols and procedures are in 
place and hence the network build-out could be restarted immediately if funding were available.   

Finally, continued investments are needed to maintain long-term experiments that include measurements 
of soil C change and N2O and CH4 fluxes as a function of different management practices, and to 
strengthen and expand coordinated site networks such as Gracenet (Jawson et al. 2005) and Ameriflux 
(Law 2005), helping to refine predictive models in these core MRV systems. 

In summary – by leveraging existing scientific knowledge and infrastructure, together with modest 
investment to further advance the knowledge base and develop new technologies, the US could move 
rapidly to implement negative emission strategies in the agricultural sector and at the same time improve 
the health and resilience of the nation’s soils.  This would stimulate and encourage similar initiatives 
globally (e.g. INRA 2017), to help achieve the goal of limiting average global temperature to less than 
2oC.  
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Appendix A 
 
A1. Published estimates of global potential for greenhouse gas removal from the atmosphere via changes in land management. All values reflect technical or 

‘biophysical’ potential estimates that are not constrained by carbon price or policy design. 

Source  
Estimate, 
Gt CO2-eq 

yr-1 

Duration, 
years Measures Summary/Comments 

Caldeira et al. 2004 
 

 3.3 
 

100 All possible land use changes  Includes agricultural soils, reforestation/agroforestry 
(improved management, afforestation, cessation of 
deforestation), improvement of cropland management. 

 
IPCC 2000 
 

 1.4-2.9 50 – 100  Improved croplands/grasslands 
mgmt., agroforestry, setaside 

Capacity of global agricultural soils reaching a new carbon 
equilibrium after approximately 50 to 100 years. 

 
Kane 2015 
 

 1.95-2.44 
 

15 – 30 Use of fertilizer, no till and 
conservation tillage, cover crops and crop 
rotation, rotational grazing, perennial 
cropping systems 

Kane also cities Hansen et al. (2013) with an optimistic 
global carbon soil sequestration rate of ~10% of current annual 
emissions. This matches the upper limit of Smith et al. (2008) 
technical estimates without factoring in economic limitation at 
different carbon prices. 

 
Lal 2004 
 

 1.47-4.4 
 

20 – 50 Improved mgmt. of cropland soils, 
restoration of degraded and desertified 
soils, irrigated soils, fire mgmt., improved 
species, graze land mgmt.  

Methods differ depending on the biome and type of soil. 
Cropland soils 1350 Mha total with 250 Mha in South 
America, which have high potential. Restoration of degraded 
and desertified soils 1.1 billion ha. Irrigated soils - 275 Mha 
and includes both soil organic and inorganic carbon. 
Rangelands and grasslands - 3.7 billion ha in semi-arid and 
sub-humid regions. Timeframe of carbon sequestration can be 
much longer than 20-50 years, but unrealistic under on-farm 
conditions.  

 
Lal and Bruce 1999 
 

 1.65-2.22 
 

20 – 50  Improved mgmt. of world’s 
croplands only  

World cropland management including erosion control, 
restoration of degraded soil, reclamation of salt-affected soils, 
use of conversation tillage practices and crop residue 
management, and improvement of cropping system. Carbon 
soil sinks are finite and would reach a new equilibrium after 
20-50 years. An additional 1.1-1.5 Gt CO2 eq yr-1 for carbon 
offset through biofuel production. 
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Paustian and Cole 
1998 

 

 1.76 - 3.15 50 Cropland mgmt., restore degraded 
lands, setaside 

Converting croplands back to forests/grasslands, improved 
management of agricultural lands, and restoration of degraded 
lands. 

 
Paustian et al. 2016a 
 

 1.5 - 5.3 
 
 
 

4 - 8 
 

50 
 
 
 

50 

Conventional methods 
 
 
 

Conventional plus unconventional 
(advanced) technologies/methods 

Conventional methods: grazing land management, 
cropland management, set-aside, water management, restore 
degraded land, rice management.  

New technologies include genetic engineering of plants to 
enhance their roots as well as their tolerance to harsh soil 
conditions such as acidity, oxygen deficiency, and nutrient 
deficiencies, biochar application, and restore histosols. 

 
Smith et al. 2008 
 

 4.9-5.34 
 

50 – 100 Improved croplands mgmt., setaside, 
agroforestry 

Methods for improvement include cropland management, 
grazing land management, restore cultivated organic soils, 
restore degraded lands, bioenergy (soil components), water 
management, and set-aside and agroforestry. An additional 0.6 
Gt CO2 eq yr-1 possible from offset of emissions through use of 
biofuels.  

 
Sommer and Bossio 

2014 
 

 2.5-5.1 
 

87 Improved croplands and grasslands 
mgmt., setaside, agroforestry, restoration 
of degraded lands 

Analysis includes estimates for soil carbon content for two 
different projections for future CO2 emissions and for both 
arable land/permanent crops and permanent meadows/pastures 
from 2014 to 2100. 
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A2. Published estimates of potential for greenhouse gas removals from the atmosphere via changes in land management in the U.S. 
 

Source  Estimates* Duration, 
years Measures Region of US Summary 

Chambers et al. 
2016 

 250 Mg CO2 eq 
yr-1 

50 Improved 
cropland and 
grassland mgmt., 
setaside of marginal 
cropland to grassland 

 

Lower 48 
 

Estimates are based on widespread adoption 
USDA/NRCS conservation practices on all private lands. 

Franzlubbers, 
2010 

 

 1.5-1.8 Mg CO2 
eq  
ha-1 yr-1 

 
2.86-3.48 Mg CO2 eq  

ha-1 yr-1 
 

Varied Adopt 
conservation tillage 

 
Establish 

perennial pasture 

Southeast Reviews literature from Southeastern US to estimate soil 
carbon sequestration potential of degraded lands. Includes 
ample experimental data from 20 published studies. 

 

Lal et al. 1998  275-639 Mg CO2 
eq  

yr-1 
 

50 Land conversion 
and setasides, 
restoration of degrade 
lands, improved 
cropland mgmt.  

Not specified Value corrected for error in the publication for C 
sequestration from residue management; also ‘stacking’ of 
multiple practices for the same land area increased total 
estimate 

Lal et al. 2003  17.6-52.8 Tg 
CO2 eq yr-1  

 

30 Adopt 
recommended mgmt 
practices on ag soils, 
grazing lands, 
restoration of 
degraded soils 

 

Lower 48  
and Alaska 

Paper includes a breakdown of carbon sequestration in 
the continental US and Alaska by land type. 

 

CAST. 2004  
 

 0.37-2.57 Mg 
CO2 eq  

ha-1 yr-1 
 

10 – 30 Adoption of no 
till practices 

Not specified  

Paustian et al. 
2016b 

 500-800 Mg CO2 
eq  

yr-1 

 Deployment of 
enhanced root 
phenotypes for major 
annual crops. 

Lower 48 Estimate assumes 2 times root C input and a downward 
shift in root distribution equivalent to native prairie grasses. 
Excluded non-irrigated semi-arid cropland with major water 
limitation on production. 

Song 2013  
 

 Soil C storage 
increasing from 31.2 

kg CO2 eq m-2 in 

100 Changes in 
atmospheric CO2, 

Southeast This study is modeling changes in carbon storage and 
fluxes in the Southeast US under three climate scenarios 
using four different climate models. This does not include 
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Source  Estimates* Duration, 
years Measures Region of US Summary 

2000s to 35.6 kg CO2 
eq m-2 in 2090s. 

 

nitrogen deposition, 
ozone 

land use changes or active mitigation efforts, but instead 
takes into account environmental and climate changes by 
2100. Study defined the SEUS as containing the following 
13 states: FL, GA, NC, SC, VA, AL, AR, KY, LA, MS, OK, 
TN, and TX. 

Sperow et al. 
2003 

 305 Mg CO2 eq 
yr-1 

15 and 
then 

dropping off 
over longer 

periods 
 

Adoption of no 
till practices, 
improved agricultural 
soil mgmt.  

Lower 48 
 

Estimates are based on IPCC Tier 2 method and take 
into account changes in land management across the US. 
Includes elimination of summer fallow practices and using a 
winter cover crop. The rate is projected for 15 years, noting 
that this would decline over long periods of time. 

*Mg = 1 Mt (metric tonne) 
Tg = 1 MMt (million metric tonnes)  
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A3. Additional published estimates of greenhouse gas removal potential via changes in land management.  
 

Source Estimate Duratio
n, years Measure Region Summary 

Chan et al. 2009  
 

18 Tg CO2 eq 
yr-1 

 

Not 
specified 

Improved mgmt. 
of croplands, 
rangelands, and 
grasslands 

New South 
Wales 

Estimate for New South Wales SOC sequestration in 
pasture land, cropping land and rangelands, which was 
equivalent to 11% of NSW's total GHG emissions in 
2005. 

 
Cole et al. 1997 

 
7.33 Pg CO2 eq 

for restoration of 
wetlands in India 
 
1.61-3.23 Pg CO2 eq 
yr-1 

 

50 Improved mgmt. 
for agricultural soils, 
setaside, restoration 
of degraded land 

India 
 
 
 
World 

Cites Gupta and Rao (1994) who performed 
experiments in India on the restoration of salt and alkali 
impacted soils. 

 
Adapted from IPCC (1996) and are net storage rates for 
agriculture-based mitigation impacts. 

 
Conant et al. 2001 

 
0.40-11.1 Mg 

CO2 eq ha-1 yr-1 with 
an average of 1.98 

Mg CO2 eq ha-1 yr-1 
 

40 Improved 
grassland mgmt. 
practices 

World This paper focused on improvement of grasslands to 
increase soil carbon sequestration. It looked at 115 studies 
with more than 300 data points. The first 40 years after 
treatment saw the highest rates of sequestration as well as 
in the top 10cm of soil. Results vary across biome and 
climate. 

 
Dumanski et al. 

1998 
 

0.17 Pg CO2 eq  
yr-1  

 

50 Summer fallow 
replacement 

 
  

Canada Land use changes in Canada including reducing 
summer fallow area, improving erosion control, adoption 
of no-till practices, and changes in types of crops. The 
analysis incorporated both empirical data from long-term 
field experiments as well as the CENTURY model 
(version 4.0, 1993.) 

 
Follett and Reed 2010 
 

0.26-0.44 Mg 
CO2 eq ha-1 yr-1 

 
1.1 Mg CO2 eq ha-1 
yr-1 

 
5.87 Mg CO2 eq ha-1 
yr-1 

40 Improved 
rangeland mgmt.  

Colorado 
 
 
Wyoming 

and North Dakota 
 
Kansas 
 
 

Meta-analysis with rangeland management effects on 
soil carbon sequestration with empirical rates in different 
biomes with different techniques 
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Source Estimate Duratio
n, years Measure Region Summary 

 
1.65-2.64 Mg CO2 
eq ha-1 yr-1  

 
1.21-5.72 Mg CO2 
eq ha-1 yr-1 

 
0.81 Mg CO2 eq ha-1 
yr-1 
 
7.0-10.1 Mg CO2 eq 
ha-1 yr-1 

 

Saskatchewa
n 

 
 
South Dakota 
 
 
Kansas 
 
 
Argentina 
 

Follet and 
Schuman, 2005  
 

0.73 Pg CO2 eq 
m-2 yr-1 

 

40 Grazing land 
management only 

World Reviews climatic and land use factors that affect soil 
carbon sequestration and gives estimates for the potential 
of the world’s global grazing land to sequester carbon. 
Also includes information about the retention of carbon in 
the soil and how policy will play a role in increasing 
SOC. 

 
Jain et al. 2005.  2.14 Mg CO2 eq 

ha-1 yr-1 with a total 
of 0.16 Pg CO2 eq 

yr-1 
 

20 Adoption of no 
till practices 

North 
America 

Analysis was centered on adoption of no till from 
conventional plow tillage and the simulated uptake of 
CO2 in North America soils from 1981-2000. Model 
takes into account the 5 different climate regions across 
North America.  

 
Kell 2011 
 

367 Mg CO2 eq 
ha-1 at a soil depth 
of 1-2 meters 
cumulative over 50 
years 

 

50 Breeding crop 
plants with deeper 
roots 

N/A This study looks at breeding plants with deeper root 
system to store carbon at the depth of 1-2 meters. Most of 
the other studies mentioned above only take into account 
the top meter of soil.  

Kell 2012 
 

733 Mg CO2 eq 
ha-1 in the top metre 
of soil cumulative 
over 50 years 

 

50 Breeding crops 
with improved below 
ground C 
sequestration traits 

N/A High potential for carbon storage not just in the 
topsoil layer, but the subsoils as well. There is evidence to 
support that soils have been depleted of carbon and at a 
bulk relative density of 1 percent C in the soil, 200 Mg 
ha-1 can be stored in just the top meter of soil alone. By 
extending root systems of agricultural crop, which are 
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Source Estimate Duratio
n, years Measure Region Summary 

generally not deeper than 1m, we can have the ability to 
store even more carbon in subsoil layers. 

 
Mackey et al. 2013 

 
6.6 Pg CO2 eq 

yr-1 
 
 

100 Hypothetical 
restoration of land 
carbon buffer 

 Estimates based on the restoration of all cleared lands 
to their contemporary pre-agricultural state and carbon 
stock. Currently unachievable in our society.  

 
McCalmont et al., 

2015 
 

1.54-14.0 Mg 
CO2 eq ha-1 yr-1 
 

 

15 – 20 Growing 
Miscanthus, 
improvement of 
former arable land, 
grassland mgmt.  

 

UK Estimates are for the UK Miscanthus planted on 
former arable land. Crop can further reduce emissions 
when used as a perennial biomass crop up to 10% of the 
UK's current energy use. 

 

Smith et al. 2000 
 

0.12 Pg CO2 eq  
yr-1 

 

50 – 100 Improved mgmt. 
of surplus arable 
land, improved 
mgmt. of agricultural 
soils 

 

Europe Soil carbon mitigation potential for land management 
practices that include no-tillage, straw incorporation, and 
organic amendments. 

 

Smith 2012 
 

5.5-6.0 Pg CO2 
eq yr-1 

 
 

0.2 Pg CO2 eq yr-1 

15 – 20 Improved 
croplands/grasslands 
mgmt., agroforestry, 
setaside 

World 
 
 
 
Europe 

cropland 

5.5 – 6 represents global potential from agriculture 
by 2030 considering all greenhouse gases. Economic 
potential is much lower. 0.2 represents technical potential 
for Europe, but economic potential is much lower.  

 
 

West and Post 2002 
 

158-260 g CO2 
eq m-2 yr-1 

 
 

 
29-117 g CO2 
eq m-2 yr-1 

 

15 – 20 
 
 
 
 

40 – 60  

Changes from 
conventional tillage 
to no till 

 
 
Enhancement of 

rotation complexity 

World This analysis was conducted using a global database 
of 67 long-term agricultural experiments that compared 
the soil C sequestration rates of conventional tillage and 
no tillage practices in paired treatment groups. Also 
included estimates of SOC sequestration due to crop 
rotation.  
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A4: Estimates of soil carbon sequestration based on Earth System Models that take into account the changes in atmospheric CO2, temperature, and other 

green house gases. The estimates from ESMs do not take into account land management changes. 
Source Estimate Duration Measure Summary 

He et al. 2016 
 

N/A 100 Incorporating 
radiocarbon restraint 
in ESMs 

Analysis of 5 ESMs with radiocarbon restraint and 
found that ESMs estimates without were 40 +- 27% 
higher for soil carbon sequestration potential. This 
study indicates that we do not have a full 
understanding of the sequestration of carbon in soils on 
a long timescale. 

 
Todd-Brown et al. 2014 

 
-2.64-9.28 Pg CO2 eq 

yr-1with mean of 2.38 Pg 
CO2 eq yr-1 

 
 

100 Changes in input 
of carbon to soil, 
changes in 
decomposition rate 

Analysis from 11 Earth system models for the 
difference in 10-year means, 2090-2099 minus 1997-
2006 soil carbon. Study does not specific what 
techniques specifically, i.e. land use changes contribute 
to the changes in soil carbon sequestration. 
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