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EXECUTIVE SUMMARY
Highlights
 ▪ The ambitious emissions reduction measures 

modeled in most global emissions pathways are not 
enough to achieve the Paris Agreement targets for 
limiting temperature rise. In these pathways, it is 
also necessary to undertake efforts to remove carbon 
dioxide (CO2) from the atmosphere at the gigaton 
scale—billions of metric tons per year globally. 

 ▪ This paper explores candidate land management 
approaches for carbon removal in the United States, 
including carbon removal in forests and farms.

 ▪ There is untapped potential to increase carbon 
removal in America’s forests and farms. However, 
although marginal costs of implementation are 
generally below US$50/metric ton of CO2 (tCO2), 
deploying these approaches at large scale will 
require addressing a set of needs related to scientific 
uncertainty, measurement, and monitoring; 
mechanisms to drive landowner adoption at large 
scale; and public funding. 

 ▪ If these needs can be addressed, the potential scale 
of deployment in the United States is likely on the 
order of hundreds of millions of metric tons of CO2 
(MtCO2) per year.

JAMES MULLIGAN, GRETCHEN ELLISON, REBECCA GASPER, AND ALEXANDER RUDEE



2  |  

Box ES-1  |   Carbon Removal and the Carbon CycleBackground
Heightened abatement of greenhouse gas (GHG) 
emissions is needed to achieve the goals of the 
Paris Agreement to limit warming to well below 
2˚C, with efforts to limit warming to 1.5˚C, to 
avoid the most dangerous climate impacts. 
Furthermore, most scientific estimates show that to 
keep these goals within reach, the global emissions 
trajectory needs to not only reach net-zero by the second 
half of this century but continue downward into net-
negative emissions. Global climate models therefore 
illustrate the need to pursue both aggressive emissions 
reductions and significant deployment of carbon removal. 
They rely upon carbon removal approaches to offset 
the last remaining GHG-emitting activities that are too 
challenging or expensive to eliminate, and to compensate 
for any temporary overshoot of temperature goals. 

Carbon removal is the process of removing CO2 
from the atmosphere and storing it. It is distinct 
both from solar radiation management, which seeks to 
reflect sunlight to reduce warming rather than remove 
carbon from the atmosphere, and from carbon capture 
and storage (CCS) from point sources of emissions such 
as fossil-fuel burning power plants or other industrial 
facilities. Approaches to carbon removal traverse a spec-
trum from land management approaches to technological 
options, including carbon management in agricultural 
soils, forests, and agroforestry; bioenergy with carbon cap-
ture and storage (BECCS); direct air capture and storage 
(DACS); and frontier technologies such as biochar, plant 
breeding or engineering, enhanced weathering, and sea-
water capture. The intention of carbon removal is to store 
CO2 in plants, soils, and oceans, as well as nonbiologi-
cally in geological formations and products (e.g., building 
materials), augmenting the net transfer of carbon from the 
atmosphere that naturally takes place as part of the carbon 
cycle (Minx et al. 2018) (see Box ES-1). In some cases, 
storage is permanent; in others the CO2 may return to the 
atmosphere over time.

To date, a gap exists between the need for rapid emissions 
reductions to stabilize the climate at the temperature 
targets established in the Paris Agreement and the 
availability of cost-effective measures that can provide 
those reductions (UNEP 2017). Advancements in carbon 
removal can help close that gap. However, each carbon 
removal approach available today faces its own challenges, 

Carbon circulates between the land, atmosphere, and ocean 
through various natural and human-induced processes (see 
Figure ES-1.1): 

 ▪ Plants use sunlight and absorb carbon dioxide (CO2) 
through photosynthesis, generating oxygen.

 ▪ Humans and animals inhale oxygen and exhale CO2.

 ▪ Decomposition of organic carbon in soils, plants, and 
animals emits CO2. 

 ▪ CO2 dissolves in the ocean, is consumed by 
phytoplankton through photosynthesis, and released 
back into the atmosphere.

 ▪ Fossil fuel combustion and deforestation or other land 
use changes emit CO2.

Carbon removal is intended to help address global warming by 
reducing atmospheric concentrations of the primary greenhouse 
gas, CO2, accelerating or augmenting the net transfer of CO2 from 
the atmosphere (see Figure ES-1.2).

potential pitfalls, and limitations. The full potential of 
each remains uncertain. Given this uncertainty, a portfolio 
of approaches and technologies could yield greater 
opportunities for achieving large-scale carbon removal 
(Minx et al. 2018; Fuss et al. 2018). 

About This Working Paper
The purpose of this working paper is to explore 
the potential for carbon removal in forests and 
farms in the United States, to identify needs likely 
to arise on the pathway to large-scale deployment, 
and to consider ways to begin addressing those 
needs. This working paper is part of a World Resources 
Institute (WRI) publication series CarbonShot: Creating 
Options for Carbon Removal at Scale in the United States. 
The series presents findings from a WRI-led assessment 
of needs for scaling candidate carbon removal approaches 
in the United States, drawing on a synthesis of available 
scientific literature. This paper focuses on carbon removal 
in forests and farms. 
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Figure ES-1.1 |   The Carbon Cycle

Figure ES-1.2 |   Augmenting the Net Transfer of Carbon from the Atmosphere via Carbon Removal Approaches

Source: Adapted from Minx et al. 2018.

Source: Adapted from U.S. DOE NETL 2018.
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Key Findings
There is untapped potential to increase carbon 
removal in America’s forests and farms. However, 
realizing this potential will require navigating challeng-
ing dynamics related to competition for land to supply 
global food and fiber markets, diffuse landownership over 
expansive areas, persistent scientific and technological 

challenges related to measurement and monitoring, and 
still-limited public funding for carbon-beneficial land 
management. 

Carbon removal in forests and farms can be 
achieved through several different practices. 
These practices interact differently with global land-
use trade-offs that affect food and fiber security as well 
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as net climate benefits. Some practices, like restoring 
croplands to grassland or forestland, or extending timber 
harvest rotation lengths, reduce the supply of food or 
fiber and may lead to indirect land-use change. While 
these measures have potential, unlocking that potential 
would require increasing food and fiber yields on existing 
agricultural lands and reducing growth in demand 
for land-intensive agricultural products—for example 
by reducing food loss and waste. The following other 
measures do not reduce the supply of food or fiber:

 ▪ Reforestation on nonagricultural lands such as post-
disturbance forest areas, abandoned mine lands, 
abandoned farmland,4 roadsides, parks, and urban 
areas. 

 ▪ Forest carbon management practices such as 
restocking understocked stands, reducing the risk of 
catastrophic wildfire, reduced impact logging, active 
replanting post-harvest, and silvicultural practices 
that improve growth rates. 

 ▪ Agricultural practices that boost yields and build soil 
carbon without shifting land uses. 

 ▪ Integration of trees into agricultural lands while 
maintaining or increasing farm productivity.

The potential scale of carbon removal in forests 
and farms in the United States alone appears to 
be on the order of hundreds of millions of metric 
tons of CO2 per year. Estimates of the global need for 
carbon removal reach into the gigatons (billion metric 
tons) per year by 2050 in scenarios consistent with both 
1.5˚C and a likely chance of 2˚C temperature rise above 
pre-industrial levels. The majority of the estimated 
potential in the U.S. land sector is linked to reforestation 
on nonagricultural lands. Additional potential may be 
available from soil carbon management measures that 
are excluded from estimates of technical potential in the 
literature due to lack of field data. 

This paper proposes that achieving this potential 
would require addressing needs related to scien-
tific uncertainty, measurement, and monitoring; 
mechanisms to drive adoption by landowners at 
large scale; and public funding. Government agencies 
(federal, state, and local), the private sector, and indi-
vidual landowners and producers all have a role to play in 
addressing these needs. 

ABBREVIATIONS
BECCS   bioenergy with carbon capture and 

storage 

CO2  carbon dioxide 

CO2e  carbon dioxide equivalent

CWSRF  Clean Water State Revolving Fund

DACS  direct air capture and storage 

FIA  Forest Inventory and Analysis

GHG   greenhouse gas 

Gt  gigaton (billion metric tons)

Mt  megaton (million metric tons)

N2O  nitrous oxide

t  metric ton

USDA  United States Department of Agriculture

WRI  World Resources Institute

INTRODUCTION
Background on Carbon Removal
The Paris Agreement established a goal of limiting aver-
age global temperature rise to well below 2˚C above 
pre-industrial levels and to pursue efforts to limit the 
temperature increase even further to 1.5˚C. These targets 
are intended to avoid the worst impacts of climate change. 
Global scenario planning models are used to identify the 
pace and scale of mitigation efforts that will be required 
to meet a target for temperature rise. The large majority 
of modeled scenarios indicate that ambitious greenhouse 
gas (GHG) emissions reductions alone will not be enough 
to have a likely chance of achieving the Paris Agreement 
targets (Nemet et al. 2018). These models therefore 
combine ambitious emissions reductions with the removal 
of carbon dioxide (CO2) from the atmosphere (Minx et al. 
2018). However, the approaches and technologies for what 
is often called “carbon removal” are largely unproven at 
the scale that appears in these models (Fuss et al. 2018). 
Modeled scenarios for global emissions pathways con-
sistent with 1.5˚C temperature rise above pre-industrial 
levels rely on 5–15 GtCO2 (15th and 85th percentiles) of 
emissions removed per year by 2050 and 10–17 GtCO2 
removed per year by 2100 (Fuss et al. 2018). In scenarios 
consistent with a likely chance of stabilizing at 2˚C, the 
models rely on 1–7 GtCO2 of emissions removed per year 
by 2050 and 7–17 GtCO2 removed per year by 2100. 
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Carbon removal can take a variety of forms. These include 
land-management approaches in forests and farms; bioen-
ergy with carbon capture and storage (BECCS); direct air 
capture with storage (DACS); and several “frontier tech-
nologies such as biochar, plant breeding and engineer-
ing, enhanced weathering, and seawater capture, among 
others.

Objectives of This Paper
The purpose of this working paper is to explore the poten-
tial for carbon removal in forests and farms in the United 
States in order to identify needs likely to arise on the 
pathway to large scale deployment and to consider ways to 
begin addressing those needs. 

World Resources Institute (WRI), with support from the 
Linden Trust for Conservation (LTC) and in partnership 
with Carbon180 and Carbon Wrangler LLC, surveyed the 
technical potential, economic dynamics, and uncertainties 
associated with the approaches identified in Box 1; identi-
fied the key needs to facilitate large-scale deployment; and 
explored possible measures for addressing those needs.

This working paper examines candidate options to grow 
the land carbon sink in the United States. A range of 
land-sector approaches has been posited in the literature 

and communities of practice as viable options to grow the 
carbon sink globally and in the United States (NRC 2015; 
Minasny et al. 2017; Fuss et al. 2018; Griscom et al. 2017; 
Paustian et al. 2016). In this paper, these approaches are 
grouped into two categories: carbon removal in forests 
and carbon removal in farms. 

Although this paper focuses on measures that increase 
removal of CO2 from the atmosphere in forests and farms 
(see Figure 1), growing the carbon sink on a net basis also 
requires reducing the loss of carbon already stored in the 
land (see Box 2). In policy and in practice, reducing emis-
sions and increasing removals can be pursued hand-in-
hand in the land sector. 

Each of the candidate approaches and technologies faces 
its own set of challenges, potential pitfalls, and limita-
tions (Minx et al. 2018). There are no “silver bullets.” 
And, there appears to be a gap between the need for rapid 
emissions reductions to stabilize the climate at the tem-
perature targets established in the Paris Agreement and 
the availability of cost-effective measures that can provide 
those reductions (UNEP 2017). As major emitters like 
the United States continue to delay action, that gap will 
only widen. That necessitates the creation of options—for 
deeper, faster emissions reductions than envisioned in 
global scenario planning models, and for removing CO2 
from the atmosphere at large scale.

Figure 1 |  Augmenting the Net Transfer of Carbon from the Atmosphere to Trees and Soils in Forests and Farms

Source: Adapted from Minx et al. 2018.
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Box 1  |  WRI Series CarbonShot: Creating Options for Carbon Removal at Scale in the United States 

In the publication series CarbonShot: Creating Options for Carbon Removal 
at Scale in the United States [wri.org/carbonremoval], WRI presents three 
thematic working papers that outline the findings of an assessment of 
prospects for carbon removal in the United States: 

 ▪ Foundational Questions on Carbon Removal in the United States

 ▪ Carbon Removal in Forests and Farms in the United States

 ▪ Technological Carbon Removal in the United States

These papers cover the key needs facing major carbon removal approaches 
and technologies, and the policies that could begin to address those needs. 

The assessment relied on an integrated process of expert consultations and 
literature review, review of existing policy mechanisms, and the application 
of a structured assessment framework to guide information collection and 
synthesis. 

The assessment was limited to terrestrial-based and select marine-based 
carbon removal approaches potentially applicable in the United States. The 
five carbon removal approaches within the scope of this assessment were 
forest carbon; soil carbon on agricultural lands; BECCS; DACS; and frontier 
technologies (biochar, plant breeding and engineering, enhanced weather-
ing, seawater capture). These were selected as they are the approaches 
most commonly referenced in the literature. Although all carbon removal 
technologies are arguably “emerging,” the technologies grouped together 
as “frontier” technologies commonly face uncertainties that the authors 
determined would prohibit a robust evaluation of potential scale and its 
specific dependencies.

The assessment excluded ocean fertilization because of potential nega-
tive effects on ocean ecosystems, associated transboundary effects, and 
international law complications. Previous studies largely agree that ocean 
fertilization at large scale poses risks that outweigh potential benefits (NRC 
2015). The assessment further excluded wetlands on the basis of preliminary 
findings that wetland interventions were more relevant to emissions reduc-
tion strategies than carbon removal strategies, although recent literature 
shows mitigation potential for coastal restoration (Griscom et al. 2017), with 
potential in the United States (Euliss et al. 2006).  

To identify key needs for scaling the evaluated approaches and technolo-
gies, the team first explored the “core parameters” of each approach and 
technology: 

 ▪ Scale of potential 

 ▪ Economics 

 ▪ Co-benefits as well as negative effects related to emissions reductions, 
environmental resources, and human well-being 

 ▪ Major areas of uncertainty that may affect deployment 

Information collected and synthesized was then used to identify key needs 
that, if addressed, would facilitate deployment at a large scale: technologi-
cal maturity; enabling infrastructure and markets; the need for additional 

knowledge to reduce uncertainty; and the need for dedicated funding 
mechanisms. The team then judged which of the identified needs to priori-
tize, setting aside needs that were not clearly essential to deploy a carbon 
removal approach or technology at a large scale and needs that could 
be more easily addressed if other needs were addressed first. The needs 
prioritized through this process were classified as “key needs.” The team 
sought to identify actions by government, civil society, and the private sector 
that could address those needs. Among the types of actions considered for 
each key need were

 ▪ research, development, and demonstration; 

 ▪ government incentives and regulations; 

 ▪ government procurement and land management; and 

 ▪ voluntary action by the private sector. 

The papers highlight a preliminary list of actions that could address some 
of these needs. The actions should not be taken as recommendations; they 
should be fully evaluated before adoption.

Initial findings related to the carbon removal potential, costs, uncertainties, 
key needs, and actions for scaling these approaches and technologies were 
then subjected to external feedback—first in expert interviews, then in an 
informal review process. 

In all, 34 subject-matter experts from academia, government, and civil soci-
ety were consulted. These experts were affiliated with the following institu-
tions: Advanced Research Projects Agency-Energy, American Association for 
the Advancement of Science, Applied Geospatial Solutions, Carbon180, Clean 
Air Task Force, Colorado State University, Columbia University, Delta Institute, 
Duke University, Energy Futures Initiative, Global CO2 Initiative, Lawrence 
Livermore National Lab, Massachusetts Institute of Technology, Ohio State 
University, Oxford University, Pinchot Institute for Conservation, Princeton 
University, Stanford University, U.S. Department of Agriculture, Office of 
Fossil Energy of the U.S. Department of Energy, U.S. Environmental Protec-
tion Agency, University of California–Davis, Woods Hole Research Center, 
and World Resources Institute. Experts were identified on the basis of past 
publication of relevant literature, past or ongoing assessment work related 
to one or more carbon removal approach or technology, or deep subject 
matter expertise in a specific area where the assessment team required 
insight. Expert consultations were unstructured and tailored to the expertise 
of each individual. In some cases, the team interacted with a single expert 
on multiple occasions.

Then, two in-person gatherings with experts and practitioners in the climate 
community were hosted in San Francisco, California, and Washington, D.C. 
Participants included a subset of the experts that were consulted previ-
ously, as well as a number of practitioners from the broader climate change 
mitigation community of practice. These practitioners included analysts 
and decision-makers in the nonprofit and philanthropic sectors. Through 
facilitated discussions at these events, the assessment team affirmed its pri-
oritization of needs, identified additional policy ideas, and gleaned insights 
about perceptions of carbon removal in the climate community.
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Background on the Land Sector
The land sector is both a source of emissions and a sink. 
On average, between 2000 and 2009, the global land 
sink sequestered more than 9 GtCO2 per year. However, 
emissions from agriculture, forestry, and land use in that 
same period were more than 10 GtCO2e per year. Of those 
emissions, over 5 GtCO2e per year resulted from agricul-
tural operations, and nearly 4 GtCO2e per year came from 
the conversion of forests to cropland and pasture (Tubiello 
et al. 2015). 

Globally, land-use emissions since 1750 total about 
660 GtCO2e, give or take 290 GtCO2e (NRC 2015). The 
National Academy of Sciences has suggested this total for 
historical land-use emissions acts as a theoretical upper 
limit on the physical potential for land-management-
based carbon removal approaches. The academy further 
argues that in practice the upper limit will be considerably 
lower because the ongoing and increasing need to produce 
food and fiber prevents the full restoration of lands to 
the carbon-dense states that existed prior to large-scale 
human intervention. If 660 GtCO2 is indeed an upper limit 
to carbon removal from land management, on their own 
these potentially significant approaches will be insufficient 
to fulfill the estimated need for carbon removal to meet 
the temperature targets in the Paris Agreement. Global 
climate models indicate that carbon removal of roughly 
700 GtCO2—and up to 1,000 GtCO2—may be necessary in 
the 2011–2100 period to stabilize temperatures at either 
1.5˚C or 2˚C above pre-industrial levels (Minx et al. 2018). 

Any large-scale intervention in the land sector must also 
be considered in the broader context of global land use 
and management. Perhaps the most salient trend that 
affects the land sector is the increasing need to feed a 
growing population. There is considerable uncertainty as 
to the trajectory of future demand for food, given popula-
tion growth, shifting diets, and several other factors, and 
how that trajectory will influence land use globally, given 
advances in agricultural productivity, trends in other 
demands for land, and relevant land-use policies (Popp et 
al. 2017). One way to measure the needed increase in agri-
cultural output is to focus on calories. WRI estimates that 
calorie availability between 2018 and 2050 will need to 
increase by 40 percent (Searchinger et al. Forthcoming). 
Pathways to closing that gap without converting more land 
to agriculture—by boosting crop yields or limiting crop 
demand—pose steep challenges of their own (Hanson and 
Searchinger 2015). 

Thus, while carbon removal in the land sector seeks to 
grow the carbon sink, these efforts will row against the 
tide of rising demand for food. This brings into focus two 
types of interventions that may be critical for liberat-
ing land to be used for other purposes, including carbon 
removal, over the coming decades: increasing food 
and fiber yields on existing agricultural lands and 
reducing growth in demand for land-intensive 
agricultural products, including by

 ▪ boosting yields on existing managed forests and farms 
(including by reducing the conversion of the most 
productive farmland to development); 

 ▪ shifting diets away from meat (Ranganathan et al. 
2016); 

 ▪ reducing food loss and waste (Lipinski et al. 2013);

 ▪ avoiding competition for land between bioenergy and 
food crops (Searchinger and Heimlich 2015);

 ▪ non-coercively reducing fertility rates—for example, 
by improving education (Searchinger et al. 2013); and 

 ▪ improving the productivity of aquaculture (Waite et al. 
2014). 

The structure of agricultural systems in the United States 
implies significant potential for these types of measures. 
Just 27 percent of the calories produced by American 
farms is food for people. The lion’s share (67 percent) is 
feed for livestock, and 6 percent is used for biofuels (Cas-
sidy et al. 2013)—including roughly 20 million acres in 
corn production (Mumm et al. 2014). Furthermore, food 
loss and waste claims almost one-third of the cropland 
used for food in North America (Kummu et al. 2012). 
Nonetheless, redistributing the cropland base in the 
United States to more efficiently feed a growing popula-
tion is a challenging proposition. Without effective inter-
ventions of the types described above, the potential scale 
of opportunity to increase carbon removal in the land 
sector is more limited, as discussed later. 

Importantly, however, food, fiber, and carbon are only 
three dimensions of global and local land-use and land-
management decision-making, which should also balance 
other ecosystem services and landowner profitability. For 
example, reforestation and restoration of croplands to 
grassland can yield benefits for water resources, air qual-
ity, disaster risk, biodiversity, and quality of life (Intergov-
ernmental Panel on Climate Change 2014; Mangalassery 
et al. 2014; Kane 2015; Jose 2009).
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Background on U.S. Land Sector Carbon Policy
Land-sector carbon removal in the United States has 
gained prominence in policy discussions in recent years. 
The Mid-Century Strategy for Deep Decarbonization, 
published by the White House in 2016, posited that the 
percentage of U.S. GHG emissions that could be offset by 
carbon sequestration in the land sector could grow from 11 
percent to 30–50 percent by 2050. This goal was sup-
ported by a combination of carbon removal strategies like 
reforestation and adoption of cover crops and emissions 
reduction strategies like avoided forest conversion and use 
of wood products in place of fossil-fuel-intensive construc-
tion materials. The Mid-Century Strategy called for an 
expansion of forested area in the United States of 40 to 
50 million acres (about 10 percent over current levels of 
forest cover), accompanied by a contraction of grasslands 
and pasture and stable land bases for crops and other 
natural areas.

Also in 2016, the U.S. Department of Agriculture released 
its Building Blocks for Climate Smart Agriculture and For-
estry, which set a goal of reducing land-sector GHG emis-
sions by roughly 60 to 75 MtCO2e (0.06–0.075 GtCO2e) 
per year by 2025. Again, these goals were supported by 
a combination of planned carbon removal and emissions 
reduction actions. If achieved, the Building Blocks goal 
would turn U.S. agriculture from a source of GHG emis-
sions into a sink (White House 2016; U.S. Department of 
Agriculture 2016a).

Despite these ambitious national goals, the current policy 
landscape for carbon removal in the land sector remains 
limited. At the federal level, carbon removal is primar-
ily incentivized through certain conservation programs 
administered by the U.S. Department of Agriculture that 
count carbon sequestration among their multiple objec-
tives. For example, the Conservation Reserve Program and 
the Environmental Quality Incentives Program both rank 
project applications for funding according to a set of cri-
teria that includes enhancement of carbon sequestration. 
The Conservation Stewardship Program does not explicitly 
consider carbon sequestration in project selection but cov-
ers several soil health conservation enhancements that can 
also serve to increase carbon sequestration. 

Additionally, state-run carbon markets provide incentives 
for certain activities that promote land-sector carbon 
removal through the issuance of carbon offsets. The Cali-
fornia Air Resources Board has published a carbon offset 
protocol for U.S. forestry projects that increase carbon 
removal through reforestation or improved forest man-
agement or that reduce emissions through avoided forest 

conversion. As of July 2018, 86 MtCO2e has been certified 
under this forestry protocol. The Regional Greenhouse 
Gas Initiative in the northeastern United States has also 
published a U.S. forestry offset protocol, but because of 
low prices in that market no projects have yet been devel-
oped under it. 

The policy landscape for carbon removal at the state level 
also includes state actions that are driven by land-use and 
land-management issues unrelated to carbon. For exam-
ple, Maryland has achieved significant penetration rates of 
cover cropping thanks in part to a financial assistance pro-
gram intended to reduce nutrient runoff into the Chesa-
peake Bay. Several states have current use tax programs, 
which reduce the cost of keeping forest as forest relative 
to other land uses (by assessing its value at its current use, 
rather than its highest and best use). These programs are 
not motivated by an interest in removing carbon from the 
atmosphere but may nevertheless have a carbon benefit by 
incentivizing forested use of land.

This paper first describes commonly cited approaches for 
enhancing land carbon sequestration and exploring their 
costs, interactions with global land uses, and potential 
for carbon removal in the United States. It then identi-
fies three key needs for advancing land-management 
approaches to carbon removal and the kinds of actions 
that could begin to address those needs. 

CARBON REMOVAL IN FORESTS
What Is Carbon Removal in Forests?
Carbon removal in forests refers to the intentional efforts 
to increase the transfer of carbon from the atmosphere 
into plant biomass and forest soils via photosynthesis. 
The following suite of land-use and land-management 
approaches can increase carbon removal in forests:

 ▪ Reforestation/afforestation. These approaches 
increase carbon removal by expanding forest cover. 
Reforestation commonly refers to converting 
deforested land back to forest. In contrast, 
afforestation refers to converting to forest land that 
has not been forested for at least 50 years or longer 
(NRC 2015). Forests can be established through 
planting, seeding, and/or promotion of natural seed 
sources.

 ▪ Forest carbon management. This approach, often 
referred to in the literature as improved forest 
management, includes a range of individual 
practices—such as extending timber rotations, 
optimizing tree stocking levels, breeding selectively 
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Box 2  |  Offense and Defense 

In the universe of land-use and land-management options that provide 
climate benefits, some reduce anthropogenic emissions from the land 
sector, while others increase removals in the land sector. For example, 
converting non-forest land uses to forest increases removals. Avoiding 
the conversion of forests to other land uses is considered an emissions 
reduction measure. Increasing carbon removals and reducing emissions 
are, respectively, the offense and defense of growing the land carbon 
sink. Both sides are critically important for mitigating climate change. 
While this paper focuses on offense, policy can be designed to address 
both offense and defense strategies in tandem. 

In the United States, land use, land use change, and forestry is a 
net sink—offsetting roughly 11 percent of total annual GHG emis-
sions—largely due to continued growth of standing forests. However, 
forest loss in the United States associated with population growth is 
projected to exceed 50 million acres by 2050 as urban land area grows 
by an estimated 79 percent (Alig et al. 2010). Accelerating urbanization 
could increase the CO2 emissions from land conversion to urban areas, 
which already reduces the magnitude of the U.S. land carbon sink by 
8 percentage points each year (U.S. Environmental Protection Agency 
2018). Meanwhile, the area of land burned by wildfires has been on an 
upward trend over the past three decades—millions of acres of forest 
burn annually—and the Forest Service expects this trend will continue 
(U.S. Department of Agriculture 2016b). Forest fire emissions of methane 
and nitrous oxide—both exceptionally powerful GHGs—have nearly 
doubled in the past decade and now reduce the net carbon sink by an 
additional 4 percentage points each year. Agricultural operations also 
emit large quantities of methane and nitrous oxide; the combination 
of agricultural soil management, enteric fermentation from cattle, and 
manure management is responsible for more than 8 percent of total 
GHG emissions in the United States, and emissions from the sector have 
trended upward in recent years (U.S. Environmental Protection Agency 
2018). Addressing these sources of land-sector emissions is an essential 
component of any land-based climate mitigation strategy. 

for faster-growing tree stocks, enhancing growth 
through fertilization or irrigation, controlling for pests 
and disease, and active replanting after harvest—that 
increase carbon removals in existing forests (McKinley 
et al. 2011). Special attention has been given in the 
literature to restocking understocked forests (Huang 
et al. 2004; Hoover and Heath 2011) and extending 
timber rotations for both natural and plantation 
forests (Sohngen and Brown 2008; Fargione et al. 
In Press), due to the magnitude of their potential for 
increased carbon removal and wide applicability to 
forested regions of the United States. Some practices, 
such as controlled burning and thinning for fire 
risk management, changes in logging practices, 
and extended timber rotations reduce emissions in 
addition to enhancing the carbon removal function of 
forests (Williams et al. 2016; McKinley et al. 2011).

Avoiding the loss of existing forests may be equally 
important for growing the carbon sink but is not com-
monly thought of as a carbon removal measure because it 
maintains the carbon sink already in place. 

Is Carbon Removal in Forests Cost-Effective?
Several studies have estimated the marginal cost of carbon 
removal in forests to be generally less than $50/tCO2e 
(Fargione et al. In Press; Murray et al. 2005; Richards 
and Stokes 2004; Lubowski et al. 2006). Some additional 
potential becomes available at higher costs in areas where 
forests grow less quickly or where the measure imposes a 
significant opportunity cost. 

Opportunity cost arises where a landowner must forgo 
economic value, such as timber harvest or crop produc-
tion, to maintain or increase carbon storage. The oppor-
tunity cost of carbon removal approaches that require 
dedicated land use tend to increase over time and scale 
as demand grows for land for alternative uses like food 
production. Land-sector modeling in the United States has 
shown this effect. An Environmental Protection Agency 
study found that a $50/tCO2 carbon price would result in 
the near-immediate reforestation of nearly 100 million 
acres in the United States. However, after a few decades, 
the study found that increasing demand for food and 
energy crops increased the opportunity costs of holding 
land in forest to the point where almost all of the refor-
ested land reverted to agricultural production, despite the 
carbon price (Murray et al. 2005).

Other economic dynamics, such as additionality, leak-
age, and permanence can increase the effective cost of 
implementation: 

 ▪ Additionality refers to whether the apparent effect 
of an intervention would have occurred in the absence 
of the intervention. For example, carbon removal in 
forests due to incentive programs is only additional if 
it would not have occurred in the absence of the incen-
tive. 

 ▪ Leakage occurs when an incentive for a land-use 
measure results in an offsetting land-use activity that 
occurs in another area—for example, reforesting one 
acre results in deforestation of another acre, providing 
a net-zero increase in carbon removal (e.g., see Wear 
and Murray 2004; Murray et al. 2005; NRC 2015). 
Similar to additionality effects, leakage can increase 
the total effective cost of carbon removal in forests, as 
well as put the success of climate change mitigation 
policies at risk.
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 ▪ Forest carbon management practices that do not 
reduce the provision of forest products, such as 
restocking understocked stands, reducing the risk of 
stand-replacing wildfire, reduced impact logging, ac-
tive replanting post-harvest, and silvicultural practices 
that improve growth rates.

Because they do not reduce the supply of food or fiber, 
these strategies are not likely to cause leakage of for-
est harvesting or conversion in other areas. Instead, by 
increasing the supply of fiber on forested and agricultural 
land in the United States, these strategies could help to 
alleviate market pressure caused by other carbon removal 
strategies that do reduce fiber supply. However, note that 
abandoned farmland is sometimes treated in the literature 
as a free land reserve for various conflicting purposes. For 
example, literature that examines the potential to increase 
food production often relies on abandoned farmland as 
fully available for that purpose. Literature that examines 
the potential to increase forest cover or bioenergy produc-
tion sometimes does the same.

How Much Carbon Removal Can Forests 
Provide in the United States? 
In the United States specifically, Fargione et al. (In Press) 
provide the most recent and comprehensive estimate of 
the potential scale of land-sector carbon removal. Esti-
mates of potential carbon removal in forests in the United 
States generally do not account for land-use change effects 
outside of the United States due to leakage that could 
offset carbon gains (e.g., Murray et al. 2005). Fargione et 
al. sought to address this modeling challenge by constrain-
ing measures that involve land-use change and offsetting 
measures that reduce the supply of fiber (extended rota-
tion lengths) with other measures that increase the supply 
of fiber (thinning for fire management). 

In all, the study found 580 MtCO2 per year of potential 
carbon removal in forests in the United States at marginal 
costs of less than $100/tCO2—with most potential available 
at significantly lower costs.6  Significant emissions reduc-
tion potential was also found for land-sector measures like 
avoided forest conversion. This estimate is of the same 
order of magnitude as past estimates of carbon removal 
potential in forests in the United States (Murray et al. 2005; 
Jackson and Baker 2010) despite considerable differences 
in approach. Importantly, estimates of total potential for 
carbon removal in forests rarely account for permanence 
risks, which would reduce total net carbon removal over the 
long-term relative to estimates (NRC 2015). 

 ▪ Permanence refers to whether the effects of an in-
tervention are permanent. Forest carbon permanence 
depends on disturbance (e.g., disease, wildfire), land-
use change, and the use of any harvested biomass 
(e.g., conversion to long-lived products versus com-
bustion for energy versus decomposition). Requiring 
assurance of permanence as part of a contract with a 
landowner could make the contract more expensive.

Managing for these dynamics in a way that avoids 
imposing significant transaction costs on landowners is 
important to ensure that carbon removal approaches are 
cost-effective.

How Does Carbon Removal in Forests Interact 
with Global Land-Use Challenges?
Some approaches for carbon removal in forests reduce 
the supply of food or fiber. These include reforestation or 
afforestation on agricultural lands and some forest carbon 
management practices like extending rotation lengths. 
Reforestation is especially land-intensive given that it 
requires shifting land uses.5  These approaches might pro-
vide significant localized carbon gains if deployed at large 
scale, but those gains may be offset by indirect land-use 
changes elsewhere. 

As the supply of food or fiber is reduced, all else being 
equal, the prices of those commodities will increase, and 
at least some portion of the lost supply will be replaced 
from elsewhere. In the case of fiber, that may involve 
forest harvest in other areas that could reverse the carbon 
gains. In the case of food, that may involve clearing of for-
est or tilling grasslands that could have a similar offsetting 
effect (Smith et al. 2010; Wise et al. 2009). If production 
is not replaced from elsewhere, prices will remain higher. 
This could negatively affect food security for vulnerable 
populations. 

Alternatively, lost supply could be matched with a reduc-
tion in demand or replaced by an intensification of pro-
duction on existing productive land. These alternative 
scenarios are conditions under which the net carbon gains 
from approaches that reduce supply of food or fiber are 
likely to be most robust and are most likely to persist. 

Additionally, several available approaches for carbon 
removal in forests do not reduce the supply of food or 
fiber:

 ▪ Reforestation of non-agricultural lands, such as 
post-disturbance forest areas, abandoned mine lands, 
abandoned farmland, roadsides, parks, and urban 
areas.
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Of the 580 MtCO2 per year potential estimated by Far-
gione et al.,

 ▪ 252 MtCO2 per year comes from reforestation—despite 
excluding most cropland and pasture, except riparian 
areas and some pasture land assumed to be liberated 
by continued increases in livestock productivity; 

 ▪ 279 MtCO2 per year is linked to measures that would 
temporarily reduce the supply of fiber through the 
extension of harvest rotations; and 

 ▪ 49 MtCO2 per year is related to fire management, 
which is assumed to produce replacement fiber to 
offset extensions of harvest rotations.

An additional 23 MtCO2 per year of potential was esti-
mated for urban reforestation, but at marginal costs that 
exceed $100/tCO2 per year if other benefits of urban 
forests are not accounted for. 

Spatial analysis underlying the study identified nearly 150 
million acres of historically forested non-agricultural land 
with less than 25 percent tree cover. This area serves as the 
basis for the estimate of reforestation potential, although 
its composition is not quite clear. A portion appears to 
be historically forested wetlands, post-disturbance forest 
areas, abandoned mine lands, abandoned farms, and 
roadsides. Zumkehr and Campbell (2013) estimated 
there are 45 million acres of abandoned farmland, almost 
entirely in the eastern United States, that have not been 
converted to either forest or urban areas. These lands could 
be available for reforestation, at least in the near-term. 
Other portions of the land identified as reforestable would 
be more difficult or undesirable to reforest—for example, 
golf courses and transmission rights of way. Further work is 
needed to isolate viable reforestation opportunity in these 
“spaces in between,” given conflicting demands for land 
now and into the future.

While the literature consistently points to an important 
role for forest carbon management, studies vary widely 
in their specific estimates of carbon removal potential 
from that approach (Van Winkle et al. 2017). At a carbon 
price at or near $50/tCO2, carbon removal estimates in 
the United States range from less than 50 MtCO2 per year 
to more than 500 MtCO2 per year (Sohngen and Brown 
2008; Nabuurs et al. 2007). Contributing to this wide 
variation in estimates of potential are challenges inher-
ent in estimating the effect of forest carbon management 
across a large geographic area—including differences in 
management costs and available practices across time and 
location, as well as scarce public information on baseline 
management practices on private forest lands (Van Winkle 
et al. 2017).

Another cause of the variation in estimates of carbon 
removal potential are differences in the specific manage-
ment practices modeled (Van Winkle et al. 2017). No 
study has examined the potential effects of all possible 
forest carbon management interventions on aggregate 
carbon removal in forests. Some studies approximate 
forest carbon management potential solely by estimat-
ing the effect of extending rotations on timber planta-
tions and/or in natural forests (Sohngen and Brown 
2008; Fargione et al. In Press). Others focus only on 
restocking understocked forests (Huang et al. 2004; 
Hoover and Heath 2011). Murray et al. (2005) estimate 
the potential from forest carbon management by model-
ing the effect of a change from natural unmanaged 
forests to plantation-style forest management. 

Given divergent methods and assumptions across stud-
ies, it is difficult to converge on a firm estimate of the 
potential scale of carbon removal from forest carbon 
management in the United States. In any event, given 
differences in forest type, condition, and market factors 
across regions, it will be important to develop finer-
grained estimations of specific forest carbon manage-
ment practices in specific regions, while accounting for 
the prospect of leakage to other regions. 

CARBON REMOVAL IN FARMS
What Is Carbon Removal in Farms?
Carbon removal in farms refers to efforts to increase 
carbon removal and storage in agricultural lands 
through management of soils or integrating trees 
into farming systems. A suite of land-use and land-
management approaches aims to increase carbon removal 
in farms. Even small increases in soil organic carbon can 
disproportionately benefit soil functioning and quality 
(Poulton et al. 2018). Because agricultural land uses 
are so expansive—915 million acres in farmland in the 
United States in 2012 (U.S. Department of Agriculture 
National Agricultural Statistics Service 2014)—even small 
increases in carbon storage per acre on just a portion of 
those acres could yield large climate benefits. 

Farmers have used different combinations of practices 
suited to their particular climate, soils, and farming 
systems in order to build soil organic carbon and 
capture other benefits. The following practices are 
commonly cited:

 ▪ Planting cover crops when fields are not being used 
to grow market crops
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 ▪ Reducing the frequency with which croplands are left 
bare (that is, fallow) during a regular growing season

 ▪ Rotating crops

 ▪ Planting higher-residue crops (that is, crops with 
more biomass compared to other options)

 ▪ Growing crops without disturbing the soil (reduced 
tillage and no-till)

 ▪ Shifting grazing patterns to increase vegetative pro-
ductivity and reduce soil disturbance on pastures

 ▪ Increasing use of perennials 

 ▪ Restoring cropland to grassland 

 ▪ Adding manure, compost, or biochar 7 to soils

 ▪ Planting legumes in grazing land

Photosynthesis is the engine of carbon accrual in soils. 
Crops and grasses convert atmospheric CO2 and water into 
carbohydrate molecules, some of which are deposited into 
soils through root systems and plant residues that form a 
litter layer on the ground. Generally, carbon-beneficial soil 
carbon removal practices seek to enhance the photosyn-
thetic productivity of agricultural land by increasing plant 
growth or extending the amount of time that plants are 
growing. Other practices seek to increase the amount of 
biomass left behind on the field or in the soil, or to reduce 
the loss of soil carbon to the atmosphere (Paustian et al. 
2016).

The carbon benefits of some practices like conservation 
tillage have come under scrutiny as new research that 
examined total carbon accumulation in deeper soil profiles 
failed to find statistically significant differences with con-
ventionally tilled land (Powlson et al. 2014). Others have 
attributed these findings to natural variability and atten-
dant challenges in drawing statistically significant conclu-
sions in tillage field studies (Kravchenko and Robertson 
2011; Paustian et al. 2016). 

Practices that involve soil additives—manure, compost, 
and biochar—in part increase soil carbon content simply 
by moving carbon to the soil from another location. This 
does not directly remove CO2 from the atmosphere but 
could have climate benefits if the decomposition of the 
added carbon is slowed by the addition to the soil com-
pared to its likely alternate fate (Powlson et al. 2012; Paus-
tian et al. 2016). For example, in the United States, food 
waste and other compostable material is typically routed 
to landfills, which are designed to accelerate decomposi-
tion. Diverting that material to soil instead could delay the 

return of the carbon to the atmosphere. Soil additives can 
also increase carbon removal by increasing the productiv-
ity of plants in the soil. Lifecycle assessments are needed 
to fully capture the net climate effects of these practices.

Note that several soil carbon management practices 
can interact with other processes that influence GHG 
emissions from soils. For example, cover crops may reduce 
nitrous oxide (N2O) emissions by taking up excess soil 
nitrogen and preventing leaching (Poeplau and Don 2015). 
Adoption of no-till may increase N2O emissions, especially 
in poorly aerated soils (Rochette 2008). These dynamics 
are often overlooked but need to be accounted for.

In addition to managing soil carbon, farmers can adopt 
various forms of agroforestry—all of which involve 
adding trees in an agricultural landscape. For example, 
forested riparian buffers around streams help to shade 
and partially protect streams from the impact of adjacent 
land uses. Silvopasture combines trees with livestock 
production, providing tree-based sources of revenue to 
the landowner and shade and shelter for livestock. Alley 
cropping combines agricultural crops with tree crops, 
usually to provide annual income while the tree crop 
matures. Windbreaks protect wind-sensitive crops and 
reduce soil erosion. These practices have the benefit of 
increasing the number of trees on the landscape without 
changing land uses. Agroforestry has been shown to 
improve soil health in grazed pastureland, potentially 
improving the long-term capacity of the land to support 
livestock production (Paudel et al. 2011). By reducing soil 
erosion, windbreaks and alley cropping can also increase 
the long-term viability of row crop operations (USDA 
National Agroforestry Center 2012).

In addition to soil carbon management practices and 
agroforestry, selective plant breeding and engineering 
is beginning to focus on enhancing photosynthesis 
and promoting longer root structures. These enhanced 
functions could increase carbon storage in soils and 
biomass. For example, the Rhizosphere Observations 
Optimizing Terrestrial Sequestration program at the 
Department of Energy’s Advanced Research Projects 
Agency-Energy is seeking to develop advanced 
technologies and crop cultivars that enable a 50 percent 
increase in soil carbon accumulation, a 50 percent 
reduction in N2O emissions, and a 25 percent increase 
in water productivity. These approaches remain in the 
early stages of development. They are discussed in more 
detail in the companion working paper in this series: 
"Technological Carbon Removal in the United States".
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Is Carbon Removal in Farms Cost-Effective?
Several studies have estimated the marginal cost of 
measures that build carbon in soils to be generally less 
than $30/tCO2 and in some cases provides a net financial 
gain for farmers (Smith 2016; Fargione et al. In Press; 
Murray et al. 2005; Minasny et al. 2017; Paustian et al. 
2016). Some measures require specialized farm equipment 
that pose up-front costs.8 Similar to carbon removal in 
forests, additionality, leakage, and permanence issues can 
increase the effective cost of implementation. Leakage 
is less of a concern for carbon removal in farms, except 
where cropland is shifted into grassland or where crop 
production is reduced by the adoption of agroforestry 
systems. However, permanence may be a major challenge 
for cost-effective implementation of measures that build 
carbon in soils. Gains in soil carbon are highly susceptible 
to reversion, especially in no-till systems where 
reintroduction of conventional tillage can reverse years 
of gains (NRC 2015; Choi and Sohngen 2010). Warming 
soils under climate change could also accelerate loss of soil 
carbon (Melillo et al. 2017). 

How Does Carbon Removal in Farms Interact 
with Global Land Use Challenges?
The prospect of carbon removal in farms through changes 
in management practices on existing land uses, rather 
than changes in land uses, minimizes the conflict between 
carbon removal in farms and other land-use trade-
offs. In many cases, practices for carbon removal can 
actually boost crop yields. The exception is restoration 
of croplands to grasslands, which builds carbon in soils 
but would displace crop production and could result in 
leakage. However, restoration of cropland to other uses 
may be more feasible on land that is ill-suited to crop 
production. Recent research indicates that even during 
years with favorable conditions for crop production, 
some areas of farmland operate at a loss (Brandes et al. 
2016). Precision agriculture specialists believe that within 
most corn and soybean fields in the United States, 3 to 
15 percent of cultivated land is unprofitable (Betts 2017). 
Although shifting these areas from crops to perennial 
grasses or trees would reduce food production, it would 
also increase the profitability and financial security of 
farm operations (Brandes et al. 2016).

How Much Carbon Removal Can Farms Provide 
in the United States? 
Fargione et al. (In Press) found carbon removal potential 
of 315 MtCO2 per year in existing farmland in the United 
States. This includes

 ▪ 103 MtCO2 per year from cover crops; 

 ▪ 95 MtCO2 per year from biochar; 

 ▪ 82 MtCO2 per year from alley cropping; 

 ▪ 11 MtCO2 per year from windbreaks; 

 ▪ 6 MtCO2 per year from legumes in pastures; 

 ▪ 9 MtCO2 per year from grazing optimization; and 

 ▪ 9 MtCO2 per year from grassland restoration. 

Tillage practices were excluded. Previous estimates for 
soil carbon removal potential, which generally include 
tillage practices but exclude agroforestry, are in the range 
of 200 MtCO2 per year (Minasny et al. 2017). 

Generally, estimates of potential carbon removal in 
soils are derived by scaling “per acre soil carbon accrual 
rates”—based on meta-analyses of field studies of specific 
best management practices—to the available land area 
(Minasny et al. 2017). These studies do not account for 
spatial heterogeneity in practice efficacy. They also tend 
to exclude practices for which those per-acre accrual 
rates cannot be reliably identified. Some practices still 
have relatively sparse field data (Paustian et al. 2016) 
and so are excluded, potentially reducing the perceived 
and documented technical potential for carbon removal 
in farms. 

Estimates of potential also generally do not account 
for practical constraints that may pose barriers to 
widespread adoption at the scale envisioned. The large 
area requirements of measures that build carbon in soils 
imply implementation challenges related to working with 
landowners to adopt carbon-beneficial practices. Every 
100 MtCO2 per year of carbon removals in agricultural 
soils would require changes in land management 
practices over at least 100 million–200 million acres—
about 20–40 percent of total U.S. farmland or, on the 
low end, about the size of Iowa and Missouri combined—
assuming a sequestration rate of 0.5–1 tCO2 per acre 
(Poeplau and Don 2015). Agroforestry, on the other 
hand, provides a more concentrated benefit per acre. 
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Soil carbon removal approaches in particular are often 
assumed in the literature to be low-cost or even net cost 
savers for farmers (Minasny et al. 2017). Yet, the fact that 
farmers have not yet adopted many of these practices at 
large scale is a clear indication that the literature is not 
accounting for some real economic or noneconomic bar-
riers to adoption. Practical constraints may also relate to 
permanence. Even if carbon is successfully accumulated in 
a given field, soil management practices are highly suscep-
tible to reversion. Changing ownership or farming systems 
may cause the subsequent release of accumulated carbon 
back to the atmosphere.

The practices that are modeled are subject to persistent 
scientific uncertainty, as well. The carbon effects of soil 
carbon management practices over time and across crops, 
soil types, and regions can be highly variable and have 
not been mapped. Minasny et al. (2017) found significant 
variation in the carbon benefit of soil carbon management 
practices across studies, and although most estimates 
were positive, a few studies failed to find statistically 
significant benefits or even found a loss of carbon. 

KEY NEEDS FOR GROWING THE LAND 
CARBON SINK
Bringing a carbon removal approach or technology to 
scale requires that several needs first be addressed. First, 
the technology must exist and be sufficiently mature to 
be deployed at large scale at acceptable costs. Second, 
sufficient knowledge about the technology’s requirements 
and effects must be generated to understand how it could 
be deployed to meet a given set of objectives—including 
how to manage any risks or negative effects. Third, in 
many cases a technology will require extensive enabling 
infrastructure of various types—everything from informa-
tion to systems and physical assets—to be operationalized 
at large scale. For example, this might include new mills 
and other infrastructure to process fiber produced from 
fire management treatments. Fourth, if the costs of the 
technology exceed its private benefits, public funding will 
be needed for deployment.

Stock was taken of the outstanding needs to bring carbon 
removal in forests and farms to scale in the United States. 
The technologies (land-management approaches to carbon 
removal) are already mature, and direct implementation 
costs are relatively modest. However, this paper proposes 
that improved scientific understanding of the benefits of 
many of the carbon removal approaches detailed here and 
of the means to motivate adoption among farmers and 
forest landowners are outstanding needs to enable effec-

tive implementation at scale. Additional enabling infra-
structure is also likely needed—especially data and tools 
to enable cost-effective monitoring of carbon fluxes in the 
land sector and mechanisms to drive landowner adoption. 

Finally, in some cases, deploying carbon-beneficial 
measures will require private landowners to incur net 
costs—including opportunity costs and transaction costs—
to generate a public good (carbon removal). In these cases, 
landowners will need to be compensated accordingly. 
Even where the measures are economically beneficial to 
the landowner, landowners may need financial assistance 
to overcome up-front financial hurdles. Similarly, where 
the economic benefits to the landowner are relatively 
small, not well-understood, or accrue over an extended 
period of time, as is often the case with both tree planting 
and soil health measures, landowners may need additional 
financial inducement in the near term.

We synthesize these needs into three areas for action: 

 ▪ Actionable science, measurement, and monitoring

 ▪ Mechanisms to drive landowner adoption at a large 
scale

 ▪ Public funding

Actionable Science, Measurement,  
and Monitoring 
Why Is It Needed?
Natural systems are inherently complex and variable. 
Changes in carbon stocks due to practice implementation 
can be difficult to accurately predict without continued 
advances in science, data, and technology. This is par-
ticularly true for below-ground carbon stocks. Scientific 
uncertainty frustrates efforts to plan, prioritize, and moni-
tor investments in carbon removal in the land sector—
even where the science is clear on the directional impact 
and even the general magnitude of impact of the carbon 
removal approaches. Scientific uncertainty can also affect 
efforts to build broad-based trust and support for public 
policies that would make those investments. 

Monitoring is especially important for allocating resources 
efficiently to meet objectives over time—whether those 
objectives relate to carbon, water, farm profitability, or 
other outcomes. Monitoring is not about checking up 
on the activities of individual landowners. Monitoring is 
about ensuring that public investments in land manage-
ment are working as intended across the broader land-
scape—and if not, making the necessary adjustments. 
Because the quantitative link between practices and 
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carbon outcomes can be uncertain and spatially variable,9  
some form of measurement system is needed to estimate 
and monitor the effects of practice implementation. Past 
studies have found that offering uniform payments for 
carbon management practices would be several times as 
expensive as performance-based payments simply due to 
spatial variability in the effectiveness of practices across 
acres (Antle et al. 2003; Murray et al. 2005b). Opera-
tionalizing a payment system that can size payments in 
proportion to the performance of different practices on 
different acres would require advances in measurement 
and monitoring.

Furthermore, land-management approaches to carbon 
removal would need to be deployed over many millions 
of acres in the United States to be climatically meaning-
ful. The scale and distributed nature of the undertaking 
increases the challenges and potential cost of measuring 
and monitoring the effectiveness of public policy interven-
tions. It remains unclear whether traditional tools for land 
carbon monitoring—typically field surveys at the farm- or 
forest-stand level—can effectively support implementation 
of land carbon policies at scale without imposing prohibi-
tive transaction costs, especially on small landowners.10  
Alternative approaches to generating data and monitoring 
changes in carbon accumulation over time may be needed. 

What Would It Look Like?
Carbon offset markets generally require measurement, 
reporting, and verification at the site level to validate 
individual transactions. However, this level of effort and 
the site-level granularity it produces are not necessary to 
provide a basis for planning, implementing, and adapting 
public investments in land-management approaches to 
carbon removal over time. Instead, national networks of 
sample plots can be combined with models that impute 
carbon flux at a landscape scale using satellite data. Such a 
system need only provide accuracy in the aggregate, rather 
than at the site level.

Some of the ingredients for such a system exist—satellite 
data, artificial intelligence technology to process those 
data, and models that link observations in those data to 
carbon fluxes—but have not been stitched together into a 
coherent monitoring system. However, the backbone of 
such a system would be an extensive network of long-term 
sample plots in farms and forests. This network would 
provide field data essential for calibrating models that 
estimate carbon fluxes. 

In the forest sector, such a network already exists. USDA 
Forest Service Research and Development operates 

the Forest Inventory and Analysis (FIA) program in 
cooperation with state and private forestry and national 
forest systems. The inventory has been improved from a 
periodic survey to an annual survey. (Individual plots are 
resampled on several-year rotations.) 

The current forest inventory design and sample intensity 
can detect large disturbance events (>3 percent stock 
change) but may not be able to statistically detect smaller 
changes in forest woody carbon stocks (Westfall et al. 
2013). The inventory also does not include sampling in 
interior Alaska, which contains over a third of all the 
carbon stored in U.S. forests (Woodall et al. 2015). Addi-
tional resources for increasing sample intensity would 
yield additional data and statistical power, improving the 
precision of monitoring and other efforts that draw on FIA 
data—including the U.S. GHG Inventory. Expenditure of 
public resources on this kind of data collection should be 
balanced with the value it provides for decision-making. 

Box 3  |   Spotlight on Potential Policy Measures to Advance 
Science, Measurement, and Monitoring 

 ▪ Explore ways to enhance land-sector GHG monitoring capabili-
ties at the landscape scale, including by leveraging satellite 
data.

 ▪ Improve on-the-ground measurement of land-sector GHGs 
through the FIA network and by establishing a similar network 
for agricultural lands.

 ▪ Enhance data sharing, especially from existing USDA datasets, 
while protecting landowner privacy.

In the agricultural sector, although there is a long history 
of soil carbon measurement field experiments, there is no 
ongoing farm carbon measurement network in the United 
States that can provide regular information feedback 
on trees in farms or soil carbon accumulation over time 
across the variables like soil types, climate conditions, 
land use, land-use history, land-management practices, 
and others. The data collected by such a network could 
help to resolve persistent scientific uncertainties and 
inform policymaking. Advances in field measurement 
technology for soil carbon—like reflectance spectroscopy, 
which uses spectral radiation to quickly detect soil organic 
carbon—could reduce the cost of collecting frequent soil 
carbon measurements over a large network while enhanc-
ing researchers’ ability to quantify specific ecosystem 
processes like decomposition and accretion of soil carbon 
(Knox et al. 2015). 
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USDA also collects producer data that are enormously 
valuable for research purposes. Data on practice adop-
tion across parcels could help to improve the accuracy of 
models that link practice adoption to carbon outcomes. 
Much of these data are collected by USDA (e.g., in the 
Agricultural Census, National Resources Inventory, and 
Conservation Effects Assessment Project) but are not 
shared with academic researchers. Other agencies like 
the Census Bureau have managed privacy concerns by 
developing confidential business information protocols to 
protect privacy while enabling collaborative agreements 
with academic researchers.

The federal government is in a unique position to lead in 
measurement and monitoring given existing funding for 
agricultural research and for cooperative research, exten-
sion, and education programs. USDA also administers 
the census of agriculture every five years and collects a 
substantial amount of data through the federal crop insur-
ance program, such as producer practices and geographic 
coordinates. States also have the ability to establish their 
own measurement networks in collaboration with state 
universities. Such state efforts could provide a model for a 
federal soil carbon measurement network. 

Mechanisms to Drive Landowner  
Adoption at a Large Scale
Why Are They Needed?
From perennially oversubscribed federal conservation 
cost-share programs to California’s state-run carbon mar-
ket with a long backlog of forest offset projects, existing 
incentive programs have a positive track record in encour-
aging landowners to adopt carbon-beneficial land man-
agement practices. These programs provide value in terms 
of carbon removal (Food and Agricultural Policy Research 
Institute 2007; Pape et al. 2016), and expanding them 
could deliver further gains in landowner adoption. How-
ever, an array of pervasive challenges in scaling landowner 
adoption programs, as described below, suggests that a 
more comprehensive suite of landowner incentives and 
support mechanisms will be needed to achieve sustained 
adoption at a large scale. 

ADMINISTRATIVE BURDEN AT SCALE
Cost-share programs and carbon markets both present 
administrative barriers to entry for small landowners. 
Several studies have indicated that small-scale forest land-
owners may struggle to satisfy rigorous requirements for 
accounting, monitoring, and permanence in carbon mar-
kets (Kelly and Schmitz 2016; Charnley et al. 2010). These 

challenges would likely also affect agricultural lands, 
where accounting, monitoring, and permanence issues are 
at least as challenging as in forests. Cost-share programs 
also impose administrative burdens for landowners. In a 
survey of 800 property owners in the interior Northwest, 
over half of respondents indicated that the paperwork 
required by conservation programs is complex, and nearly 
half suggested that participating in these programs was 
“not worth the hassle” (Bennett et al. 2014). 

Small landowners will be an increasingly important part 
of any effort to achieve carbon removal at a large scale 
in the land sector. Of the 441 million acres of forestland 
in the United States, more than half (286 million acres) 
is privately owned; and 95 percent of these 10.7 million 
forest ownerships are families and individuals (U.S. Forest 
Service 2015). The average family forest ownership size is 
just 67 acres (Butler et al. 2016). There is a similar story 
across the more than 2 million farms and 915 million acres 
of farmland in the United States. Ninety-seven percent are 
family-owned and 91 percent are smaller than 1,000 acres 
(U.S. Department of Agriculture National Agricultural 
Statistics Service 2014). 

Figures 2 and 3 illustrate the challenge at hand. Given 
annual per-acre carbon accrual rates for carbon removal 
measures on forests and farms, pushing carbon removal 
to scale will require working with an increasing portion of 
the land area in U.S. forests and farms and, necessarily, 
increasingly small landownerships. For instance, assum-
ing accrual rates of 0.25 tCO2 per acre per year (Griscom 
et al. 2017),11  a forest carbon management initiative that 
included only large forest owners—those with more than 
1,000 acres of forestland–could achieve less than 13 
MtCO2 per year. By contrast, an initiative that included 
even half of all private forest acreage would remove over 
82 MtCO2, exceeding USDA’s 2025 target for the entire 
land sector—but this would require buy-in from (all) 
landowners with as few as 100 acres of forest.

NEED FOR TECHNICAL ASSISTANCE
For many family forest owners, technical assistance is 
more important than financial incentives in promoting 
conservation-oriented stewardship (Kilgore et al. 2007). 
Currently, many family forest owners lack the manage-
ment tools to meet their ownership objectives. Just one-
quarter of family-owned forest land is covered by a written 
forest management plan (U.S. Forest Service 2015)—a 
document typically written by a professional forester that 
can include conservation and carbon-related manage-
ment practices to advance the forest owner’s management 
goals. The need for technical assistance is just as clear 
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Figure 2  |   Distribution of United States Forest Land by Forest Size

Figure 3  |  Distribution of United States Harvested Cropland by Farm Size 

Note: Just 18 percent of forests are contained in parcels larger than 1,000 acres, while 44 percent of forests are contained in small parcels under 100 acres.
Source: Butler et al. 2016.

Note: Sixty-four percent of cropland acreage is contained in farms larger than 1,000 acres, while less than 4 percent is contained in small farms under 100 acres. 
Source: U.S. Department of Agriculture National Agricultural Statistics Service 2014.
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among farmers: Studies in Pennsylvania and Missouri, 
for example, have identified access to information as the 
single most important prerequisite for adoption of agro-
forestry techniques (Strong and Jacobson 2005; Valdivia 
and Poulos 2009). Small landowners may also require 
access to information on the effectiveness of carbon-
beneficial practices in terms of yield improvements and 
conservation outcomes (Tosakana et al. 2010)—especially 
beginning farmers,12 who operate 25 percent of U.S. farms 
(Jablonski et al. 2017), and family forest owners, who hold 
40 percent of all forested acres in the United States (Butler 
et al. 2016). 

FINANCIAL CONSIDERATIONS
Simple costs and benefits are just one part of the equa-
tion for landowners. Risk aversion, desire for flexibility to 
respond to market dynamics, preference for short-term 
returns over long-term returns, and landlord-tenant 
relations can also affect adoption of new practices (Lesch 
and Wachenheim 2014). These factors may increase the 
required financial inducement from cost-share programs 
or carbon markets if not otherwise addressed: 

 ▪ Landowners who supply food and fiber under short-
term contracts with little price certainty may choose 
to avoid investments that reduce their flexibility 
to respond to price fluctuations, even if they might 
provide a return over the long term. 

 ▪ Nearly 40 percent of U.S. farmland is rented (U.S. 
Department of Agriculture National Agricultural 
Statistics Service 2014). Past studies have found 
indication of lack of incentive among renter farmers 
to make investments that would improve the land 
but not provide a short-term return—although the 
evidence on this is mixed (Fraser 2004; Soule et al. 
2000; Tosakana et al. 2010). 

 ▪ Broader considerations related to landowner financial 
security may also be important. A USDA Forest 
Service survey found that family forest owners had 
harvested 40 million acres of forestland over the prior 
five years because the landowners “needed the money” 
(Butler 2006). Unexpected financial emergencies may 
influence small landowners’ management of the land. 
For example, interviews conducted by the Pinchot 
Institute for Conservation suggested that medical care 
costs can be a major driver of forestland conversion 
and unsustainable management (Pinchot Institute 
2011). 

NONFINANCIAL INTERESTS
Landowners respond to more than financial interests. 
Several nonfinancial factors—including group norms, 
perception of self, and environmental consciousness, 
among others—have been found to influence landown-
ers’ management decisions to some degree (Lesch and 
Wachenheim 2014). These factors may be most important 
for smaller landowners, who are less likely to manage a 
farm or forest primarily for financial gain. Among family 
forest owners, for instance, non-economic motivations 
like scenery, wildlife habitat, and nature protection were 
all ranked as more popular reasons for owning forest 
land than timber production (U.S. Forest Service 2015). 
Addressing nonfinancial interests in some way may there-
fore be useful or even necessary for achieving large-scale 
landowner adoption of carbon removal approaches. 

NEED FOR PERSISTENCE
To contribute meaningfully to climate change mitiga-
tion, carbon-beneficial changes in land use and land 
management must be enduring. Cost-share programs 
offer fixed-term contracts with landowners (generally 
5–10 years), with the hope that landowners continue to 
implement conservation practices after expiration of the 
cost-share contract. These programs could, in fact, affect 
landowner decisions well beyond the life of a contract by 
shifting landowner perceptions, demonstrating value, 
forming habits, or even shifting social norms (Dayer et al. 
2018). However, the effectiveness of temporary incentives 
in achieving persistent changes in landowner practices 
remains an important area for further empirical research 
(Reimer 2015). 

What Would They Look Like?
The form of landowner incentive and support mechanisms 
likely has important implications for scalability given the 
range of factors that affect landowner adoption. However, 
the need for and effectiveness of different combinations of 
interventions has not been systematically studied. Public 
and private-sector experimentation, combined with better 
data and monitoring, would be critical to build the evi-
dence base for these interventions and to enable effective 
prioritization and targeting at the landscape-scale. 

This paper proposes that new mechanisms to drive land-
owner adoption of carbon removal approaches should seek 
to reduce administrative burdens and related transaction 
costs, account for landowner preferences along with both 
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Box 4  |   Spotlight on Potential Policy Measures for 
Landowner Adoption

 ▪ Design landowner adoption mechanisms in ways that work for 
landowners big and small, including by managing administra-
tive barriers to participation and providing technical assistance.

 ▪ Explore market- and policy-based mechanisms to empower 
landowners to make long-term investments in the land, includ-
ing by enhancing landowners’ overall financial security.

 ▪ Experiment with ways to create conditions for enduring shifts in 
land management, even beyond the life of a financial incentive. 
Further investigate the long-term effects of temporary financial 
incentives on landowner decision-making.

financial and nonfinancial needs, and manage the value 
of the financial incentive such that limited public funding 
can be used as effectively as possible. Additional research 
is needed to identify effective mechanisms that advance 
these objectives. Following are some key questions:

 ▪ Can existing administrative programs that 
interface with landowners—for example, 
crop insurance, grazing leases, or property 
taxes—be used to deliver additional landowner 
incentives and support for adoption of carbon-
beneficial practices? Policy experimentation 
could test whether embedding incentives for carbon-
beneficial practices into existing programs offers 
advantages in terms of reducing administrative costs 
associated with landowner outreach and aggregation, 
and/or increasing receptiveness among landowners.   
The State of Iowa is embedding incentives for cover 
cropping in the federal crop insurance program. 
Farmers who agree to plant cover crops receive a 
per-acre discount on crop insurance premiums, 
rather than a separate payment (Iowa Department of 
Agriculture and Land Stewardship 2017). A similar 
piggybacking approach could be tested through rural 
credit unions, farm suppliers, and county property tax 
assessments.  
Several states also have current-use tax programs, 
which provide beneficial tax treatment for forest 
landowners. Some states require that participating 
landowners follow an approved forest management 
plan, and at least one state is considering tailoring 
these requirements to promote management practices 
for forest carbon retention and removal.

 ▪ What forms of technical assistance are most 
effective? Under what circumstances is it 
most needed? USDA currently provides technical 
assistance to farmers and forest owners on a variety 
of issues relevant to carbon removal. For instance, 
the Forest Service advises forest owners on protecting 
forest health against disturbances like insect 
infestations and pathogens, while the USDA National 
Agroforestry Center conducts demonstrations 
and trainings on agroforestry practices. USDA 
conservation programs like the Environmental Quality 
Incentives Program and extension services also 
provide some measure of technical assistance.  
Further research comparing the effectiveness of alternative 
technical assistance strategies could help USDA as well 
as other governmental and nongovernmental actors 
hone their landowner outreach programs for maximum 
impact. Areas for investigation could include the added 
benefits of hands-on personal consultation over more 
generalized dissemination of information; whether 
to emphasize technical assistance efforts earlier in 
the landowner adoption process, when landowners 
need more information on the costs and benefits of 
management practices, or later when landowners are 
preparing for practice implementation; and how targeting 
technical assistance toward certain high-priority groups 
of landowners could enhance overall results.  
Determining the best messenger to provide 
landowners with technical assistance is another area 
ripe for further investigation. Messengers of technical 
assistance could include any of several agencies within 
USDA; state agency officials; local or regional officials; 
representatives from corporations with expertise in 
the field, such as Monsanto for crop production or 
Weyerhaeuser for forest management; representatives 
from nongovernmental organizations, research 
institutions, and academia; or other farmers though 
farmer-to-farmer networks. 

 ▪ What are the conditions under which the 
adoption of carbon-beneficial practices could 
persist even without continued financial 
incentives? This question requires further study 
to inform policy. Key factors may include the 
availability of infrastructure (e.g., regional sawmills 
or food processing facilities) to accommodate new 
land-management practices like crop rotation or 
agroforestry, the availability of technology like 
precision agriculture, landowners’ broader financial 
security, and the role nonfinancial factors like social 
norms. 
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For example, expansion of woodlots and forested 
riparian buffers in regions like the Corn Belt may 
require new sawmill infrastructure to process 
the fiber. Similarly, shifts from monoculture to 
regenerative polyculture rely on new processing 
infrastructure for new crops and livestock.

 ▪ How can companies work with suppliers 
to increase adoption of carbon-beneficial 
practices as a way of meeting targets for 
GHG flux in company supply chains? Some 
companies are adopting long-term contracts and price 
management systems that provide greater assurance 
of profit margins for landowners. These initiatives 
are intended in part to create the enabling conditions 
for investments by landowners in practices that 
build yields (and carbon) over the long term. Further 
exploration is needed to understand the relationship 
between provisions like term lengths in contracts 
between landowners and buyers of food and fiber, on 
the one hand, and landowners’ ability and willingness 
to invest in practices with up-front costs but long-term 
benefits, on the other hand.   
Some companies are sending a market demand signal 
to landowners for food and fiber produced with 
carbon-beneficial practices; for example, through the 
development of regenerative certification standards 
for commodities produced in ways that build soil 
health. If successful in motivating landowner 
adoption of carbon-beneficial practices, these kinds of 
standards could be more widely adopted, including in 
federal, state, and local procurement standards.

Continued experimentation with new approaches to 
incentivizing and supporting landowners can clarify the 
pathway to scaled adoption over the long term. 

Public Funding
Why Is It Needed?
Growing the land carbon sink will likely require large and 
sustained sources of public funding (or private funding 
mobilized by public policy) to support several dimensions 
of a scaling strategy. In part, public funding is needed 
to provide financial incentives to landowners where the 
costs of implementation exceed the private benefits that 
accrue to the landowner, or where up-front costs pres-

ent a mismatch with the long-term nature of benefits for 
landowners. However, public funding is also needed in the 
near to midterm to support technical assistance and other 
nonfinancial mechanisms for landowner adoption, along 
with investments in scientific advancements and monitor-
ing systems to support the entire effort to increase carbon 
removal in the land sector. 

Public funding is appropriate in this context for the provi-
sion of a public good—carbon removal. Stewards of public 
resources must ensure a strong return on investment for 
the public. The social cost of carbon is a good basis for 
assessing public benefits related to climate change mitiga-
tion.13 The pursuit of carbon removal in forests and farms 
can also generate other public goods—from improved air 
quality to biodiversity protection and several others. 

The need for public funding may diminish over time. For 
example, public investments in monitoring networks may 
decline once those networks are developed and estab-
lished. Similarly, public investments in research, infra-
structure, and technology may decline once those needs 
are addressed. Public funding for financial incentives may 
also decline over time, especially for practices that involve 
large up-front costs but modest maintenance costs.

The Farm Bill already funds several land and resource 
conservation programs that can be used to advance land 
management approaches to carbon removal:

 ▪ Environmental Quality Incentives Program ($1.4 
billion in funding in fiscal year 2017)

 ▪ Conservation Stewardship Program ($1.3 billion in 
fiscal year 2017)

 ▪ Conservation Reserve Program ($2 billion in fiscal 
year 2017) 

 ▪ Forest Legacy Program ($50 million in fiscal year 
2017) 

However, these programs are significantly oversubscribed 
(Stubbs 2017), implying a need for greater funding. They 
are also intended to address multiple conservation objec-
tives—including soil health, water conservation, and 
biodiversity protection. As a result, only a portion of avail-
able funding is available for land management intended to 
increase carbon removal (or retention).

Carbon markets, another potential mechanism for funding 
land-management approaches to carbon removal, remain 
saddled with low prices. In voluntary carbon markets in 
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North America, average offset prices hover around $3/
tCO2 (Hamrick and Gallant 2017). In the Regional Green-
house Gas Initiative in the Northeast, no land-use offset 
projects have been developed in part because carbon 
allowance prices are too low—between $3 and $4/tCO2 
(Potomac Economics 2018)—to cover project implemen-
tation costs. In the California market, offset prices are 
higher—about $10–11/tCO2 (Hamrick and Gallant 2017)—
but still too low to activate much of the potential across 
the landscape. Two-thirds of the carbon removal potential 
found in Fargione et al. (In Press) have marginal costs in 
the range of $10–50/tCO2 per year. 

What Would It Look Like?
To some degree, existing sources of public funding could 
be better leveraged to advance objectives related to 
carbon. Federal policymakers should seek to ensure that 
cost-share and other conservation programs effectively 
allocate resources across their multiple objectives, includ-
ing carbon retention and removal. In some cases, this 
may involve elevating the carbon removal (and retention) 
potential among project selection criteria or establishing 
initiatives within these programs that specifically target 
carbon removal projects. However, given their multiple 
objectives, these programs are unlikely on their own to 
satisfy the need for carbon removal in the land sector.  

States can leverage Clean Water State Revolving Funds 
(CWSRFs) to finance joint water-carbon removal projects 
as well. CWSRFs are capitalized by federal appropriations, 
which totaled nearly $1.7 billion for fiscal year 2018, but 
are managed by states. States have significant flexibility to 
provide low-interest loans for projects that address water 
quality needs, including those related to nonpoint sources 

of pollution. States have authority to use these funds to 
finance tree planting, fencing for rotational grazing, and 
other land-management investments that generate water 
benefits. Some of those interventions, such as plant-
ing riparian buffers along streams, can achieve carbon 
removal goals in tandem with benefits for water quality 
and quantity. However, CWSRF funds must be repaid, 
which limits the relevance of the CWSRFs to only those 
projects that generate a revenue stream.

Given the limitations of existing public funding sources, 
perhaps the most important measure states and the 
federal government can take is to provide new funding for 
investments in research, practice adoption, and monitor-
ing related to carbon removal and retention in forests and 
farms. Regulatory measures can also be used to adopt or 
increase carbon prices and to enable the land sector to 
participate in those programs in a way that ensures a good 
public return on investment relative to other potential 
investments (e.g., energy efficiency or clean energy). 

The total value of needed funding will depend on the form 
of landowner incentive and support mechanisms and the 
level of ambition. The direct implementation costs associ-
ated with the estimated carbon removal potential in for-
ests and farms can serve as a high-level benchmark for the 
order of magnitude of investment required to fully fund 
land-management approaches for carbon removal in the 
United States. Assuming 200 MtCO2 per year from carbon 
removal in farms at $10–20/tCO2 and 300–500 MtCO2 
per year from carbon removal in forests at $20–50/tCO2 
(based on Fargione et al. [In Press]14), achieving carbon 
removal at full scale in forest and farms in the United 
States would require funding in the range of $8–31 billion 
per year—depending in large part on the potential scale 
and cost of forest measures. This is a ballpark estimate. 
Additional funding would likely be needed for defensive 
measures that reduce emissions from the land sector.

In practice, this funding could come from a combination 
of public and private sources. For example, if food and 
fiber markets would sustain a price premium for com-
modities produced with carbon-beneficial practices, a 
portion of the funding need could be met by consumers. 
An exit ramp for public funding sources may be possible if 
initial investments can create the conditions for continued 
carbon-beneficial land use and land management with 
reduced support from public funding. 

Box 5  |   Spotlight on Potential Policy Measures for Funding 
Carbon Removal in Forests and Farms

 ▪ Leverage already available sources of funding to the extent 
practicable, balancing carbon storage with other objectives.

 ▪ Explore market-based mechanisms to leverage private funding 
for carbon-beneficial land management.

 ▪ Increase public funding for carbon-beneficial land manage-
ment, especially for programs and investments that could 
create the conditions for shifts in land management that endure 
without continued public funding.
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NEXT STEPS 
The door is open for federal, state, and private-sector action 
to help landowners manage land in ways that increase car-
bon removal and to develop the data, evidence, tools, and 
approaches to sharpen deployment-support policies and 
achieve large-scale implementation. Near-term action at all 
levels will be required to set the United States on a path to 
achieve carbon removal through land management:

 ▪ States can experiment. States can forge new 
measurement networks and monitoring systems, 
incentive and landowner support mechanisms, and 
public-private partnerships that fit state-specific 
needs and opportunities. State programs can also 
serve as models for uptake in federal policy or as 
implementation vehicles for state or federal sources 
of funding. By establishing the administrative and 
governance infrastructure to channel federal funding, 
states could facilitate future federal policy.

 ▪ Congress can provide funding to support state 
innovation and leadership and to advance federal 
measurement and monitoring activities. Longer 
term, Congress will play an essential role in providing 
public funding for landowner incentive and support 
mechanisms.

 ▪ Companies can set targets for carbon removal in 
their supply chains, work with landowners to achieve 
those targets, and test the value proposition for 
carbon-beneficial products in their marketplaces.

 ▪ Civil society can seek to promote innovation in 
the land sector, provide the tools and understanding 
needed to direct investments effectively, and support 
government and private-sector action.

As part of these efforts, strategies that increase the food 
and fiber productivity of existing agricultural lands and 
existing managed forests and that reduce demand for 
land-intensive food production may be essential compo-
nents of any effort to grow the land carbon sink globally. 
These are no-regrets strategies in that they provide for 
food and fiber security while reducing pressure on land 
that could otherwise be used to store more carbon.
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ENDNOTES
1.  Net zero emissions are achieved when there is a balance between anthropo-

genic GHG emissions and removals of GHG emissions from the atmosphere 
by enhanced action to sequester it in carbon sinks (e.g., increase afforesta-
tion to sequester more carbon dioxide in vegetation).

2.  For simplicity, this paper uses “carbon removal” to mean removal of carbon 
dioxide.

3.  These approaches have been classified as technological because they are 
biotechnological manipulations. 

4.  Although abandoned farmland by definition is not currently producing food, 
it may be required for the production of food in the future depending on the 
future trajectory of agricultural productivity and food demand. 

5.  Assuming a sequestration rate of 3.5 tCO2 per acre (Griscom et al. 2017), 
reaching 100 MtCO2 per year of removals by reforestation would require 
shifting nearly 29 million acres into forestland, an area about the size of 
Pennsylvania. The 3.5 tCO2 per acre per year figure is derived by combin-
ing estimated carbon sequestration rates from Griscom et al. (2017) for 
reforestation from natural and plantation forests into a weighted average, 
using current data on the ratio of natural and plantation forests in the United 
States (Oswalt et al. 2014). Griscom et al. (2017) derive an average carbon 
sequestration rate for reforestation of natural and plantation forests in tem-
perate regions by modeling the conversion of non-forest (<25% tree cover) 
land to forest (>25% tree cover) land in all ecologically appropriate areas. 
Forest carbon management approaches do not require changing land uses 
but would require practice adoption across a larger area to generate the 
same carbon benefit since the per-acre sequestration rates are smaller.

6.  Includes fire management, which reduces emissions and retains the carbon 
removal function of forests.

7.  Biochar is charred biomass that can be applied to soils of agricultural and 
forested lands to stabilize carbon in the soil (NRC 2015). 

8.  For example, seeding cover crops prior to harvesting the cash crop requires 
high-clearance planters to avoid damaging the cash crop.

9.  This challenge is salient in farms. Available models struggle to accurately 
predict soil carbon accumulation on any given acre, even for practices with 
the most robust scientific support like cover cropping, and often omit effects 
on non-CO2 GHGs (Poeplau and Don 2015).

10.  Measuring soil organic carbon, for example, is estimated to cost on the 
order of $80 per sample. Personnel time associated with preparing soil 
samples for laboratory analysis account for the majority of the cost 
(Mäkipää et al. 2008). At this rate, the cost of measurement could easily 
exceed the value of the carbon accumulation if every field must be indi-
vidually measured (multiple samples are required to arrive at an estimate 
for a given site).

11.  This assumption for this illustrative calculation is not intended to represent 
the full potential of forest carbon management per acre. Carbon sequestra-
tion rates for natural forest management and improved plantations from 
Griscom et al. (2017) are combined here into a weighted average sequestra-
tion rate, using current data on the ratio of natural and plantation forests in 
the United States (Oswalt et al. 2014). 

12.  USDA defines “beginning farmer or rancher” as an individual or entity who 
has not operated a farm or ranch or who has operated a farm or ranch for 
not more than 10 consecutive years, but who will materially and substan-
tially participate in the operation of a farm or ranch.

13.  A body of literature has developed around the social cost of carbon—a 
measure of the economic benefits of reducing (or removing) CO2 emissions. 
Estimates of the social cost of carbon vary widely from $11/tCO2 to $212/
tCO2 depending on the magnitude of future impacts and the rate at which 
the economic costs those future impacts are discounted to the present. 
Estimates of the social cost of carbon increase over time as the expected 
impacts of climate change intensify.

14.  For the purposes of this illustrative calculation, 200 MtCO2 per year was 
used as a conservative approximation for carbon removal potential in 
farms, given that 95 MtCO2 of the 315 MtCO2 per year estimated in Fargione 
et al. is from biochar, which presents at much higher marginal costs than 
other measures in farms. Other studies found the potential closer to 200 
MtCO2 per year. Most of the remaining potential in farms from Fargione et al. 
are estimated to be available at less than $10/tCO2. Agroforestry measures 
can pose slightly higher costs. On the forest side, the range used (300–500 
MtCO2 per year) reflects on the high end the full potential estimated in 
Fargione et al. at $50/tCO2, which is almost the full potential, and on the low 
end only the potential related to reforestation and fire management, given 
the fiber supply trade-offs and leakage risks associated with extending 
harvest rotations. A modest portion of the forest potential is available at 
less than $10/tCO2, and communications with the authors indicate that a 
considerable portion is available at marginal costs between $10 and $50/
tCO2. $20/tCO2 was used as a lower bound for the average cost.
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