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Correction for “Opinion: Soil carbon sequestration is an elusive
climate mitigation tool,” by Ronald Amundson and Léopold
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pnas.1815901115 (Proc. Natl. Acad. Sci. U.S.A. 115, 11652–11656).
The authors note that, on page 11652, left column, line 9, “10
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OPINION

Soil carbon sequestration is an elusive climate
mitigation tool
Ronald Amundsona,1 and Léopold Biardeaub

The need to stabilize the greenhouse gas concentra-
tions of the atmosphere is the great environmental
challenge of this century. To control these concentra-
tions, humanity can reduce fossil fuel emissions and/or
identify mechanisms to remove greenhouse gases
once they have been emitted. The scope of the
problem is challenging because of the size of the
fluxes involved. Presently, industry, transportation,
and domestic use emits nearly 10 Gt C to the atmo-
sphere annually, and there is no immediate hope for a
drastic reversal of these rates of emission (1). Thus, se-
questration of atmospheric carbon dioxide as organic
carbon in the biosphere attracts attention as an

alternate way to help stem the rate of greenhouse
gas growth and associated changes in our climate.

For nearly 2 decades, researchers in the soil science
community have studied and estimated the potential of
sequestering carbon in soil organic matter (2, 3). The
premise is inherently rational: nearly 10,000 years of
cultivated agriculture has reduced global soil carbon
by 116 Gt (4), an amount equivalent to more than a
decade of the present rates of industrial emissions.
Through changed agricultural techniques, it is pro-
posed, much of this carbon can be restored to domes-
ticated soils and thus serve as a significant tool to
mitigate climate change, providing a wider timeframe

Some soil researchers have suggested that altered agricultural techniques can help restore much carbon to
domesticated soils, thus helping mitigate climate change. But cultural and scientific challenges suggest that this
proposition is overly optimistic and inherently flawed. Image courtesy of ScienceSource/Jerry Irwin.
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for society to decarbonize. Unfortunately, both cul-
tural and scientific challenges suggest that this pro-
posal is overly optimistic and inherently flawed.

Nevertheless, this long and relatively well-funded
(5) area of research recently gained novel international
exposure because of the unveiling of the French
“4 per mille” initiative (6), signed bymore than 100 na-
tions at the 21st Conference of the Parties in Paris.
According to the French 4 per mille web site:

If we increase by 4‰ (0.4%) a year the quantity of
carbon contained in soils, we can halt the annual
increase in CO2 in the atmosphere, which is a
major contributor to the greenhouse effect and
climate change.

This is indeed physically true—if it can be done.
But is it politically and economically possible? The
questions surrounding implementation are mostly ig-
nored, or at best are superficially considered, in the
scientific and popular press that has followed the an-
nouncement of the 4 per mille initiative (7, 8). To be
clear, for the 4 per mille initiative to achieve its full
objective, it must be implemented immediately on
all lands on Earth, and the practices must be sustained
without change for decades. This commitment must
be achieved in light of the fact that there are 570 mil-
lion farms globally with an estimated 3 billion rural
practitioners who manage these farms (9). Although
some researchers have used the French goal simply
as an aspirational target and focused on lesser gains as
acceptable goals, even these smaller targets also will
require support from private landowners.

As we outline below, cultural, economic, and
physical barriers mean that soils face dim prospects
as major carbon sinks. The problem begins with
researcher’s sometimes poor understanding of their
stakeholders and a lack of appreciation or acknowledg-
ment about the complexity of policy implementation.
The discussion here centers on the United States, the
area for which we have data and research to inform this
discussion. Undoubtedly, social and political differences
between nations will mean that potential barriers may
indeed be different elsewhere. However, this only fur-
ther underscores the complexities impeding the imple-
mentation of soil carbon sequestration on a global scale.

Science and the Stakeholders
Human value systems are shaped, in part, by our in-
timate interactions with our families and communities
(10). Farmers are among the most conservative people
in the United States (11), a value system which places
significant importance on personal independence (as
opposed to social or societal support programs) and a
high regard for authority (as opposed to egalitarian
views of authority and a propensity for shared decision
making). Many farmers, even those who practice in-
novative conservation methods, are suspicious of, and
even hostile to, environmentally motivated academ-
ics and the perceived government intervention that
will follow with any environmental initiatives. Many
additionally reject the reality that humans are causing

climate change (12) and that fossil fuel is inherently
a problematic energy source. In a recent California
survey of farmers, their greatest concern about climate
change was increased government regulations rather
than any other perceived climate impact on their op-
eration or production (13). In particular, farmers are
skeptical of nonfarmer experts, who are inexperienced
or unaware of the economic and regulatory challenges
that they face (14).

Academic environmental scientists are largely the
value-system opposites of their rural stakeholders.
They may fail to recognize that they are inherently
viewed with suspicion by the people they may wish to
influence. Although farm advisors, who may be mem-
bers of the local community, may help lower these
cultural barriers over environmental policies, the ad-
vocacy of “best management practices” by researchers
concerned largely with carbon sequestration may have
little to offer farmers in dynamic and challenging economic
landscapes. It is far more important for researchers to un-
derstand people, rather than soil, in the difficult process of
communicating environmental risk (15), an activity in
which most researchers lack the required expertise.

Who are the stakeholders who actively manage US
farmland? In 2012, nearly 40% of the farmland in the
United States was operated by renters (Fig. 1). Renters

may have less financial incentive to invest in conser-
vation programs that have long-term payoffs or ben-
efits (16–18). Ownership of the land is diverse, and
owners may be absentee. By 2030, it is projected that
women over the age of 60 will own 75% of the trans-
ferred land in the United States (19). Older landowners
may see little reason to invest in long-term manage-
ment strategies (18). Offsite or urban landowners may
fail to understand or have any immediate interest in
conservation programs that are discussed below.

Given the landownership tapestry of US farmland,
it is not surprising that adoption of present US gov-
ernment programs related to soil health (which have
accessory carbon sequestration benefits) are ex-
tremely low: only 2 to 5% of croplands in the United
States receive funds under the two largest conserva-
tion programs (Fig. 1) (21). In addition to philosophical
and economic barriers, farms exceeding $900,000 in
income are excluded from receiving conservation
support for some programs. The cost of capturing
carbon via these existing Natural Resources Conser-
vation Service (NRCS) programs is presently estimated
to range between $32 and $442 per ton of CO2, with
an average of $183 per ton (16), although the pro-
grams provide other intended environmental benefits.

Policy and Economic Challenges
A significant expansion of carbon sequestration in US
farmlands is inhibited by (i) large transaction costs

Cultural, economic, and physical barriers mean that soils
face dim prospects as major carbon sinks.
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including farmer-based research and planning, as well
as associated farm-based investments in new equip-
ment, infrastructure, labor, and management; (ii) limits
of soil carbon–sequestration science, because the
verification of carbon sequestration under various
managements is difficult and expensive; (iii) a lack of
technical assistance to farmers because there is in-
sufficient NRCS staffing to engage and assist farmers
in adopting the present conservation programs that
are offered (16); and (iv) farmer resistance to the in-
trusion of privacy and government regulations. Ad-
ditionally, only approximately 2% of farmland is
available for sale in a given year (20). We are un-
aware of any large-scale parcel-level studies evalu-
ating whether farmland prices accurately reflect
improvements in soil quality, and it is, thus, unclear
whether conservation adaptation translates into
higher property values.

These barriers to the implementation of presently
offered conservation programs exist in one of the
richest nations on Earth, underscoring the challenges
that will likely occur in less developed or prosperous
nations. Yet, the challenges of landowner/manager
buy-in are only tangentially addressed in papers that
largely focus on technical potential (8). In cases in
which policy options are listed, some are inherently
politically problematic (22). Simply, there has not been
a research effort focused on the cultural and policy
complexities of soil carbon sequestration that matches
the level of the effort that has been made on the
technical issues. These social science challenges,
particularly in the United States, are as challenging as
the physical science side of the climate problem itself.

Physical Boundaries
We will not, here, exhaustively review the large body
of literature on the physical processes of soil C se-
questration under different management techniques.
Instead, our goal is to address the issues commonly
under-discussed in these projections. One of these is
climate change itself. Anthropogenic warming sets in
motion a positive feedback loop with soil carbon,
which is converted to carbon dioxide by soil microbes
responding to increasing temperature (23). There is
great concern about the magnitude of this feedback
on soils of the northern latitudes (24), but the same

physical impacts will be felt by farmland soils. Soil–
climate feedback will reduce the magnitude of the
maximum sequestration potential of all soils by an
uncertain amount (25).

Zomer et al. (26) have estimated that, over the next
20 years, with the full adaptation of best practices,
18 to 37 Gt C could be technically sequestered (a
factor of three to six less than the total loss through
historical agriculture discussed above). As for soil
carbon sources, land clearing is reported to release
carbon at about the same rate (26), whereas global soil
warming may cause a feedback release of between
100 and 600 Gt (23). These estimates are uncertain in
value but not sign. They underscore where monetary
and political effort might be most effectively directed
to avert serious climate change: reduce the rate of
land clearing and rapidly transition from fossil fuel
emissions, both of which will help avert a largely un-
controllable feedback in the global soil carbon system.

Mitigation Versus Adaptation
We fully agree with soil carbon sequestration advo-
cates that any carbon sequestered is a good thing,
and soils can indeed regain some carbon. However,
the promotion of this method to significantly alleviate
our carbon dioxide imbalance is somewhat irrespon-
sible and has political implications. The suggestion
that soil carbon sequestration may be a “bridge”
serves only as a reason to yet further delay action (27).

Pursuing soil carbon as a climate-mitigation strat-
egy could have an impact on scientific credibility. By
not fully considering the barriers that inhibit imple-
mentation, some in the soil science community may
be committing to an unachievable goal. More than a
decade ago, Smith et al. (28) clearly stated this:

Given the recognized biological, economic, so-
cial, political and institutional constraints on the
implementation of soil carbon sequestration
measures, the scale of carbon sequestration in
agriculture will rely more upon overcoming
these constraints than upon filling in gaps in
our scientific and technical knowledge.

They noted there is a large gap between the
maximum physical potential and that achievable in a

Fig. 1. A map of the percentage of farms operated by renters in the United States (Left) and one depicting the percentage
of land enrolled in government conservation programs. Data from 2012, taken from ref. 20. Image courtesy of USDA/NASS.
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complex society (Fig. 2). The present status of soil
carbon sequestration a decade later seems un-
changed, given a lack of significant progress in the
related social science issues and the ever-changing
political climate in the nation.

Although soils are seemingly unlikely to help us
remediate climate change, they are almost essential
for us to survive it. In the soil–climate research arena,
the current emphasis on carbon sequestration as the
primary goal—with ancillary improvements in water
management, soil erosion, and food security—seems
almost inverted in its prioritization. Better soil carbon
management is best placed within a framework of a
multifaceted effort to further improve farming meth-
ods in this century. The scientific opportunity, and
societal challenge, for soil science is leading research
that adapts soils and agriculture to a rapidly changing
climate, allowing them to continue to produce food in

a changing world. However, even this research will be
subject to cultural and political scrutiny.

Recognizing thatmany farmers are concerned about
“weather”much more than climate change (12, 13) will
help researchers—and scientific extension specialists—
frame approaches that are more readily adaptable and
acceptable. If some carbon is sequestered in this effort,
so much the better. But it should not drive our soil re-
search agenda. As researchers, we may speak of
“climate-smart soils” (22) centered on their greenhouse
gas balances. But for farmers, we might be much more
successful to frame the problem as “weather-proofing
soils,” with an enhanced ability to store water, recycle
nutrients, and produce new types of crops in a chang-
ing, growing environment. The wins in the win–win
situation of soil carbon sequestration should likely be
reversed and the goals of our present research reeval-
uated to achieve maximum societal impact.
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