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ABSTRACT

The opportunity of agricultural management practices to sequester soil organic carbon
(SOCQ) is recognized as an important strategy for mitigating climate change. However, there
is low confidence when it comes to understanding the magnitude of the climate benefit we
can expect from SOC sequestration or how best to achieve it. Several issues are often con-
founded when it comes to the mitigation potential of SOC sequestration and greenhouse
gas (GHG) reductions from agriculture, creating confusion and making it difficult to clearly
identify the knowns, unknowns and risks to implementing policy and practice recommenda-
tions. Here, we identify and explain four major areas of uncertainty: (1) the expected
changes in soil carbon or GHG emissions resulting from agricultural management practice
changes; (2) the extent to which social, environmental and economic factors constrain miti-
gation potential; (3) the ability to execute reliable measurement, monitoring, reporting and
verification (MMRV) frameworks; and (4) the perception of risk associated with different ways
of promoting practice adoption (e.g., voluntary carbon markets fueled by the private sector,
pay-for-practice programs funded by public investment). We aim to pinpoint knowledge
gaps and areas of disagreement to help right-size expectations and guide effective invest-
ment in GHG removals and reductions from agriculture.
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There is strong disagreement among scientists sur-
rounding the role that agricultural soils can play in
mitigating climate change [1-4].
believe more robust scientific evidence is neces-
sary to support claims of carbon sequestration and
net greenhouse gas (GHG) mitigation from agricul-
ture, others feel the urgency of the climate crisis
demands a “learning-by-doing" approach to help
shift agricultural production systems to incorporate

While some

more climate-friendly practices [5-7] even if the
exact outcomes are uncertain. Expert review of the
science underlying soil carbon sequestration as a
natural climate solution concluded that more
research is needed to resolve the scientific uncer-
tainty around measurement of soil organic carbon
and its long-term stability as well as the magnitude
of unconstrained fluxes of other potent GHGs asso-
ciated with agriculture (e.g. N,O and CH,) [8].
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Box 1. Technological developments for measuring SOC.

In response to the unique challenges of quantifying SOC, the public and private sectors are investing in various efforts to reduce the costs of
measurement, monitoring and verification without sacrificing accuracy. For example, the U.S. Department of Energy’s ARPA-E SmartFarm
Program is investing in technology to advance MMRV capabilities. Funded projects range from soil sensors building off advances in soil spectros-
copy to combined process-based model and remote sensing approaches to quantify field-level GHGs. Advances in spectroscopy present an alter-
native to dry combustion methods and can address the need for long-term monitoring at a reduced cost [46,64,65]. Already a well-established
technology in the research domain, private sector startups are capitalizing on these advancements to present the business case for spectroscopy
as a scalable SOC MMRV solution.

Remote sensing technologies are also under discussion as scalable solutions to MMRV but are still in early phases of development. For instance,
some remote sensing products can track agricultural yields and adoption of conservation agricultural practices such as no-till and winter cover
cropping [66-68]. This information could be useful for parameterizing models, as well as for determining additionality and leakage for SOC
sequestration projects. With the proliferation of higher-resolution, satellite-based sensors, there is growing research linking these remotely
sensed spectral signatures over bare ground to measured SOC data [69]. This work generally shows promise for mapping the spatial distribution
of surface SOC concentrations under ideal conditions [70]; however, vegetation, crop residues and variable soil moisture conditions all confound
the direct use of remote sensing to estimate SOC. So while there is limited but growing success in mapping surface SOC concentration over
bare fields, there has been no demonstrated proof that remote sensing alone can account for changes in SOC stocks to at least 30 cm over time
thus far. It is critical that these efforts be evaluated in terms of their efficacy of achieving accuracy and precision when it comes to detecting

changes in SOC.
Box from Oldfield et al. [46]

Indeed, the public and private sectors are investing
in various efforts to reduce the cost of measure-
ment, monitoring and verification without sacrific-
ing accuracy to help reduce these uncertainties
(Box 1). The rapidly developing voluntary carbon
markets selling credits for soil carbon sequestration
in some geographies (e.g. U.S., Australia) adds
urgency and complexity to this debate. Despite dif-
ferences of opinion, broad scientific consensus
exists with respect to the following: (1) continued
land use conversion to cropland and soil degrad-
ation derived from “business-as-usual” cropland
management present a major threat to climate sta-
bility and livelihoods; (2) agricultural practices
(often cited as climate smart or regenerative) that
increase organic matter inputs to the soil, limit soil
disturbance and maximize soil cover can provide
environmental benefits (e.g., erosion control, water
quality and nutrient retention) and beneficial GHG
outcomes when compared to “business-as-usual”
approaches; (3) land-based GHG removals are
necessary to reach our climate goals, but they
should not delay or justify avoidance of broad-
scale decarbonization [5]. So, why the controversy?

When it comes to soil organic carbon (hereafter,
SO(Q) sequestration and its climate-change mitigation
potential, several issues are often confounded, which
can create confusion and make it difficult to conduct
clear discussions around knowns, unknowns, and
risks. We see these issues occupying four major areas
of uncertainty: (1) uncertainties regarding the magni-
tude of GHG mitigation benefits resulting from agri-
cultural management interventions; (2) the extent to
which social, environmental and economic factors
constrain mitigation potential; (3) the ability to exe-
cute accurate measurement, monitoring, reporting
and verification (MMRV) frameworks; and (4) the

perception of risk associated with different ways of
promoting practice adoption (e.g., voluntary carbon
markets fueled by the private sector, pay-for-practice
programs funded by public investment). Often, differ-
ing opinions on or understandings of these issues
lurk implicitly in debates around the mitigation
potential of SOC sequestration, hindering consensus
on how to proceed or whether to proceed at all.
Here, we describe these uncertainties with the goal
of clarifying the conversation and pinpointing the
key knowledge gaps and areas of disagreement that
must be resolved to right-size expectations and
guide appropriate investment in GHG emission
reductions and removals from agriculture. While we
recognize these uncertainties pertain to agriculture
writ large (crop and livestock systems), our focus in
this article is on row crop agriculture.

What is the magnitude of impact of management
interventions on SOC sequestration and net GHG
emissions?

While we have confidence in the opportunity of
some agricultural management interventions for
GHG mitigation benefits [5], we have less confi-
dence when it comes to understanding the magni-
tude of those benefits, in particular at the smaller
farm-scale. Context matters when it comes to GHG
reductions from agriculture, but currently there is
no consensus on whether we have sufficient
empirical data to pinpoint what combination of
management interventions, soil types, and climate
are most likely to lead to beneficial GHG outcomes.

No one disputes that agricultural practices that
increase inputs of organic material into the soil or
decrease losses of SOC from decomposition can
lead to SOC accrual. Practices such as cover



cropping, agroforestry, perennialization, reduced
tillage, and crop system diversification have all
been demonstrated to increase surface (0-30cm)
SOC relative to business-as-usual practices on aver-
age, across broad geographical contexts [9,10].
These practices also tend to have important co-
benefits for agricultural productivity, erosion
reduction, preventing soil nutrient losses, and
resilience against both drought and excess mois-
ture [11,12]. However, insufficient empirical data
on SOC stock changes through space and time
across different soil types, soil depths (>30cm), cli-
mates, management scenarios and cropping sys-
tems prohibit scientific consensus around the
specific contexts under which we can expect posi-
tive responses versus negligible or negative
responses [13]. We also have very limited under-
standing of the GHG tradeoffs of agricultural inter-
ventions and do not know what the impacts of
long-term practice adoption are on net CO,, N,O
and CH,; emissions [14,15]. Hence, pinpointing
exactly where, how and over what timeframe SOC
stocks, N,O and CH,4 will respond to management
interventions is difficult and is associated with a
large degree of variability and uncertainty.

Much of our current evidence base has been col-
lected from long-term agricultural research trials in
small strips and plots, and there are mixed opinions as
to whether data from controlled research trials are
representative of the outcomes observed on real
working farms. For instance, the magnitude of impact
of specific practices quantified in controlled research
experiments may be larger than on working farms
where farmers are not necessarily adhering to continu-
ous no-till or adding substantial amounts of organic
amendments to their fields [16,17]. Furthermore, we
know almost nothing of the full life-cycle implications
of specific practices as they are implemented on work-
ing farms including (@among others) the extent to
which practices increase or decrease the need for
external non-renewable inputs (e.g., mineral N fertil-
izer) and the GHG implications related to greater
herbicide use for cover crop termination or weed con-
trol in no-till systems. Uncertainties are even larger for
geographic areas traditionally underrepresented in
research, where even controlled research experiments
are lacking [18].

Despite the lack of consensus regarding the suffi-
ciency of the evidence base supporting agricultural
GHG mitigation opportunities, most would agree
that having more data across a diversity of agricul-
tural contexts across longer timeframes and larger
scales is critical for reducing uncertainties around
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the potential for GHG emission reductions and
removals from croplands. While soils are generally
recognized as an essential part of climate mitigation
efforts moving forward, implementation of presum-
ably beneficial farming practices without a solid sci-
entific foundation risks ineffectiveness or harm via
inaccurate assumptions of negative emissions.

How and to what extent do environmental,
social and economic conditions constrain
adoption of management systems that can
mitigate cropland GHGs (i.e. what is the
realizable magnitude)?

Another layer of complexity within the debate
around SOC sequestration as a climate mitigation
pathway comes from differing consideration of how
broader biophysical realities and socioeconomic fac-
tors constrain estimates of the realizable or realistic
mitigation potential [1,18,19]. The largest estimates
of mitigation potential, which are based solely on
biophysical potential, cannot be fully realized
because they sometimes ignore constraints from
land available for practice adoption, rates and tim-
ing of practice adoption and social, political and
economic factors. Right-sizing expectations of the
mitigation potential for net SOC sequestration (new
carbon stored minus any increased GHG emissions
resulting from the management intervention) via
practice adoption compared to business-as-usual
farming is key to avoiding over-reliance on a climate
strategy that cannot deliver as promised.

Proposed annual estimates for global cropland
SOC sequestration potential under “best manage-
ment practices” range from 0.3 to 6.8 petagrams
(Pg) COye per year [20]. The higher end of these
estimates tends to take mean sequestration rates
from long-term agricultural research and extrapo-
late them to the full spatial extent of regional,
national or global cropland. Such estimates do not
capture whether certain areas are unsuitable for a
given practice (e.g., cover cropping is not feasible
in all climates), areas where certain practices are
not compatible (e.g., organic farmers may rely on
tillage for weed control), or areas where land use
change is imminent. For example, in the U.S,, it is
estimated that such constraints mean the actual
area of croplands available for multi-decade adop-
tion of cover cropping practices is only 32-44% of
total cropland area [21]. In the EU, as of 2016, it is
estimated that only 23% of arable land is currently
left bare during wintertime and therefore suitable
for cover cropping [22].
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The higher biophysical estimates of global miti-
gation potential also do not take into account fac-
tors related to the pace and scale of practice
adoption. For example, they may assume immedi-
ate and simultaneous adoption of climate-smart
practices on all global croplands and ignore the
social and economic realities that limit or slow
new practice adoption. Exposure to and experi-
mentation with new practices or technologies
necessarily takes time, and even then, widespread
and consistent implementation of a given practice
is not assured [23,24]. Factors like land tenure,
uncertainty surrounding market and other eco-
nomic drivers, regulatory frameworks, access to
technical assistance, cultural barriers, social net-
works and demographics influence the adoption
rates of agricultural practices that affect
SOC sequestration in croplands [18,19,25-27].
Uncertainty about impacts on profitability for farm-
ers, high variability in costs and benefits and his-
torical/current systems that fail to de-risk
implementation of climate-smart practices add fur-
ther challenges [28-30]. Insufficient research on
the individual, structural and institutional factors
that facilitate and constrain practice adoption
[31,32] and the lack of integration of diverse theor-
etical perspectives to inform adoption has resulted
in a lack of holistic understanding of realistic miti-
gation potential of SOC sequestration. As such,
researchers are discouraging publications that
focus solely on technical potentials without consid-
eration of socioeconomic factors [33].

Can we measure and verify changes in net GHGs
in row crop systems reliably at relevant spatial
and temporal scales?

Many agree that building confidence in our under-
standing of the GHG impact of agricultural man-
agement interventions requires accurate and direct
observations to quantify outcomes [34]. Yet, there
is no consensus on what constitutes sufficient rigor
for MMRV. In measuring and estimating agricul-
ture-related GHGs, there are challenges related to
expense (collecting and processing soil samples is
time intensive and expensive), methodological
inconsistencies (e.g., depth of soil sampling, lab
processing of soil samples), timescales necessary
for detecting change and the durability of removal
that contribute to uncertainty and a lack of confi-
dence surrounding cropland management as a
natural climate solution.

The ways in which we measure SOC sequestra-
tion versus N,O and CH, emissions are fundamen-
tally different, which makes GHG accounting in
cropland systems particularly challenging. Detecting
change in SOC stocks requires intensive episodic
(i.e., every 5-10years) sampling, which has often
been assumed unrealistic in terms of time and
resources but is increasingly demonstrated to be
feasible at larger population-level scales (i.e., meas-
uring average SOC stock changes across many fields
(e.g., >30) versus at the individual field level) [35]. In
contrast, the microbial processes that produce N,O
and CH, are highly dynamic over space and time
(i.e.,, hot spots and hot moments). The resources
(time and money) required to achieve intensive,
accurate and direct measurements are often viewed
as prohibitive. As a result, reliance on process-based
biogeochemical models (e.g., DayCent, DNDC) and/
or emission factors to estimate changes in SOC and
N,O and CH,; emissions has become common for
scaling quantification [36,37].

The use of process-based models for agricultural
GHG projects generally entails evaluation of model
performance (termed “validation” in many proto-
cols) using existing datasets deemed representa-
tive of project activities and context, followed by
use of the validated model to make new predic-
tions for the project area [38]. The datasets avail-
able for such validation efforts are highly limited
because there are very few high-quality time series
data on paired control and treatment plots in agri-
cultural systems for any given practice change,
especially under different contexts [39]. This raises
the key question of whether model validation
datasets are truly representative of the conditions
under which a project is occurring with respect to
soil types, climates and practices [40]. If a dataset
consisting mainly of sites where conditions are
favorable for SOC accrual is used to validate a
model that is then applied to a project area where
sites tend to have less favorable conditions for
SOC accrual, there is a clear risk of overestimation
[39]. Recent model validation exercises have
shown large variances in differences between
measured and modeled outcomes (i.e., changes in
SOC, N,O or CH, relative to a baseline); and due to
limitations in the validation data, the types of con-
ditions under which the variance is higher or lower
often cannot be precisely determined [38,41,42].
Therefore, it is difficult to know exactly how well a
model will perform and whether validation-based
estimates of uncertainty are reliable when the
models are applied to new sites.



This raises another key question: what level of
unexplained variance in model predictions are we
prepared to tolerate? There is no consensus on
what constitutes an “acceptable” level of uncer-
tainty for the use of process-based models in GHG
accounting frameworks, and disagreements persist.
On the one hand, the voluntary carbon market
industry uses models specifically for generating
offset credits, while on the other, some academics
have deemed models inadequate for estimating
SOC sequestration for reliable carbon crediting
[40,43]. More broadly, the lack of clear and consist-
ent guidance on important aspects of model appli-
cation, including initialization,  uncertainty
partitioning and propagation, and potential con-
frontation with new measurements from a project
may leave the door open to various interpretations
of best practices and to the potential gaming of
outcomes, leading many to criticize their current
use in agricultural GHG mitigation projects.

These measurement and modeling challenges
are seen by many as critical obstacles that must be
overcome to realize robust MMRV [37,44].
However, it is important to avoid conflating the
issues of measurement and verification challenges
with the issue of what the evidence base shows
regarding GHG effects of adopting more climate
smart agricultural practices. Measurement chal-
lenges can be overcome with concerted research
and development on approaches that can deliver
economical and accurate data, but whether this is
worthy of investment depends on whether
improved management of agricultural lands can
realistically deliver GHG benefits.

What is the risk tolerance associated with
different incentive approaches for GHG
reductions and removals?

In discussions around the unknowns and risks
associated with GHG mitigation in croplands, some
of the disagreement and disconnect can stem
from different perspectives regarding implementa-
tion. That is, one’s answers to the above questions
and level of comfort with unknowns can depend
on how practice changes might be implemented,
for example through market incentives (e.g., volun-
tary carbon markets) versus pay-for-practice pro-
grams (e.g., subsidies for the costs of transition to
more climate smart practices). Note we focus here
on interventions targeted at the individual farmer
(i.e., through incentives and subsidies for farmers)
rather than on interventions related to interacting,
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cross-scale structural factors (e.g., public funding
priorities, methods of conservation delivery, agri-
cultural production processes and policies) that go
beyond the individual scale. Interventions aimed at
these structural factors and systemic interactions
deserve much greater attention given that individ-
uals are operating within complex, larger sys-
tems [31].

Carbon markets - both compliance and volun-
tary — are meant to deliver robust, durable credits
representing tonnes of CO,e sequestered. Whereas
compliance markets are subject to regulation and
oversight that establishes legal obligation on cov-
ered entities to offset emissions (usually aimed at
energy intensive emitters), voluntary carbon mar-
kets function outside of any regulation with credits
purchased by individuals or entities wanting to
reduce their carbon footprint. In the U.S. to date,
carbon credits for soil carbon sequestration in row-
crop agricultural systems are only available
through the voluntary carbon market [45]. The
market landscape is evolving rapidly and the rules
of the road for GHG accounting and the use of
credits for achieving GHG targets are currently
being written and revised. Within the voluntary
carbon market, for example, a number of different
protocols for generating agricultural soil carbon
credits exist. A comprehensive synthesis of 12 pub-
licly available protocols revealed substantial differ-
ences in their approaches to measuring and
estimating SOC and net GHGs as well as important
accounting issues such as additionality and per-
manence [37,46]. Additional to the voluntary car-
bon market are other voluntary standards for GHG
accounting, which include the Science Based
Targets Initiative (SBTi) and Greenhouse Gas
Protocol Land Sector and Removals Guidance that
provide guidance for companies seeking to reduce
their GHG footprints [47,48].

Any nature-based C solution funded through a
market approach needs a robust scientific founda-
tion because these markets render fossil and biotic
C equivalent, allowing fossil fuel emissions to be
offset by increases in biological C sequestration
[49]. Quantification challenges aside, designing a
market around SOC sequestration demands assur-
ance that credits are additional and durable, and
that the market contains sufficient safeguards
against reversals and leakage. SOC sequestration
through carbon accrual is not permanent — carbon
continuously cycles through the soil and so dur-
ability rests on continuing (and monitoring) the
management practices that build and maintain
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SOC stocks over time. Farmers are understandably
wary about committing to requirements to main-
tain practices for decades into the future, making
the design of effective incentives that meet dur-
ability standards difficult.

There are risks and limitations to compliance
and voluntary carbon markets as strategies to
deliver climate mitigation. First, there is a percep-
tion that these credits can let large industrial emit-
ters “off the hook” from doing the work to
decarbonize their own operations [50]. Second, if
credits are poorly quantified or lack integrity (e.g.,
estimated CO, reductions are not truly additional),
then there is real risk to the climate in that indus-
trial emissions continue without additional CO,
sequestration and GHG reductions coming from
the credits. A growing body of evidence highlights
this may be occurring in crediting projects across
the globe [50-53]. Due to these challenges and
since GHG emissions from agriculture are inevit-
able, some have argued that removals and reduc-
tions should be tracked and accounted for within
agricultural supply chains through Scope 3
accounting (i.e., not sold as credits to offset GHG
emissions outside of food and agriculture supply
chains) to help mitigate agriculture’s climate
impact rather than offset emissions outside the
sector [54]. Since these within-supply chain reduc-
tions and removals are not sold as offsets to indus-
trial emitters, there is less of a perceived risk to the
climate. Regardless, robust quantification and
accounting of agricultural supply chain GHGs, just
like offsets, are still necessary to ensure progress
towards climate targets (Tables 1 and 2).

Programs that pay-for-practice may seem like a
less risky approach to incentivizing GHG mitigation
from agriculture because they do not rely on the
quantification of GHG outcomes that could then
be used to offset industrial emissions. However,
this approach represents an indirect strategy for
GHG mitigation and therefore may not necessarily
be an efficient means of achieving GHG reductions
and removals [55,56]. For instance, amenable
contract timelines (1-10years) typical of such

programs (e.g., USDA’s Environmental Quality
Incentives Program and the Conservation
Stewardship Program) may seem inadequate for
ensuring durable GHG outcomes, which require
long-term monitoring of the practice change to
ensure SOC stock accrual and maintenance
(upwards of 30years). Furthermore, because GHGs
are not directly quantified or verified under current
pay-for-practice programs, uncertainties remain as
to the magnitude of climate benefits these pro-
grams provide. If these investments, however, are
not targeted to contribute to emission reduction
goals, then pay-for-practice and subsidization of
associated costs of practice transitions could be
considered a good use of funds to support adapta-
tion and resilience at the farm scale and of larger
food systems (e.g. soil loss, drought resilience)
that are perceived as comparably certain.

More generally, when it comes to GHG mitiga-
tion opportunities in row crop agriculture and
associated risks, an important distinction should
be made between removals and reductions. As a
removal strategy, SOC sequestration has received
substantial attention and investment in the volun-
tary carbon market, while reduction strategies
(e.g., reducing N,O emissions through fertilizer
management) have received less attention [57].
Reducing N,O emissions, however, represents a
less risky approach than CO, removal given that it
is permanent and represents an immediate reduc-
tion in radiative forcing (most N,O emissions occur
the same year fertilizer is applied). The climate
benefit derived from removals through SOC
sequestration, on the other hand, takes years to
develop, requires continued maintenance well into
the future and is prone to reversal. Though incen-
tivizing N,O reductions also comes with its own
challenges, which include quantifying N,O (emis-
sions are highly variable over space and time) and
ensuring that any reductions in the use of mineral
N fertilizer are not accompanied by losses in agri-
cultural productivity. Existing research on the use
of metrics such as nitrogen balance - the differ-
ence between nitrogen inputs and outputs — can

Table 1. Overview of the accounting issues associated with different incentive approaches for GHG reductions and

removals.

Accounting issues

Quantification

Additionality

Accurate quantification of changes in soil organic C (SOC) stocks and associated GHGs (e.g., N;O and CH,) resulting
from agricultural management interventions
The concept that a project or intervention leads to emission reductions or removals that would not otherwise have

occurred under a business-as-usual approach

Durability/Permanence

Continuing and monitoring the management practices that build and maintain SOC stocks over time to prevent

losses; 100 years is the default timeframe per the IPCC

Leakage

Preventing loss of SOC or increases in other GHGs that may result from uptake of climate smart ag practices (e.g.,

converting more land into agriculture to make up for losses in production, fertilizing cover crops)

Table adapted from Ogle et al. [71]
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Table 2. Classification of how/if different implementation strategies address accounting issues to help ensure GHG ben-

efits, with (4+) necessary (—) not necessary.

Examples of
Incentive Durability/ protocols, guidance, Justification or Explanation for
approaches Quantification Additionality =~ Permanence  Leakage programs classifications
Voluntary or + + + Registry-backed All issues are necessary to account for as
compliance protocols including individuals or companies are purchasing
carbon markets Climate Action carbon credits to potentially offset
Reserve’s Soil emissions; to be considered fungible,
Enrichment credits must be accurately quantified,
Protocol and additional to what would have
Verra's VM0042 happened under business-as-usual, result
in long-term sequestration and/or GHG
reductions, and avoid leakage
Scope 3 + - + Within supply chain Standards for scope 3 accounting within

accounting*®

Pay-for-practice - - -

efforts (i.e., Scope
3) to reduce GHGs
and increase SOC
accrual;
Greenhouse Gas
Protocol’s Land
Sector and
Removals
Guidance

U.S. federal programs

such as USDA’s
Conservation
Stewardship
Program and
Environmental
Quality Incentives
Program

the land sector are still being
determined, and additionality
requirements may differ situationally. For
example, the inventory method as
defined under the draft Land Sector and
Removals Guidance from the GHG
Protocol does not require additionality
since GHG reductions and removals are
accounted for on a year-on-year basis
within a supply chain rather than
generating credits used to offset
emissions outside of their own supply
chains.

With pay-for-practice programs, highly
accurate quantification of changes in C
stocks and GHG emissions may not be
necessary because the primary outcome
is the practice, rather than a specific
claim of decreased emissions.
Accounting for additionality, durability
and leakage would increase the

likelihood these programs are
generating climate impact but is
generally not a requirement to
participate in these programs; note,
however, this could change under
Nationally Determined Contribution
(NDC) accounting.

Table adapted from Ogle et al. [71].

*Note: We distinguish scope 3 inventory accounting as distinct from the generation of inset credits which are defined as credited reductions and
removals within agricultural supply chains and follow criteria similar to scope 1 offsets under the voluntary carbon market.

help approximate on-farm N losses and help over-
come some of the quantification challenges associ-
ated with measuring N,O [58]. Targeting farms or
larger areas (e.g., counties, regions) where N bal-
ance is high represents an opportunity to substan-
tially reduce GHG emissions with little risk of yield
impacts [59].

Much of the hesitation to advance SOC seques-
tration as a natural climate solution ultimately
comes from the risk assessment of the implemen-
tation strategy and the context in which the vari-
ation and uncertainty associated with GHG
outcomes is applied. To demonstrate this point,
consider conversations around regenerative agri-
cultural practices and environmental outcomes.
Currently, many scientists encourage efforts to
increase adoption of regenerative agricultural prac-
tices, seeing little risk and emphasizing that these
practices deliver many benefits such as reduced
erosion, drought resistance and resilience,
improved water quality, or higher yield stability
over time [60]. However, if these environmental

benefits were traded such that heavy polluters
could offset negative effects on water quality by
purchasing “water quality” credits, there might be
just as much hesitation from the scientific commu-
nity due to the uncertainty in the quantitative links
between soil health and environmental outcomes
and their context specificity [61]. As the perceived
severity of potentially adverse outcomes from
interventions increases, so does one’s perception
of the need to reduce uncertainty in those
outcomes.

Conclusion

The confusion and conflation of the different sour-
ces of uncertainty outlined above highlight the
need for clearer discussions surrounding knowns,
unknowns and risks of cropland GHG mitigation.
These issues are being thrust into the spotlight as
policy makers and market players invest in climate
mitigation through incentivizing regenerative agri-
cultural practices. To reduce these uncertainties
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and craft effective policy and investments, we
must reconcile longer-term research efforts with
shorter-term action for climate mitigation and
adaptation efforts. To that end, we recommend
the following actions that policy makers and
researchers can take that can be implemented
over short to medium timescales (0-5 years):

e Support and encourage the adoption of regen-
erative agricultural management practices for
climate adaptation and co-benefits for which
assessments are comparably certain, without
accounting for their contribution to specific
GHG targets as long as these are not verifiable/
quantifiable with a sufficient level of certainty.

e Prioritize policy and market interventions for
nitrogen and methane management to deliver
higher permanence, lower uncertainty emission
reductions.

e Develop a measurement and model standard
for robust MMRV that can support a system of
independent evaluation/certification of specific
climate impacts.

e Now and into the future, expand upon existing
and invest in additional research infrastructure
(see reports by Hayes et al. [34] and Novick
et al. [62]) designed to collect and track data to
evaluate and quantify the impact of and reduce
the uncertainties around management interven-
tions on net GHG balances. The recently
released US “Federal Strategy to Advance
Measurement and Monitoring Greenhouse Gas
Measurement for Agriculture and Forest
Sectors” represents a step in the right direction.

e Invest in research networks to capture the
impact of management interventions on work-
ing farms representative of local to regional
agricultural systems (as opposed to small plot
research). Concurrently, advance research to
support integrated models that capture the
interacting biophysical-socio-economic factors
that can help provide more realistic estimates
of achievable mitigation.

e From these expanded research networks,
develop openly and freely accessible bench-
marking and independent validation datasets
to support evaluation of the impact of manage-
ment interventions on GHG outcomes [63].

Understanding the realizable magnitude of GHG
reductions and removals from agriculture, as well
as risks and uncertainties, is critical for minimizing
anthropogenic climate change and ensuring that
investments in mitigation achieve intended goals

without incurring adverse impacts. Given invest-
ments (both private and public) in agricultural
management practices with the aim of climate
mitigation are already occurring, it is essential to
focus on the specific uncertainties as they relate to
the questions posed above and the specific actions
we can take to reduce those uncertainties. In clari-
fying uncertainties surrounding GHG mitigation
potential from cropland management, we lay a
foundation for productive discussions, clear
research priorities, and effective policy.
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