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Guy Pinjuv, Daniel V. Harburg, Eleanor E. Campbell and Ashok A. Kumar*

Indigo Ag, Boston, MA, United States

High-quality agricultural carbon credits that incentivize regenerative practices can

help address climate change through greenhouse gas (GHG) abatement and CO2

sequestration. Generating large volumes of such credits requires rigorous crediting

methodologies. The Soil Enrichment Protocol (SEP) by the Climate Action Reserve (CAR)

aims to unlock this type of crediting potential. The SEP includes new expert-driven

standards for validating the use of soil biogeochemical modeling to generate credits.

Technical experts at Indigo Ag participated in the SEP working group and are supporting

implementation of the first project, CAR 1459_RP1, on hundreds of thousands of acres

in the US. The authors share their thoughts on new approaches enabled by the SEP as

both contributors to the theory behind and practitioners of these approaches. The SEP

enables scalable, high-quality credits through four main advances: (1) allowing flexibility

in the use of biogeochemical models that meet explicit performance requirements, (2)

enabling a new approach to field-level, modeled baselines, (3) supporting a hybrid

approach of credit generation using both soil measurement and modeling, and (4)

requiring a new type of credit uncertainty quantification that accounts for multiple sources

of uncertainty. Together these advances support agricultural credit quantification that

enables payments to offset transitional costs for growers, at large enough scales to create

a robust market, with a level of rigor that ensures any credited emission reductions have

real climate impact. Innovations in soil analyses, advances in research, and improvements

in data collection could further improve the potential for agricultural carbon credits

to scale.

Keywords: negative emissions technology, agriculture, soil, carbon offset, carbon credit, regenerative agriculture

INTRODUCTION

To ensure long-term success at a global scale, carbon markets must be based on confidence
in driving emissions reductions. This confidence requires rigorous and transparent protocol
standards for greenhouse gas (GHG) mitigation and CO2 sequestration to generate high-
quality carbon credits, defined as being realistically baselined, additional, and permanent,
among other criteria (see Table 1). Since the use of an offset credit involves the allowance
of an equal emission elsewhere on Earth, offset credits that do not equate to equivalent
amounts of emissions reductions (i.e., are not real) result in direct environmental
harm. Confidence is critical; if credits are not rigorous, science-based, and transparent
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in their methods; if low-quality, unverified credits are transacted
in the market, it can cast doubt on the entire market and the
incentive structure can collapse.

Recently, multiple entities (including Indigo Ag) have either
explored or actively launched programs to generate agricultural
carbon credits due to the potential for regenerative practices,
such as cover cropping and reduced tillage, to reduce GHG
emissions and sequester carbon in soils (Paustian et al., 2016).
To support large-scale practice change, growers need to be
directly compensated for the carbon credits they generate
on their operations. Implementing regenerative practices often
involves transitional costs, such as changes to equipment
to plant into heavier residue, or ongoing operational costs,
such as annual purchases of cover crop seeds. Carbon credit
payments generated by these activities could reduce financial
barriers to adoption. Currently, adoption rates of regenerative
practices in many regions remain low; for example, <2% of
growers used cover crops and <12% practiced no-till in 2017
[United States Department of Agriculture National Agricultural
Statistics Service (NASS), 2017]. Agricultural carbon credits have
an opportunity to increase regenerative practice adoption, by
incentivizing regenerative management strategies that minimize
GHG emissions while maximizing carbon sequestration and co-
beneficial outcomes to soil and crops.

Carbon markets have developed since the 1990s through
voluntary efforts, such as independent project registries, and
regulatory mechanisms, such as the Kyoto Protocol and
the California cap-and-trade program [International Carbon
Reduction and Offset Alliance (ICROA), 2020]. There is
broad consensus around a suite of quality criteria that should
underpin any credible offset program [Offset Quality Initiative
(OQI), 2008]. Individual programs, such as the Climate
Action Reserve (CAR), maintain their own programmatic
standards built around these quality criteria, and then adopt
individual protocols and methodologies for specific project
activities, such as forestry or agricultural land management
(Climate Action Reserve Offset Program Manual, 2021). Several
protocols have been adopted to address implementation and
monitoring of GHG mitigation projects on agricultural lands,
including the CAR Nitrogen Management Protocol (Climate
Action Reserve Nitrogen Management Protocol Version 1.0,
2012) and California Compliance Offset Protocol for Rice
Cultivation Projects (COP RCP) (Compliance Offset Protocol
Rice Cultivation Projects, 2015). Except for livestock manure
digestion projects, these past efforts have not resulted in large-
scale projects or significant credit volume. This lack of scale is
at least partly a result of a reliance on the combined precedent
of industrial emission reduction methodologies and forestry-
focused land use methodologies, which proved ineffective
in creating scalable agricultural projects. Additionally, those
protocols faced significant challenges with farmer engagement
and data collection, partly because either the programs or
protocols were highly prescriptive and left little room for
innovation by project aggregators or for growers to be responsive
to changes in market demand for certain crops. For example, the
2015 COP RCP generated zero credits despite stable demand and
above average prices in the California compliance offset market

(Air Resources Board Offset Credit Issuance, 2020; Compliance
Offset Protocol Rice Cultivation Projects, 2015). This protocol
generated zero credits because of high data burdens, grower
resistance to monitoring and data collection requirements, and
limited opportunity to practically aggregate multiple fields into a
single project. The protocol was also limited in geographic scope
to rice growing regions in California, the Mississippi River delta,
and Louisiana.

The CAR Soil Enrichment Protocol v1.0 (SEP) aims to
generate high-quality carbon credits at scale by providing
opportunities for projects to continually benefit from scientific
advancements in agricultural sampling methods and soil
biogeochemical modeling, while supporting credit generation
at a grower-beneficial cadence (Climate Action Reserve Soil
Enrichment Protocol Version 1.0, 2020). Indigo participated in
the stakeholder working group for the CAR-led development
of the SEP. The registry engaged with expert working groups
that represented multiple perspectives, including growers,
scientists, environmental NGOs, and industry representatives,
and included public comment periods. This process resulted
in an independently validated, publicly available, and scalable
methodology with four critical advances from previous protocols:
(1) a flexible approach in soil biogeochemical model use within a
single project, (2) a new approach to generate field-level, modeled
baselines, (3) a combined measurement and modeling approach
to credit generation, and (4) a novel uncertainty quantification
approach. These advances enable the SEP to yield high-quality
carbon credits from the quantification and verification of GHG
emission reductions associated with soil enrichment projects on
agricultural lands.

Protocols like the SEP do not exist in a vacuum; national
policies can play a key role in accelerating their impact. In the
US, the Growing Climate Solutions Act aims to provide clarity
around acceptable standards for agricultural carbon and GHG
measurement and verification. If implemented as proposed, this
act will reduce confusion on the quality and value of various
carbon programs that farmers can choose from Growing Climate
Solutions Act (2020). If quality standards are set too low,
however, the problem would not be solved for growers because
the USDA standard would not align with the minimum quality
demanded by the wider carbon market. Another proposal, the
establishment of a carbon bank, could encourage both farmers
and project developers to invest in project implementation. There
are many ways that this idea could be implemented (e.g., a
buyer of last resort, transition payments, no interest loans for
capital costs, etc.), but the basic concept of providing stable
financing to encourage climate smart agricultural practices is
helpful if the structure and timing of financing benefits growers
and drives practice change. Lastly, policies that discourage
regenerative practice adoption could be changed, such as Federal
crop insurance rules, which, in some cases, penalize the use of
cover crops.

In this perspective article, we share how the SEP supports
a more robust carbon market in agriculture, as well as our
learnings to date from operating as a CAR SEP project developer
for a project on hundreds of thousands of acres. We also
discuss how innovations in commercial soil analyses, advances in
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TABLE 1 | Requirements for high-quality carbon offset credits.

Criteria Description How the SEP methodology ensures credit quality

Additional Land management practices must not be “business as usual,”

be required by regulatory agencies, and must be implemented

before the reporting and verification period.

Project fields must meet both performance standard and legal

requirement tests, which establishes acceptable additional

practices.

Address leakage Changes in land management practices can potentially cause

indirect emissions if the productive yield of the project area

declines over time.

Changes in crop yield, for example, reduced yield in the first year

of verified practice change, are monitored for each project field

and aggregated at the project level. Significant leakage reduces

the number of credits for the project.

Permanent Changes to carbon stocks should represent a permanent

change.

Offsets are only considered permanent if the organic carbon

associated with the GHG reduction is stored for ≥100 years

following credit issuance, as dictated by SEP monitoring against

reversals and a buffer pool to provide insurance against

reversals due to unavoidable causes.

Independently Verified Project results should undergo 3rd-party auditing of data,

methods, and reports prior to every issuance

Results undergo an intensive verification after every reporting

period.

Real Credits are a result of complete and accurate accounting based

on proven, conservative methods.

Rigorous guidance for quantification and monitoring to ensure

project benefits are not overstated.

Unambiguously owned Offsets are assets that are owned by one entity at a time from

creation through to retirement

Project developers must demonstrate ownership of GHG rights.

Credits are serialized and tracked in the public registry to

prevent double claiming.

Uncertainty Project results account for sample, measurement, and model

prediction errors affecting project emissions reduction and

carbon estimates.

Projects take a hybrid direct measurement and modeling

approach to account for uncertainty in credit estimation

Use realistic baselines High-quality carbon offset projects should be structured around

what the GHG impacts would have been had the project not

occurred.

The GHG impacts of project fields are compared to a scenario in

which historical management practices had continued without

change.

agroecosystem and soil biogeochemical modeling, and targeted
research can further reduce uncertainties, increase inclusivity,
and strengthen the quality of agricultural soil carbon credits at
a global scale.

QUANTIFYING AGRICULTURAL CARBON
SEQUESTRATION AND GHG EMISSIONS
AT SCALE REQUIRES LEVERAGING THE
LATEST SCIENCE

Climate and environmental issues require pressing action and
the science behind regenerative agriculture has reached a level
of maturity where we can implement net beneficial solutions
today (Pittelkow et al., 2015; Griscom et al., 2017; National
Academies of Sciences, 2019; Oldfield et al., 2019; Paustian
et al., 2020). Although many regenerative agriculture areas
remain in need of additional research, the SEP provides a
framework whereby these needs are not a bottleneck. Instead,
the protocol balances the current state of scientific knowledge
supporting each credit issuance iteration with standards that
allow continual advancements in agricultural research, soil
measurement methods, and biogeochemical modeling. These
standards focus on the use of soil biogeochemical model
simulations, realistic and adaptive baselines, the combined
use of soil measurement with modeling to generate credits,
and the quantification of credit uncertainty. The SEP also
employs standards to ensure that carbon credited meets a

100-year permanence period (see Supplementary Materials

for details).

New CAR SEP Model Guidance Standards
Increase Soil Biogeochemical Modeling
Flexibility and Ensure Verifiable Use for a
Given SEP Project
Model requirements described in the stand-alone CAR SEP
Model Guidance define new standards for the use of peer-
reviewed published experimental data to validate the capacity
of a model to simulate the practice changes, crop types and
biophysical settings in a SEP project (Climate Action Reserve
Requirements and Guidance for Model Calibration, Validation,
Uncertainty, and Verification for Soil Enrichment Products
Version 1.0, 2020). In previous crediting protocols such as
the CARB Compliance forest offset protocol, models were
not permitted to change model parameterizations or undergo
updates during a project [California Air Resources Board
(CARB) U.S. Forest Projects Compliance Offset Program, 2015].
Instead, models were typically approved for use individually
based on expert input and the general robustness of evidence for
model performance in peer-reviewed publications. Furthermore,
crediting methods did not require quantification of model
prediction error, and thus provided no mechanism to account for
model performance in credit estimations.

In contrast, the SEP Model Guidance allows any model
to be used in a SEP project if the specific model validation
requirements are demonstrated, documented, and reviewed in
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a separate report prior to credit issuance (Climate Action
Reserve Soil Enrichment Protocol Version 1.0, 2020). The
SEP model validation report ensures each model version and
associated parameter sets demonstrate appropriate calibration,
validation, and model uncertainty quantification for the specific
SEP project in which the model will be used, as defined by
the project crop types, practice changes, soil properties, and
geographies. These standards allow model recalibration and
version improvements to be used over the project duration.
Critically, independent expert-review, CAR approval, and public
availability are required of every validation report to demonstrate
that these standards are met. This requirement helps ensure
that all model performance for SEP projects is transparent, and
that associated data are available to the scientific community
for side-by-side comparisons. In the development of the Model
Guidance document, one of the critical challenges was how
to best support verification entities who may not have the
expertise needed to ensure that a soil biogeochemical model
was used appropriately. SEP Model Guidance standards aim to
balance rigor with practicality in implementation, requiring the
engagement of expert review to verify model performance, but
not requiring this expertise from verifiers. Verifiers are instead
allowed to reference an approved model validation report to
confirm model application in each project, checking that model
versions, required information, and parameter sets match their
application to quantify credits within a project.

The SEP Enables a Baseline Approach That
Is Better Suited to the Dynamics of
Agricultural Lands
Carbon credits are quantified as the difference in emissions that
occurred in the project scenario and the baseline scenario—i.e.,
emissions that would have occurred in the counterfactual world
in which the project did not incentivize a change. Methodologies
for managed lands previously relied on two approaches to
establish a project baseline: a static approach – wherein samples
or historical data are used to create a single baseline that is
used for several (often 5 or 10) years or an entire project, or a
forward-modeling approach – wherein referential historical data
is used to create a model projection (e.g., linear) of baseline
emissions that is referenced to evaluate credits earned each year
of the project. With re-baselining occurring at increments of 5
years or longer, neither approach accounts for variables, such as
changes in weather or market demands, that may change grower
choices practices, such as crop rotations. This limits the ability
of such protocols to quantify offsets accurately and dynamically
at scale. Recent work highlighted the potential to over-estimate
emissions reductions from deforestation and forest degradation
projects (REDD+) in the Brazilian Amazon (West et al., 2020).
Significant changes in market forces reduced the expected level
of deforestation during the project early implementation phase,
but the model baselines were quantified with historical data and
did not account for these changes. As a project developer, Indigo
is now undertaking the first implementation of the new baseline
approach in the SEP that generates what we term a Just-in-
Time Adaptive Baseline (JITAB)—inspired by the Just-In-Time

Adaptive Intervention approach in behavioral science (Nahum-
Shani et al., 2018; Hardeman et al., 2019). This approach creates
a baseline using static historic data and incorporates dynamic
modeling to re-calculate the baseline every year in response to
ongoing real-world changes in project crop rotation and weather
(see Supplementary Materials for further discussion).

A Hybrid Sampling and Modeling Approach
Enables Annual Quantification of Large
Projects
Before the CAR SEP, agricultural GHG emission mitigation
methodologies relied either on narrow use of models, solely
on direct soil measurement, or on use of narrowly applicable
default emission factors (Climate Action Reserve Nitrogen
Management Protocol Version 1.0, 2012; Compliance Offset
Protocol Rice Cultivation Projects, 2015). Direct measurement-
only approaches have significant barriers to scale: they are
expensive, struggle to handle short-term fluxes in soil organic
carbon (SOC) content and trace gases, and can take a long time to
deliver results (e.g., often a minimum of 5–10 years). Moreover,
setting baselines for measurement-only projects requires either
paired control plots which are infeasible at scale, or regional
benchmarks for which there are not yet sufficient data. Using
soil biogeochemical models exclusively might be less expensive
but would only produce low-quality credits as the models
would not be anchored to the reality of the individual site(s),
even if provided accurate and spatially resolved soils, climate,
and management data. Default emissions factor approaches
do see common use in crediting protocols as they are the
most straightforward and least expensive quantification option.
However, they also have narrow scope of application, low field-
level accuracy, and are unable to adapt to changing conditions
and management. The SEP requirements provide a framework to
overcome these limitations using a hybrid approach that balances
in-field soil sampling and analysis with biogeochemical models
that can be continually improved and validated (Climate Action
Reserve Requirements and Guidance for Model Calibration,
Validation, Uncertainty, and Verification for Soil Enrichment
Products Version 1.0, 2020), as well as default equations for non-
CO2 GHG sources (N2O and CH4) that provide an alternative
option when models cannot be validated for these trace gas
fluxes. This approach enables scalability; for example, in Indigo’s
first project under the SEP, we are implementing a process that
would use soil core measurements a quarter of all project fields.
Combining soil measurements with modeling requires high-
quality data yet enables wide-scale GHG estimation on project
fields that accounts for and incentivizes the reduction of model
uncertainty via improved model performance.

SEP Uncertainty Quantification
Requirements Allow Innovative
Post-stratification of Sampling Points and
New Approaches for Handling Missing
Data
The SEP requires uncertainty quantification to include multiple
sources of uncertainty, including project sampling design
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uncertainty and uncertainty arising from model used in credit
quantification. The benefits of this approach are twofold: one,
model prediction error is explicitly represented in quantification
of emission reductions and removals, allowing models to be used
with measurable confidence to generate credits for the first time
in an offset project protocol; and two, combining both sources of
uncertainty enable post-stratification statistical methods able to
meet the unique challenges of monitoring emission reductions in
agricultural soils.

Agricultural soils can be highly heterogeneous both within
fields and regions, and soil properties vary significantly
across space and time (Wuest, 2014). Carbon credit projects
that estimate climate benefits using a random, representative
sampling points have highly uncertain climate benefit measures
within a project unless many soil samples are pulled due to this
inherent heterogeneity (Franzleubbers, 2010). One way to reduce
the number of soil samples without increasing uncertainty is
to divide the project lands into non-overlapping groups, called
“strata,” to draw a random sample in each stratum independently
of the other strata, and to allocate more samples to strata that
are expected to be more heterogeneous in the outcome variable
(Cochran, 1977; Holt and Smith, 1979). The SEP, like many
methodologies, encourages stratification.

For the estimation tasks in the SEP, stratification is challenging
for two reasons. First, there are multiple outcome variables
(i.e., emissions reductions in various gases) and the ideal
stratification may vary significantly for one outcome variable
to another. Second, practice changes made by growers are
important stratification variables, as they differ substantially in
their average reduction in emissions. Many growers, however, do
not know what practice change they will make upon joining the
program, or those they will make in the subsequent years, making
it difficult to assign land to strata at enrollment. Indigo is forming
strata after creating a random sample of the project because of
these challenges, a technique is called post-stratification (Holt
and Smith, 1979). Like pre-stratification, post-stratification can
reduce variance, if strata are homogeneous in their outcome
variable. Post-stratification can also reduce bias introduced by
“missing soil samples” that were planned but not taken due
to unforeseen challenges including temporary floods, tall crops,
frozen soil, grazing cattle, and samples lost or damaged in
shipment. Bias from these missing samples is mitigated if strata
are formed such that the observed samples are representative of
their stratum. This is useful in large sampling campaigns like
those in SEP projects because the planned samples appear in
thousands of fields that are accessible for sampling for just a few
months per year.

NEW TECHNOLOGIES AND RESEARCH
COUPLED WITH CARBON CREDITS CAN
ACCELERATE THE IMPLEMENTATION OF
REGENERATIVE AGRICULTURE AT THE
GLOBAL SCALE

While the SEP provides a path forward for large-scale projects to
quantify agricultural credits, it is also designed to advance with

the state of the science. Several areas of research and innovation
can improve projects, implementation, and the quality of
agricultural carbon credits so that agricultural soils can realize
their full potential as a negative emissions technology to mitigate
climate change on a global scale (summarized in Table 2). Smith
et al. provide a comprehensive assessment of soil measurement,
reporting, and verification in the context of greenhouse gas
removal projects (Smith et al., 2020). In this section, we discuss
innovations that can reduce the cost of estimating baseline
emissions, collecting data, and verifying offsets, could make
agricultural carbon credits more accessible to all producers and
enable greater adoption of environmentally beneficial practices.
We highlight three of these areas: (1) improving soil analyses,
(2) continuing research and updating models to better account
for all soil gains and losses (including erosion and inorganic
carbon), and (3) improving the accessibility and management of
agricultural data.

Innovations in Soil Analyses Can Improve
Scale and Throughput
Conventional soil carbon quantification methods require soil
core sample collection, transportation, and multi-step lab
analyses to deliver accurate and precise results. In practice,
separate analyses are required to characterize soil carbon by dry
combustion, bulk density by soil weight over volume, texture
by hydrometer or pipet method, and pH by pH-meter. While
these methods are trusted and widely adopted, they can be
time consuming, labor intensive, and expensive. Novel rapid
and accurate soil measurement technologies would revolutionize
soil carbon sampling and measurement systems. Remote sensing
of soil properties would be the most impactful advance, but
current methods have not demonstrated strong performance for
soil organic carbon (R2

> 0.85) or are limited to fields with
bare soil—a requirement that is hard to meet in no-till systems
with residue and cover crops (Bhunia et al., 2017; Yu et al.,
2017). In-field soil property measurements through probes or
scanners still require in-person visit fields but would reduce
sample shipping and tracking logistical needs (Viscarra Rossel
and Bouma, 2016). Finally, improvements in lab analyses could
decrease costs and already show promise in the near-term based
on published data on spectroscopic techniques and existing
spectral databases (Baldock et al., 2014; Yu et al., 2020) (further
detail in Supplementary Material).

Research and Methodology Updates Could
Improve Accounting for All Potential Soil
Carbon Gains and Losses
Further research is critical to elucidate how key practices
and crop systems impact GHG emissions and soil carbon
sequestration. Recognizing this, Indigo has undertaken a long-
term research effort, the Soil Carbon Experiment, described
in the Supplementary Material. External research has also
illustrated how methodologies and biogeochemical models could
be improved to better account for carbon enrichment or loss in
diverse soils. The methods described in this article and in the
SEP primarily focus on organic carbon flux. The SEP allows for
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TABLE 2 | Landscape of research and technologies that could accelerate the impact of agriculture as a tool to reduce net GHG emissions.

Area of research Challenge addressed References How data would improve credits

Soil research

In-field soil property

measurement

Improve model estimates and

decrease logistics required for soil

sampling

Viscarra Rossel and Bouma, 2016 Improves baselining and reduces

model uncertainty to generate

high-value credits

Remote sensing of soil

properties

Improve model estimates and

decrease need for soil sampling

Ge et al., 2011; Hively et al., 2011;

Mulla, 2013; Bhunia et al., 2017; Yu

et al., 2017; Lausch et al., 2019

Improves baselining and reduces

model uncertainty to generate

high-value credits

Improved lab analytical

methods

Reduce the costs of analyses and

enable higher throughput

Baldock et al., 2014; Wijewardane

et al., 2018, 2020; Dangal et al.,

2019; Yu et al., 2020

Improves baselining and reduces

model uncertainty to generate

high-value credits

New metrics for soil health Earlier identification of practices that

have an impact on soil carbon

sequestration

Conant et al., 2011; Cotrufo et al.,

2015; Vos et al., 2018; Lavallee et al.,

2020

Enable faster validation of new

practices to generate credits

Soil and emissions data on

erosion and biogeochemical

cycling

Reduce model uncertainty by

integrating the role of soil erosion and

sedimentation in CO2 emissions and

carbon sequestration

Asefaw Berhe et al., 2018 Reduced model uncertainty

Soil and emissions data on

novel amendments to build

soil carbon and/or stimulate

soil health

Assess practices that capture carbon

in stable forms or build soil organic

carbon by stimulating

microbial-mediated carbon

mineralization

Ling et al., 2016; Haque et al., 2019,

2020; Beerling et al., 2020; Gryta

et al., 2020; Kelland et al., 2020

Enable or increase credit generation

for carbon-positive practices

Management practice research

Remote sensing algorithms

to verify management

practices

Decrease data collection burden for

grower

Huang et al., 2018; Sulla-Menashe

et al., 2019; Hagen et al., 2020;

Indigo Ag, 2020

Enable or increase credit generation

for carbon-positive practices

Soil and emissions data on

grazing practices

Decrease uncertainty and improve

estimates of practice effect

Stanley et al., 2018; Godde et al.,

2020

Enable or increase credit generation

for carbon-positive practices

Data and reporting research

Database of soil emissions

and soil organic carbon

measurements

Supports model calibration and

validation requirements

Atwood and Wood, 2020 Reduces model uncertainty to

generate high-value credits

Farm data interoperability Decrease data collection burden for

grower

Yeumo et al., 2017 Reduced timeline for credit generation

inorganic carbon amendments such as biochar to enhance carbon
sequestration, provided that the carbon remains in the project
area. Properly quantifying and verifying the inorganic carbon
stocks, however, is challenging as it is not currently estimated
by biogeochemical models. Similarly, soil erosion is an important
factor to accurately estimate the benefit of practices such as no-till
and cover cropping (Asefaw Berhe et al., 2018). Although some
models like EPIC and RZWQM2 account for erosion, many do
not. Updating models and methods to better account for these
sources and losses of carbon could further incentivize adoption of
regenerative practices. Recent research has also highlighted ways
that soils could be used to capture carbon through enhanced rock
weathering, in which the soil-captured carbon eventually travels
through waterways and deposits on the ocean floor (Beerling
et al., 2020). This type of sequestration has benefits in terms
of greater certainty of permanence but would require a new
methodology or significant revision to the SEP as the ultimate
location of the carbon goes outside the bounds of the fields within
a project.

Improved Data Collection Methods Can
Reduce Barriers to Entry for Growers
The volume of data required to create high-quality credits
cannot be understated. Precise, verifiable, and traceable soil
and agronomic data must be collected from grower fields and
grower records to keep uncertainty low. These documentation
requirements represent significant investment from the grower
and the project developer, both in interview time and in the effort
to properly clean and assess the data for quality. Multiple ag-
tech companies, including Indigo, have created software tools
to support soil and grower data collection. Even so, the burden
of data collection remains a challenge for growers as many
farm records remain undigitized. Remote sensing technology
can be leveraged as a gap-filling measure to help reduce the
burden of historical data collection across project fields (Ge
et al., 2011; Huang et al., 2018; Sulla-Menashe et al., 2019).
Although growers must still corroborate the data and the
project developer must still verify eligible practice changes have
occurred, remote sensing could provide initial crop type and
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practice data across project fields for current and previous
seasons. Research investments that improve and validate remote
sensing tools for field-level practice determination can play a
significant role in realizing its potential to decrease the data
collection burden.

CONCLUSION

In this perspective article, we explored the theoretical
underpinnings and key advancements of carbon crediting under
the CAR SEP– a flexible modeling approach, a new approach
to baselining, a hybrid measurement and modeling approach
to credit generation, and a new approach to uncertainty
quantification. Thanks to growing voluntary carbon market
incentives and rigorous protocols like the SEP, there are
financial mechanisms to reward producers who implement
land management practices that sequester additional carbon in
soil and mitigate GHG emissions. Agricultural carbon credits
can be further enhanced by improving grower data collection
through remote sensing, funding research on high-throughput
and accurate soil quantification technologies, and leveraging
research insights in comprehensive calibration-validation
databases. It is important to acknowledge that agricultural
offsets, while impactful, must be complemented by critical
emissions reductions and natural climate solutions across
all sectors to mitigate climate change (Griscom et al., 2017).
However, wide-scale adoption of regenerative agriculture can

serve as a viable, low-cost, and co-beneficial component of a
global climate change impact reduction effort. By continuing
to leverage scientific advancements and cutting-edge research,
we can improve upon model uncertainties, issue high-quality
credits, and implement this negative emissions technology
at scale.
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