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ABSTRACT

The majority of emissions of nitrous oxide – a potent greenhouse gas (GHG) – are from
agricultural sources, particularly nitrogen fertilizer applications. A growing focus on
these emission sources has led to the development in the United States of GHG
oﬀset protocols that could enable payment to farmers for reducing fertilizer use or
implementing other nitrogen management strategies. Despite the development of
several protocols, the current regional scope is narrow, adoption by farmers is low,
and policy implementation of protocols has a signiﬁcant time lag. Here we utilize
existing research and policy structures to propose an ‘umbrella’ approach for
nitrogen management GHG emissions protocols that has the potential to streamline
the policy implementation and acceptance of such protocols. We suggest that the
umbrella protocol could set forth standard deﬁnitions common across multiple
protocol options, and then modules could be further developed as scientiﬁc
evidence advances. Modules could be developed for speciﬁc crops, regions, and
practices. We identify a policy process that could facilitate this development in
concert with emerging scientiﬁc research and conclude by acknowledging potential
beneﬁts and limitations of the approach.
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Key policy insights
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Agricultural greenhouse gas market options are growing, but are still underutilized
Streamlining protocol development through an umbrella process could enable
quicker development of protocols across new crops, regions, and practices
Eﬀective protocol development must not compromise best available science and
should follow a rigorous pathway to ensure appropriate implementation

1. Introduction
Although nitrous oxide (N2O) results in less than seven percent of total global greenhouse gas (GHG) emissions
(IPCC, 2014), it has a signiﬁcant climate impact, with 310 times the atmospheric warming potential of carbon
dioxide, and its impact is growing: N2O emissions have increased nine-fold over the last 50 years as a result
of human activities (Rees, 2011; Smith et al., 2007). The majority of global N2O emissions come from agricultural
sources (Reay et al., 2012). The United States (US) is the second largest emitter of N2O emissions globally, (World
Bank, 2017), with 79% of N2O emissions resulting from agricultural soil management (EPA, 2015), making
farmers and agricultural systems an important target for N2O mitigation.
However, the diﬀuse nature of N2O emissions across agricultural ﬁelds, as well as their high degree of variability across climate, soil, and other local conditions (Henault, Grossel, Mary, Roussel, & Leonard, 2012), makes
CONTACT Meredith T. Niles
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mitigation more challenging from a policy standpoint as compared to point-source emissions (e.g. energy,
industrial and transportation sources; Niles & Lubell, 2012). As a result, eﬀorts to mitigate agricultural N2O emissions in the US have thus far largely been voluntary and incentive-based through government or private programmes. In response to the growing N2O emissions in agriculture, and the recognition that many farmers
could apply signiﬁcantly less nitrogen (N) to their crops (especially corn) without compromising yield (e.g.
Cassman, Dobermann, & Walters, 2002), eﬀorts in the mid-2000s began to identify how GHG oﬀset markets
could be established to reward farmers with payments for nitrogen rate reductions, which can result in N2O
emission reductions (Millar, Robertson, Grace, Gehl, & Hoben, 2010; Shcherbak, Millar, & Robertson, 2014).
Here we focus on the rise and implementation of agricultural oﬀset protocols that have developed in the
recent decade, particularly in the US, and propose a new approach that can potentially address multiple stakeholder goals while advancing the implementation and adoption of N2O protocols at a broader scale.

1.1. Carbon oﬀset protocol development
To date in the US, six N2O emission reduction agricultural protocols (Table 1) have been developed based on
existing quantiﬁcation methodologies, all through a public process and all of which are publicly available.
The protocols from the Climate Action Reserve and American Carbon Registry have each gone through an
updating process where diﬀerent models were used in the update. While only the most recent protocol can
be used, it is important to note that the protocols are being updated to use the latest science and are being
expanded to include additional crops. Each of these protocols thus have the capacity to pay farmers for their
implementation of one or more protocol practices, if these are eligible within the given scope of a protocol.
At the same time, there is growing political momentum for developing new oﬀset protocols, most recently
with the passage of AB-398 in California which includes provisions to encourage the California Air Resources
Board to develop additional oﬀset protocols. The California cap-and-trade programme currently includes six
oﬀset protocols, including two in agriculture, but none related to N2O emissions (ARB, 2017). There are critical
tensions between multiple stakeholders, such as the business community, farmers, policymakers (including both
protocol developers and local, state, or regional governments that may adopt these protocols), environmental
and environmental justice advocates, and scientists that are involved in the development of oﬀset protocols.
The business community naturally seeks the ability to claim GHG reductions from oﬀset generation as
quickly as possible, while farmers seek practices that are easy and economically viable to implement. Policymakers, environmental advocates and scientists aim to advance emission reductions in a conservative
manner, to ensure that emission reductions are independently veriﬁable and realistic, based on the best
science and models available. Likewise, given that scientiﬁc understanding of the GHG impacts of a variety
of crops and practices continues to advance over time, there is a lack of consensus about how to incorporate
new scientiﬁc understanding and quantiﬁcation methodologies into established protocols. All of these priorities
are underpinned by a growing need to reduce emissions as quickly as possible to avoid future climate impacts.
This is particularly relevant, since despite the existing number of protocols in agriculture, the actual number of
farmers and projects that have participated in such programmes remains extremely low.1
To overcome the multiple challenges facing N2O protocol development- including competing stakeholder
goals and needs, and the inherent desire to expand mitigation opportunities to additional crops and practices –
here we propose a new approach to N2O oﬀset protocol development: an ‘umbrella’ protocol framework for N2O
emissions reductions resulting from crop nitrogen management. An umbrella protocol would establish a basic
set of requirements and details that are unlikely to change across crops, regions and management practices. The
umbrella protocol can be supplemented with subsidiary modules for speciﬁc crops, locations and practices as
appropriate ﬁeld-level data and quantiﬁcation tools become available. We recommend a set of science-based
best practices and a process for developing subsidiary modules. Overall, we propose that the development
of an umbrella protocol allows reconciliation of the multiple and seemingly conﬂicting goals inherent to
diﬀerent stakeholder groups –ease of use and adoption, timeliness, conservativeness, and scientiﬁc rigourand can help to streamline the additional creation- and most importantly, implementation and adoption of
N2O agricultural oﬀset protocols – throughout the US.
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Table 1. Existing agricultural N2O reduction protocols.
Protocol
Registry

Protocol Name

Voluntary
Carbon
Standard

Quantifying N2O
Emissions
Reductions in
Agricultural Crops
through Nitrogen
Fertilizer Rate
Reduction, v1.1a

Voluntary
Carbon
Standard

Estimation of
Emissions of NonCO2 GHGs from
Soils
Methodology for
Quantifying Nitrous
Oxide (N2O)
Emissions
Reductions from
Reduced Use of
Nitrogen Fertilizer
on Agricultural
Cropsb
Methodology for N2O
Emissions
Reductions from
Changes in Fertilizer
Managementc

American
Carbon
Registry
Version
1.0 (2012)

Protocol Developers
The Climate Group,
International
Emissions Trading
Association, World
Economic Forum,
World Business
Council for
Sustainable
Development
The Earth Partners
LLC
Michigan State
University and the
Electric Power
Research Institute

American Carbon
Registry

Data for Model
Development

Quantiﬁcation
Methodology

2008–2010, ﬁve
sites in
Michigan

IPCC Tier 1 or
MSU-EPRI Tier
2
Quantiﬁcation
Methodology

Corn

Approved by
board after
public comment
in 2013.

IPCC or Local
Calibration and
Validation of
DNDC
2008-2010, ﬁve
sites in
Michigan

IPCC Tier 1 or
DNDC Tier 3

Any

Approved by
board after
public comment
in 2012.
Approved by
Registry Board
2012 after
public
comment.

2009–2013
Wisconsin,
Iowa, Idaho,
and planned
expansion to
California
2008-2010, ﬁve
sites in
Michigan

DNDC Tier 3

MSU-EPRI Tier 2
and IPCC Tier 1

Applicable
Cropping System

Corn

Implementation

Corn, Soybean,
Approved by
Wheat,
Registry Board
Sorghum,
2014 after
Barley,
public
Tomatoes,
comment.
Cotton, Oats
Nitrogen
Climate Action
MSU-EPRI Tier 2
North Central
Approved by
Climate
Management
Reserve
Quantiﬁcation
Region of the
Reserve Board
Action
Project Protocol
Methodology
USA and only
2013 after
Reserve
corn cropping
public
Version
systems
comment.
1.0d
Nitrogen
Climate Action
13,900 randomly DAYCENT used to Barley, Corn,
Climate
Approvedy by
Management
Reserve
sampled
develop Tier 2
Cotton, Oats,
Action
Reserve Board
Project Protocol
cropland
emission
Sorghum,
Reserve
2018 after
points from
factors
Wheat, and
Version
public
the Midwest
Tomatoes 2.0e
comment.
and California
regions speciﬁc
for each crop as
outlined in the
protocol
a
Veriﬁed Carbon Standard. Available: https://verra.org/methodology/vm0022-quantifying-n2o-emissions-reductions-in-agricultural-cropsthrough-nitrogen-fertilizer-rate-reduction-v1-1/
b
American Carbon Registry. Available: https://americancarbonregistry.org/carbon-accounting/old/carbon-accounting/methodology-for-n2oemission-reductions-through-fertilizer-rate-reduction
c
American Carbon Registry. Available: https://americancarbonregistry.org/carbon-accounting/standards-methodologies/emissions-reductionsthrough-changes-in-fertilizer-management
d
Climate Action Reserve. Available: http://www.climateactionreserve.org/how/protocols/nitrogen-management/dev/#ver_1
e
Climate Action Reserve. Available: http://www.climateactionreserve.org/how/protocols/nitrogen-management/

American
Carbon
Registry
Version
2.0 (2012)

2. Methodology
This framework development involved a comprehensive review of multiple streams of academic and policy
research. First, a comprehensive review of the existing quantiﬁcation methodologies was undertaken to
examine the history, methodological approach, and application of existing standards, with a particular focus
on recent work from Tonitto, Woodbury, and McLellan (2018). This was accompanied by an exploration of
the literature utilizing these quantiﬁcation methodologies, and their application into current policy systems.
A review of existing carbon oﬀset protocols relevant to agriculture and forestry was also conducted to
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enable understanding of the consistencies amongst protocols, leading to the development of concepts related
to the umbrella protocol. Based on the integration of both the existing policy protocols and quantiﬁcation methodologies and their relevant academic literature, we developed an umbrella framework to integrate the two.
In the following sections we present the proposed structure of our umbrella protocol, including the overall
framework as well as the proposed subsidiary modules that would continue to be developed independently as
new locations, practices and crops entered into a nitrogen protocol. We then detail the best practices for developing subsidiary modules, as informed by the scientiﬁc literature. We discuss the current and future opportunities for subsidiary modules, and conclude by discussing some other considerations that may be necessary
for policymakers developing nitrogen management protocols, including issues related to farmer behaviour
and participation. Throughout the manuscript we aim to integrate the best available technical science within
the policy context, to provide pathways for policymakers to consider this work.

3. An umbrella protocol: need and framework
The traditional approach to developing oﬀset protocols involves creating a new protocol for each combination
of practice (e.g. nitrogen application reduction), crop (e.g. corn) and geography (e.g. California). This approach is
onerous and time consuming. For example, the development and adoption of the Rice Cultivation Projects Compliance Oﬀset Protocol by the California Air Resources Board took approximately two years.2 Currently, eﬀorts to
apply an existing protocol, such as the Climate Action Reserve protocol shown in Table 1 to projects in a new
region beyond the scope of the current protocol, would require beginning the protocol development process
over again from the beginning. We propose that the protocol development and approval process can be accelerated through the development of an umbrella protocol that encompasses one particular type of GHG or management activity (agricultural nitrogen management in the case of N2O emissions reductions), which can then
be expanded to diﬀerent crops, geographies and practice(s). An umbrella protocol is expected to reduce the
time necessary for policy development, particularly within the California rulemaking process, as it can minimize
the need for recreating sections of the protocol that are the same regardless of practice, crop and geography,
while simultaneously ensuring both the ease of use and scientiﬁc rigour necessary for conﬁdent
implementation.

Figure 1. Umbrella Protocol Framework. Initially, an umbrella protocol could be developed with basic deﬁnitions relevant for all potential N2O
emission practices related to nitrogen. Subsidiary modules could be developed for speciﬁc crops, and for speciﬁc places where those crops are
grown. Further subsidiary modules could be developed for speciﬁc agricultural management practices used with speciﬁc crops at speciﬁc
locations.
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Figure 1 illustrates the framework for the umbrella protocol. The overall framework seeks to build a scientiﬁcally-sound and streamlined approach to the process of regulatory or voluntary carbon registry approval of protocols and modules speciﬁc to new crop-location-practice combinations. The umbrella protocol would consist of
a suite of deﬁnitions for those protocol components that are universal across crop, geography and/or management practices; this would allow subsidiary modules to be developed for speciﬁc crops, places and practices,
without having to redeﬁne these higher level deﬁnitions. Regulatory language and concepts in modules at
lower levels of Figure 1 would build on previously-approved modules at higher levels, such that the entire regulatory or voluntary carbon registry approval process would not have to start from the beginning for each new
crop-location-geography combination. For example, if a protocol was developed for corn based on nitrogen rate
reduction in the US Midwest, the ﬁrst step would be to establish a ‘corn’ module, deﬁning the crop. Then, a
‘place’ module would be developed to deﬁne the location and eligibility. Finally, a ‘practice’ module would
be developed for the practice. To expand an overarching umbrella protocol to include corn grown in the Southeast, the corn module would be expanded upon to establish the necessary parameters for the geography and
practices, without needing to develop all regulatory language and crop modules again.
Below we provide guidance on how, from a policy and regulatory perspective, the umbrella protocol could be
initially developed and how additional modules for speciﬁc crops, places and practices could be developed and
integrated under this umbrella. This policy perspective is based on consideration of both the current rice (ARB,
2015a) and forestry protocols (ARB, 2015b) approved by the California ARB, as well as an understanding of the
policy process required for the development of a protocol.

3.1. The umbrella protocol framework
The initial umbrella protocol would lay out factors that are required for all protocols, but would be constant,
regardless of the crop, geography or practice. By establishing these factors upfront, time is reduced in developing individual deﬁnitions at the start of every new crop, place, and practice module. We envision that the general
umbrella protocol would be subject to the same regulatory and public comment processes as is typical of any
protocol approval, but that the subsequent modules for additional crops, geographies or practices could be
adopted through a streamlined process. It is important to note that the umbrella protocol is not in any way
meant to supersede the scientiﬁc process for understanding, quantifying and modeling nitrogen rate reductions
in N2O emissions resulting from changes in management; rather, the policy process can move forward in
tandem with science. Like the scientiﬁc process, policy development also takes considerable time to reﬁne
and implement, often through many actors and inﬂuencing parties (Sabatier & Weible, 2014).
Our proposed umbrella protocol would include the following sections:
1. Purpose and Deﬁnitions. Basic deﬁnitions would include those relevant to any agricultural protocol (e.g.
‘baseline period’, ‘calibration’, ‘model parameter’, etc.) as well as those speciﬁc to nitrogen management.
2. Eligibility. This would include general eligibility requirements, information regarding oﬀset project operators
and authorized project designees, general additionality clauses, oﬀset project commencement, regulatory
compliance, and project crediting period (assuming they are the same for all nitrogen practices).
3. GHG Assessment Boundary. This would set out the speciﬁc emissions included in the protocol (e.g. ‘indirect
vs direct emissions’) and their sources, sinks, and reservoirs.
4. Monitoring. This would include all the monitoring parameters independent of crop, geography or practice
that are generally accepted deﬁnitions (e.g. ‘ﬁeld location’, ‘daily precipitation’, ‘soil pH’, ‘planting date’, etc.)
as well as requirements for document retention by farmers and project developers.
5. Reporting. This would include requirements for both the general project listing and the oﬀset project data
report.
6. General Veriﬁcation Requirements. This would include the required methods for veriﬁcation, including any
reporting mechanisms and reporting requirements.
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3.2. Development of additional modules
Following the adoption of an umbrella protocol, the protocol could be augmented in the future with additional
modules, which could go through an abbreviated public comment and workshop process as the core parts of
the protocol would be based on the already-approved umbrella protocol. We would anticipate three additional
types of modules as shown in Figure 1: for crop, place, and practice – each of which is described in more detail
below.

3.2.1. Crop modules
Crop modules would likely be the easiest to implement as these would describe deﬁnitions related to a crop and
its production practices. These crop modules would be general enough to demonstrate legally what is meant by
the crop in question. For example, in the ARB rice protocol, a rice ﬁeld is deﬁned as:
‘ … a contiguous parcel of land with homogeneous management on which rice is grown semi-continuously (i.e. at least one
out of the last three cultivation years). A rice ﬁeld usually has one water source inlet and one outlet and is usually separated
into checks inside of perimeter levees that delineate the ﬁeld’s boundaries’.

This deﬁnition of a rice ﬁeld does not change between rice grown in California or the Southeast. Hence, this crop
module could be developed and approved once, and then utilized by future protocols.

3.2.2. Place modules

Place modules would incorporate the deﬁnitions of ‘location’ typically found in a protocol as well as provide
clariﬁcation on eligibility requirements as determined by the location for which quantiﬁcation methodologies
have been calibrated and validated. Farmer and participant eligibility for this location would also need to be
set forth. The place module would exist from a purely deﬁnitional standpoint and would stand alone irrespective
of the practice. In other words, a place module developed for California would deﬁne the boundaries of California and which farmers and participants are eligible (i.e. farmers in California). Thus, once a module for a given
place was developed, it could be utilized by future protocols for diﬀerent crops and practices within the same
given region.

3.2.3. Practice modules

Finally, the practice module (likely the most complex module in the framework) would ﬂow speciﬁcally from the
crop and location modules. For example, separate practice modules would be necessary for nitrogen rate
reduction in corn in California and for corn in Nebraska, since the diﬀerent climate, topography and soils
would likely inﬂuence management practices, and thus a separate calibration and validation of N2O emission
quantiﬁcation methodologies for the combination of crop, location, and practice would be necessary. While
both of these would utilize the same ‘corn’ module (because corn is deﬁned as the same type of crop), they
would have diﬀerent ‘place’ modules for California and Nebraska, and diﬀerent ‘practice’ modules ﬂowing
from their respective ‘place’ modules. Likewise, if a protocol for nitrogen rate reduction (practice) for leafy
greens (crop) in California (place) had already been developed, and new scientiﬁc advances supported the
development of a practice module for nitriﬁcation inhibitors in leafy greens in California, a module could be
developed utilizing the already approved crop (leafy greens) and place (California) modules, with only the
new practice module needing to be approved. Thus, while the initial development of both the umbrella protocol
and ﬁrst crop and location modules may be time consuming, in the future, these established modules could
provide the baseline for faster inclusion of new management practices into a protocol where deﬁnitions and
other legal and regulatory aspects have been pre-determined.
Note that, because the methodology to be used for quantifying GHG emission reductions is included in the
practice module, rather than the umbrella protocol, this provides the protocol developer with the ﬂexibility to
select the most appropriate quantiﬁcation methodology for a speciﬁc crop-location-management combination.
Thus, the main component of the practice module is the detailed quantiﬁcation methodology(ies) for the croplocation- management combination.
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4. Best practices for practice modules based on best available science
The practice module is where the fundamental scientiﬁc basis for proposed emission reductions, the suitability
of various methodologies to quantify those emissions reductions, and various policy requirements must all be
integrated and discussed. To ensure that practice modules are based on the best available science, while retaining the ﬂexibility to update practice modules as scientiﬁc understanding and methodology development
advance, we propose implementing a set of quantiﬁcation ‘best practices’ as described in Tonitto et al., 2018.
The key scientiﬁc underpinnings of any practice module are: (1) the strength of the evidence that a particular
management practice consistently reduces N2O emissions, and (2) the selection of the most appropriate methodology to quantify emissions reductions from the given practice.

4.1. Assessing whether a speciﬁc management practice consistently reduces N2O emissions
The critical ﬁrst step in development of a practice module is to ensure that there is both theoretical and empirical support that a given practice in a certain location and cropping system will reduce N2O emissions (Tonitto
et al., 2018; Venterea et al., 2012). If scientiﬁc consensus has not been reached on this, then a practice module is
not able to be developed and additional ﬁeld data on practice performance must be collected. Currently, for a
large number of common agricultural management practices, the results of ﬁeld studies on their impacts on N2O
emissions are often inconsistent, and indeed sometimes contradictory from one location to another and across
years at any given location. Such variability can arise from inconsistency in sampling and measurement techniques, variability in the length of the study, as well as large intrinsic spatial (i.e. ‘hot spots’) and temporal variability (i.e. ‘hot moments’) in the processes which give rise to N2O emissions (Butterbach-Bahl, Baggs,
Dannenmann, Kiese, & Zechmeister-Boltenstern, 2013; McClain et al., 2003).
For example, ﬁeld studies have variously shown that conversion to no-till or conservation tillage can increase,
decrease or have very little impact on N2O emissions (Garland, Suddick, Burger, Horwath, & Six, 2011; Kallenbach,
Horwath, Kabir, Mitchell, & Rolston, 2006; Kennedy, 2012; Lee et al., 2009). In a global meta-analysis, Six et al. (2004)
found that N2O emissions were higher in the ﬁrst few years after conversion to conservation-tillage. Signiﬁcant N2O
emission reductions in no till or conservation tillage systems were only realized after long term (>10 years)
implementation of these practices (Van Kessel et al., 2013). Furthermore, complications arise when a practice
leads to a reduction in one greenhouse gas, such as carbon, but increases another greenhouse gas such as N2O
(Li, Frolking, & Butterbach-Bahl, 2005). Li et al., 2005, found that increasing carbon stocks in arable soils coincided
with an increase in N2O emissions due to the strong link between carbon and nitrogen microbially mediated cycles.
Thus, the most important questions to address prior to practice module development are whether a consensus has been reached from currently available studies showing a consistent (downward) directional trend in N2O
emissions from the given practice implementation in the given environmental conditions of the region in question, and whether that practice leads to a diﬀerent negative environmental externality (i.e. nitrate leaching to
groundwater or surface water bodies). This has been done by the Climate Action Reserve through a Science
Advisory Committee which helped ‘the Reserve interpret and apply the best available science into the Nitrogen
Management Project Protocol’ (Climate Action Reserve, 2011). We recommend this best practice be included in
the process. If the answer to either question is ‘No’, a practice module cannot be developed until adequate directional trends are established. For similar climates, geographical regions, and soil types, replicate studies must
exist showing the consistent direction of emission reductions from a given practice. However, we hesitate to
make a recommendation for the threshold on the number of studies that would be required to adopt a new
practice module into the umbrella protocol, as this will be related to the level of uncertainty the relevant
entity and peer review process is willing to accept, and ultimately should be decided by these parties.

4.2. Selecting appropriate methodologies to quantify N2O emissions reductions from practice
implementation
Assuming that there is scientiﬁc consensus that a given practice consistently reduces N2O emissions, attention
then can turn to reviewing potential quantiﬁcation methodologies. A wide variety of quantiﬁcation tools are
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available and the choice of model is important for accurately quantifying reductions (Denef, Paustian, Archibeque, Biggar, & Pape, 2012; Tonitto et al., 2018) (Table 2).
A methodology for selecting the most appropriate quantiﬁcation methodology has recently been published
by Tonitto et al. (2018) and we direct the reader to that publication for additional details. In particular, we draw
attention to the sections in Tonitto et al. (2018) on (i) assessing whether the model has been appropriately calibrated and validated for the crop, soil type, climate, and practice of interest, (ii) evaluating whether the model is
a good match to policy constraints such as risk tolerance and the availability of modeling resources, (iii) documenting the speciﬁcs of how a model is to be used in a speciﬁc protocol and (iv) conducting peer review of
model selection, use and outputs.
From the work by Tonitto et al. (2018), it is important to highlight that models are only valid for the region in
which they are developed or for areas that have substantially similar climates, soils, cropping systems, and management practices. A separate validation using ﬁeld studies or high-quality ﬁeld datasets should be conducted
when applying models to a new region (Paustian et al., 2016). Furthermore, models are limited in their ability to
estimate combinations of management practices unless the model has been speciﬁcally developed for combined management strategies (Olander & Haugen-Kozyra, 2011).
Regardless of the choice of quantiﬁcation methodology, an uncertainty analysis must be conducted to understand the overall accuracy of the model. Uncertainty arises from measurement error, variation in the data, limitations in input data, inaccuracy of the model to describe the underlying biogeochemical processes, and
approximation error (simplistic representation of the underlying processes) (Del Grosso, Ahuja, & Parton,
2016; Tonitto et al., 2018).
Recently, a spatial framework has been developed for scaling up technologies and increasing the eﬃciency
and rate of technology transfer by delineating ‘technology extrapolation domains’ (TED) based on similar biophysical characteristics across geographically separated areas (Edreira Rattalino et al. 2018). TEDs are useful for
determining the minimum amount and spatial distribution needed to accurately capture the variability in yield
and environmental performance and extrapolating results to similar TEDs across regional, national and global
scales and could conceivably be considered in an N2O protocol. Edreira Rattalino et al. (2018) were successful
Table 2. Some common agricultural N2O quantiﬁcation methodologies.
Quantiﬁcation
Methodology
COMET-Farm
DAYCENT
DNDC

Developers

Methodology Type

Colorado State
University (2016), USDA,
and NRCS
Natural Resources Ecology
Laboratory, Colorado State
University
University of New Hampshire

combined process based models – DNDC
and DAYCENT

USDA Greenhouse
Gas Quantiﬁcation
Methodology

USDA

MSU-EPRI

Michigan State University and
the Electric Power Research
Institute (2015)

process based model
process based model
Mixed process-based and empirical
model (Paustian et al., 2004; Snyder,
Bruulsema, & Jensen, 2007, 2009;
Robertson & Vitousek, 2009; Akiyama,
Yan, & Yagi, 2010; Ogle, Archibeque,
Gurung, & Paustian, 2010; T-AGG, 2010)
methodology published by Ogle et al.,
2014; summarized in Denef,
Archibeque, & Paustian, 2011.
empirical model

Implementation
NRCS Greenhouse Gas Accounting Tool
for Government Sponsored
Conservation initiatives
Informing the development of the
Climate Action Reserve Nitrogen
Management Protocol Version 2.0
American Carbon Registry Changes
Fertilizer Management Protocol to
Reduce N2O Emissions Version 2.1
Informing the development of the
Climate Action Reserve Nitrogen
Management Protocol Version 2.0

American Carbon Registry Reduced
Fertilizer Use Version 1.0, Climate
Action Reserve Nitrogen Management
Protocol Version 1.1, Veriﬁed Carbon
Standard VM0022 Quantifying N2O
Emissions Reductions in Agricultural
Crops through Nitrogen Fertilizer Rate
Reduction, v1.1
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in creating a TED framework that accurately captured the variability in crop yield and yield stability for rainfed
corn systems across domains that have similar climatic (annual growing degree days, aridity index, annual temperature seasonality) and soil factors (plant available water holding capacity). They were able to apply the framework to double cropping, a technology commonly practiced in Chile, however rarely practiced in Australia. They
found that across similar TEDs in both countries, double cropping improved incomes for Australian farmers,
demonstrating successful technology transfer. While this approach is promising, developing a TED framework
requires high quality data with suﬃcient spatial coverage and resolution, and validation of the ability of a
TED framework to accurately predict the yield or environmental outcome. Furthermore, for N2O emissions,
additional biophysical and socioeconomic factors (output and input prices, farm size, access to markets,
credit, legislation, and information) beyond climatic and soil factors used in the aforementioned TED would
have to be considered given the complexity of processes aﬀecting N2O production.

4.3. A suggested process for developing a practice module
Figure 2 below contextualizes the best practices for model validation (Tonitto et al., 2018) into a policy context,
demonstrating our suggested process for developing a practice module.
The ﬁrst stage, Practice Performance, requires a review of the literature to determine whether there is strong
theoretical and empirical support for quantiﬁable environmental beneﬁts from a speciﬁc management practice.
The second stage, Model Availability and Validation, involves determining if a potential quantiﬁcation tool
has been appropriately validated for the speciﬁc region, climate, soil texture, cropping system and management
practices under study.
The third stage, Model Selection, which would typically involve an uncertainty analysis, requires considering
whether the proposed quantiﬁcation methodology aligns with the risk tolerance (level of accuracy required for
model results) and implementation resources available to protocol developers and policymakers.
The fourth stage, Model Documentation and Peer Review, requires thorough documentation of how the
model was used, including the model version and chosen input parameters; this documentation is crucial to
enabling others to replicate model outputs. By peer review process, we do not necessarily mean publication of
model speciﬁcs in a peer-reviewed journal (though we note that this has been done for the protocol based on
the MSU-EPRI model, (Millar et al., 2010)). Rather, we mean the convening of a group of experts, such as the
Climate Action Reserve did for their Nitrogen Management Project Protocol (Climate Action Reserve, 2011), to
include researchers familiar with the ﬁeld studies of changes in N2O emissions resulting from practice implementation and the developers of the underlying quantiﬁcation methodology, together with a number of independent
scientiﬁc experts, to review the rationale for model selection, the documentation of model use, and the credibility
of model results. The discussions and conclusions of this group should be reported, summarized and made available for broader public comment before a practice module can be approved.
The ﬁfth stage, Practice Module, represents the conclusion of the assessment of the scientiﬁc defensibility of
the module. Once a module reaches this stage, the other necessary components, such as assessment boundaries
and reporting conditions, can be developed and submitted for approval.
Although the ﬁfth stage may appear to be the ﬁnal stage in the process, we recognize that scientiﬁc understanding of N2O-generating processes will continue to advance, that additional datasets will become available
to improve model calibration and validation, and that new quantiﬁcation methodologies will be developed. We
recommend, therefore, that practice modules be reviewed on a regular basis to determine whether there is a
need for revision and updating. We anticipate that such revision and updating would follow the same sequence
as shown in Figure 2.

5. Current and future opportunities for practice modules
At present, the only nitrogen management practice that is widely accepted to reduce N2O emissions is reduction
of N application rate (Eve et al., 2014). However, our umbrella protocol envisions developing distinct nitrogen
rate reduction modules for diﬀerent crops in diﬀerent locations. With an eye towards the future, we have speciﬁcally aimed to develop this framework such that other management practices could be included. These practices
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Figure 2. Suggested Process for Developing a Scientiﬁcally-Defensible Practice Module, process adapted from Tonitto et al 2018.

would work their way through the framework in the same manner that we propose N rate could do, by ﬁrst
assessing the availability of data speciﬁc to practices. As the future body of work in these other N management
strategies continues, it is likely that this umbrella protocol could be expanded to include these diﬀerent practices. However, as suggested in Figure 1, the addition of new management practices would require new
modules to be adopted by the regulatory body that approved the original umbrella protocol.
Furthermore, since the interaction of multiple practices can have signiﬁcant impact on N2O emissions (Halvorson, Del Grosso, & Alluvione, 2010; Kallenbach, Rolston, & Horwath, 2010; Waterhouse, Wade, Horwath, &
Burger, 2017), and since the eﬀect on N2O emissions of these practices cannot be assumed to be additive, it
will be necessary that each combination of practices (i.e. N rate reduction and nitriﬁcation inhibitors) is
covered by its own module. For example, Halvorson et al. (2010) found that an enhanced eﬃciency fertilizer
(polymer-coated urea) had no eﬀect on emissions in the conventional tillage system, but did reduce emissions
in the no-till system, implying an interaction of tillage system and fertilizer source. This also means that each
combination of practices will need to be supported by ﬁeld data, and an appropriate model capable of representing the impact of these combined practices identiﬁed, before a module can be developed. For example,
even if data on N rate reduction and nitriﬁcation inhibitors exist for the same crop and location (but the
studies were conducted separately), a new dataset would be required examining the combined eﬀects of N
rate reduction and nitriﬁcation inhibitors on N2O emissions, and either an empirical model would need to be
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developed based on this data or suﬃcient data would need to exist to calibrate and validate a process-based
model. While creating modules for interactions that stand alone and are separate from the two individual
modules seems onerous, this is an opportunity for further research.

6. Additional considerations
6.1. Adaptive management and science policy communication
The umbrella protocol and practice module frameworks we developed here draw upon our diverse and complementary backgrounds in biophysical, natural, social and policy sciences to consider both the natural and social
sciences as well as the policy context in which nitrogen management protocols are developed. We believe that
for a protocol of this nature to be implemented and to succeed, an adaptive management framework (Williams,
2011) is necessary and clear science-policy communication is needed. Throughout the umbrella protocol framework we have identiﬁed points in which the policy sphere is able to communicate to scientists about the appropriate data needed for the integration of additional modules, and about opportunities to evolve the protocol to
include future best practices to shift with a tide of research. Simultaneously, we believe that it will be necessary
for the policy sphere to adjust and adapt to given constraints, such as those typical of funding cycles. While three
or more years of data collection for a particular scientiﬁc study would be optimal for a protocol, it may not be
feasible in reality. In situations in which this is not achieved, it highlights the continued importance of adaptive
management, in which protocols can be reviewed in a timely manner when new data become available and be
updated accordingly. This continued dialogue between scientists and policymakers, and the evolution of the
protocol as new data or policy resources become available, can enable the inclusion of future management
practices, best scientiﬁc practices, and new tools and quantiﬁcation options.

6.2. Farmer adoption and participation
Ultimately a protocol is only successful if a farmer actually participates. Thus, it is crucial to consider the factors
that will aﬀect farmer adoption of nitrogen management practices and to balance these perspectives in the
development of a protocol. While a thorough review of the literature on farmer adoption of nitrogen management practices is outside the scope of this article, we want to note a few important factors for consideration.
First, not all nitrogen management practices should be considered equally when it comes to how farmers
view them and their potential adoption. For example, among California farmers, ‘N rate eﬃciency’ is far more
likely to be adopted than nitrogen rate reduction (Haden, Niles, Lubell, Perlman, & Jackson, 2012; Niles,
Lubell, Haden, & Jackson, 2013), perhaps because a focus on N rate reduction risks jeopardizing yield,
whereas a focus on Nitrogen Use Eﬃciency (NUE) accounts for both fertilizer inputs and yield outputs, which
is much more appealing to farmers. Thus protocols which take account of farmers’ dual concerns about fertilizer
use and yield may be more likely to be adopted. While there is limited data to support a relationship between
NUE and N2O emissions (Omonode, Halvorson, Gagnon, & Vyn, 2017), there is robust evidence of a relationship
between N balance (nitrogen inputs minus nitrogen outputs) and N2O emissions (McLellan et al., 2018;
Omonode et al., 2017). Thus creating a protocol based on N balance, rather than N rate reduction, may
provide a way to reconcile natural and biophysical scientiﬁc insight into ways to reduce N2O emissions with
social science data suggesting that management strategies which account for yield may be preferable to
farmers. However, care should be given to the N balance approach since many factors outside the farmer’s
control can aﬀect N uptake (or N outputs), such as drought or disease, making N vulnerable to loss as N2O emissions, which could lead to emissions oﬀset credit reductions. Furthermore, such a change to current protocols
(all currently based on N rate reduction) would require a change in veriﬁcation of this approach at the farm level.
Second, predicting farmer adoption of practices is exceptionally challenging. For example, even when using
variables that social theories would traditionally suggest drive farmer adoption of nitriﬁcation inhibitors (age,
farm income, farmer education, perception of practice on water quality, participation in government programmes), these factors only predicted 9% of the adoption variance (Robinson & Napier, 2002). One of the
reasons that this prediction is so challenging is that the factors that inﬂuence a farmer’s potential adoption of

904

M. T. NILES ET AL.

a climate mitigation strategy (e.g. climate change belief perceptions) are very diﬀerent than the factors that
inﬂuence their actual adoption of those same strategies (e.g. perceived capacity to mitigate) (Niles, Brown, &
Dynes, 2016). Thus, if research only asks farmers about their likelihood to do something as a method of predicting farmer adoption, they will likely overlook other important factors.
Finally, and critical for the development of a carbon oﬀset protocol, farmers may be adopting these practices
for a variety of reasons, which may not be motivated by the market itself. This is especially important to consider
for nitrogen management strategies since many existing government programmes, including the Environmental Quality Incentives Program (EQIP) and the Conservation Stewardship Program (CSP), include a
number of nitrogen management strategies, though this varies according to state priorities (USDA NRCS,
2017). A farmer must express some level of interest or intention in carbon market participation as motivation
for undertaking improved nitrogen management strategies in order to be considered as an eligible market participant. Farmers cannot claim credits without such an attestation, especially if they have been receiving government payments for the practices for multiple years before applying for credits.

7. Conclusion
Reducing N2O emissions in agricultural systems is complex. These emissions are highly variable depending on
soil, climate, crop and management systems. As a result, developing protocols for inclusion in a carbon oﬀset
market to reduce N2O emissions cannot be one-size-ﬁts-all. This reality is one reason why the adoption of
such protocols has been slow, and their potential expansion has been limited. Here, we aim to develop a framework for how an umbrella protocol for nitrogen rate reduction could be developed, which can ultimately be
applied for other nitrogen management strategies as well. We have developed an approach that would
provide the basis for developing an umbrella protocol with basic deﬁnitions, with opportunity to develop
crop, place and practice modules as data becomes available.
We also highlight here a number of the social science aspects of protocol development and adoption (mainly
farmer adoption and willingness to participate in the protocol) that we acknowledge are largely outside the
scope of this report. Nevertheless, we believe that through an umbrella protocol we can harness the best available science and apply it through an adaptive framework to develop an umbrella N protocol that can cover
many crops, locations and practices.

Notes
1. For example, through the Climate Action Reserve and American Carbon Registry databases of projects, only two have been
listed for N2O reduction from agriculture (both at American Carbon Registry) despite protocols having been adopted since
November 2010.
2. The ﬁrst technical working group meeting of the rice protocol was held on 10 May 2013 (https://www.arb.ca.gov/cc/
capandtrade/protocols/riceprotocol.htm). The Board voted on the ﬁnal protocol on 25 June 2015 (https://www.arb.ca.gov/
board/ma/2015/ma062515.pdf)
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