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1. The soil carbon sequestration potential of agricultural management practices in
Vermont is uncertain and likely mediated by site-specific factors such as soil type,
geography, land use history, and weather. Climate change mitigation benefits are
possible but not guaranteed from the use of common practices implemented to
sequester carbon (such as cover cropping, conservation tillage, no-till, and rotational
grazing) on Vermont agricultural lands. There is evidence, however, that these
practices can improve soil health and increase farm resilience to climate change.

2. Assigning carbon offsets or payments for climate mitigation services provided by
Vermont agricultural lands based on practice adoption alone currently lacks a strong
scientific foundation. Further investigation and monitoring is needed to improve
understanding of management practices and soil carbon sequestration, including field
studies and modeling. Well-calibrated models, validated for application in Vermont,
have potential for identifying relationships between management change(s) and
carbon dynamics. Participatory research that engages the expertise and needs of
farmers is necessary to assess the local impacts of best management practices and
make projections into the future.

3. Whole-system accounting is required to assess potential trade-offs and to determine
net climate change mitigation benefits of soil management strategies. Changes in soil
carbon stocks at a given location are only one piece in climate mitigation accounting.
In all cases where offsite carbon sources are being used to boost soil organic carbon, a
broader life cycle assessment extending beyond the farm gate is needed that considers
offsite carbon source removal, transport, and processing; alternative end uses of the
carbon source; interactions with other soil GHG-producing processes; and synergies
between the soil amendments and the input of in situ plant-derived carbon. It is critical
to keep in mind the primary objective: increase the net transfer of CO.-equivalents from
atmosphere to land. Only strategies achieving this primary objective should be
considered climate mitigation. Failing to account for other fluxes of carbon and

greenhouse gases could result in unintended consequences due to trade-offs.
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10.2 ADDITIONAL SUMMARY POINTS

e Itisimperative to ground statewide climate mitigation efforts in Vermont firmly within
the most recent scientific evidence and to highlight key scientific uncertainties and
knowledge gaps that have policy implications.

e The soil carbon sequestration potential of agricultural management practices is
inconsistent across the literature and is mediated by site-specific factors such as soil
type, geography, land use history, and weather.

e More research is needed to improve understanding of how management practices
affect both shallow (0-30 cm) and deeper (>30 cm) soil layers.

e Climate change mitigation benefits are possible but not guaranteed from the use of
common practices implemented to sequester carbon (such as cover cropping,
conservation tillage, no-till, and rotational grazing) on Vermont agricultural lands.
However, there is consistent evidence that these practices improve soil health and
increase farm resilience to climate change.

e Monitoring is necessary to quantify climate mitigation benefits of specific practices
applied across multiple Vermont agricultural contexts.

e Well-calibrated models, validated using local data, hold promising potential to identify
relationships between management change(s) in a particular context and ensuing
change(s) in net C fluxes, but such models do not yet exist for application in Vermont.

e Assigning carbon offsets or payments for climate mitigation services provided by
Vermont agricultural lands based on practice adoption alone currently lacks a reliable
and consistent scientific foundation.

e Changes in soil carbon stocks are only one piece in climate mitigation accounting.
Whole-system accounting is required to assess potential trade-offs and to determine
net climate change mitigation benefits of soil management strategies.

e Farmresilience is vital, and farmers should be supported in implementing best

management practices for improving financial and ecological resilience.
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e Participatory research that engages the expertise and needs of farmers is necessary to
assess the local impacts of best management practices and make projections into the

future.

Agricultural soil health has become an increasingly popular topic in Vermont and other New
England states in the past 10 years. From scholarship (Jemison et al., 2019; Kersbergen, 2012;
Bakelaar et al., 2016; Adair et al., 2019) to popular news coverage (Foster, 2021; Leslie, 2020),
the topic is receiving considerable attention. Amidst the growing interest in soil health, there is
a particular focus on the potential for agricultural soils to sequester atmospheric carbon and
thereby contribute to the mitigation of climate change. In the State of Vermont's 2021
legislative session, bills were proposed to: establish a statewide definition of and commitment
to soil health and implement carbon sequestration tax credits as part of a statewide payment
for ecosystem services program. Interest in soil carbon was also evident in a 2020 survey
administered as part of the UVM-ARS partnership. Survey respondents identified soil organic
matter and active carbon as two of the five most important metrics for assessing soil health
on Vermont's small- and medium-sized farms. Similarly, respondents identified interactions
between soil health and climate as one of the top three research and outreach priorities for the

University of Vermont (Neher et al., 2021).

Interest in agricultural soil carbon sequestration in Vermont is likely influenced by large-scale
policies and initiatives established elsewhere. This includes the “4 per 1000 Initiative” for
increasing soil organic carbon stocks, also known as “4 per mille” or “4%,” which was
launched by the French Ministry of Agriculture in 2015 for the 21st Conference of Parties of
the United Nations Framework Convention on Climate Change (UNFCCC). This initiative
aspires to increase global soil organic carbon stocks by 0.4% per year to offset the global
emissions of greenhouse gases (GHGs) by anthropogenic sources. The initiative mainly
focuses on agricultural soils with relatively low levels of soil organic carbon and encourages

farm management practices that preserve and increase soil organic carbon stocks while
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limiting carbon trade-offs (Rumpel et al., 2020). While the goals of climate change mitigation
and increasing soil organic carbon are certainly laudable, the 4 per 1000 Initiative has received
significant criticism from several scientists (Poulton et al., 2018; Rumpel et al., 2020). The
potential for “regenerative agriculture,” which has been defined in various ways (Newton et al.,
2020), to sequester carbon in soils and thereby serve as a climate mitigation tool has also
been the focus of intense scientific debate. For example, the World Resources Institute
recently posted a blog entitled “Regenerative Agriculture: Good for Soil Health, but Limited
Potential to Mitigate Climate Change” (Ranganathan et al., 2020), which engendered both
support (Powlson et al., 2020) and criticism (Paustian et al., 2020) from well-respected
scientists. While these debates are particularly intense at the moment, they are not entirely

new (e.g., Schlesinger, 2000).

It is imperative to ground climate mitigation efforts in Vermont firmly within the most recent
scientific evidence and to highlight key scientific uncertainties and knowledge gaps that have
policy implications. In this chapter, we first briefly describe the underlying biogeochemistry
relevant to climate mitigation by agricultural soils. Second, we review evidence linking
practices associated with “conservation agriculture” or “regenerative agriculture” with climate
mitigation outcomes (carbon emissions, soil carbon storage, nitrogen emissions). Third, we
discuss challenges related to measurement and potential payment schemes. Finally, we close

with recommendations for future efforts in Vermont.

10.4 THE BIOGEOCHEMISTRY OF CLIMATE MITIGATION BY AGRICULTURAL
SOILS

Soils’ physical, chemical, and biological properties and processes are interconnected and can
all be considered aspects of “soil health” (Moebius-Clune, 2016). This is especially important in
the context of climate mitigation, for which the cycling of carbon and nitrogen is key.
Biogeochemistry is a systems science related to the field of ecosystem ecology that
integrates physics, chemistry, biology, and geology (Schlesinger and Bernhardt, 2013),

providing a powerful lens for examining potential climate mitigation by agricultural soils. Using

Carbon Sequestration in Agricultural Soils ~ Vermont Climate Assessment, 2021 5



this lens, some key facts relevant to the assessment of climate mitigation by agricultural soils

are:

Changes in soil organic carbon storage are driven by the balance between carbon
inputs to and losses from the soil. Carbon inputs to soils can include plant litter
(shoots and roots), root exudates, and exogenous soil amendments (e.g., manure,
compost, or biochar) (Basile-Doelsch et al., 2020). Carbon loss from soils mainly occurs
as CO, resulting from autotrophic (roots) and heterotrophic (microorganisms and
fauna) respiration, but can also include CH, emissions that result from methanogenesis
under anaerobic conditions, leaching of dissolved organic carbon, and erosion (Basile-
Doelsch et al., 2020).

There are two primary levers to increase soil organic carbon storage — increase C
inputs and/or decrease C losses. Increases in carbon inputs to agricultural soils can
potentially be driven by improved crop rotations and increased crop residues, use of
cover crops, conversion to perennial grasses or legumes, additions of manure,
compost, or biochar, or improved grazing land management (Paustian et al., 2019).
Decreases in carbon losses can potentially result from conversion to perennial grasses
or legumes, using conservation or no tillage, or rewetting soils (Paustian et al., 2019).
Soil organic carbon storage does not necessarily increase linearly with increased C
inputs — and there are limits. While some long-term agricultural field studies have
observed soil C stocks that appear linearly related to the amount of C returned to the
system, others show little or no change in soil organic carbon in response to varying C
input levels, or decreased soil organic carbon stabilization efficiency in high carbon
soils compared to low carbon soils for the same treatment (Stewart et al., 2007).
Saturation limits to soil organic carbon pools have been proposed or observed by
various researchers with emphasis on certain mechanisms (Hassink, 1997; Baldock &
Skjemstad, 2000; Stewart et al., 2007; Owen et al., 2015; Poulton et al., 2018). It may be
possible to shift a soil's effective C stabilization capacity to some degree through
changes in soil management (Stewart et al., 2007) and more research is needed to

better understand the related mechanisms that determine limits on soil organic carbon
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storage (Basile-Doelsch et al., 2020). Despite this uncertainty, it is generally agreed that
the greatest potential for soil carbon sequestration exists on degraded soils with
relatively depleted soil organic carbon (Lal, 2018; Amelung et al., 2020).

e The cycling of other elements, particularly nitrogen and phosphorus, affects soil carbon
storage and greenhouse gas emissions. Nitrogen addition stimulates plant growth
when N availability is a limiting factor and thereby increases C inputs to the soil (Huang
et al., 2020). The same is true for phosphorus. These two elements (and others) must
be available in the soil in adequate amounts to maintain crop productivity and resultant
C inputs to the soil, which has led some to caution that ambitious global goals for
carbon sequestration in agricultural soils will require vast inputs of N and P to soils
(Van Groenigen et al., 2017; Spohn, 2020). Furthermore, nitrogen can be lost from
agricultural soils as nitrous oxide (N,0), an important greenhouse gas, which must be
considered along with soil carbon storage and carbon emissions (CO,, CH.) in the
determination of net climate mitigation benefits (Owen et al., 2015; Guenet et al.,

2020).

10.5 THE AVAILABLE EVIDENCE LINKING PRACTICES TO CLIMATE
MITIGATION

10.5.1 Croplands

The Nature Conservancy has recently created AgEvidence, a web-based tool to explore the
impact of agricultural practices on crops and the environment (http://www.agevidence.org/,
doi:10.5063/Z31X15). AgEvidence compiles evidence from numerous peer-reviewed field
studies conducted in the US Midwest between 1980 and 2020 that focus on the links between
agricultural practices and in-field response variables. All field trials included in AgEvidence
focused on corn (including sweet corn), soybean, or both. For climate mitigation, AgEvidence

includes studies examining the effects of cover crops and tillage. Figure 10-1 below
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summarizes 277 observations from twenty-seven studies on climate mitigation effects of

cover cropping, including carbon emissions, carbon storage, and nitrogen emissions.

Figure 10-1: Observed percent changes on climate mitigation factors from using cover crops relative to
the control in the AgEvidence database, including 277 observations from 27 studies
(http.//www.agevidence.org/, accessed May 9, 2021). Options selected in AgEvidence: study durations
of 1 to 4+ years; single species; non-legume; soil sample depth = not measured, 0-30 cm, or 0-60 cm.

A companion “Insight” box on the AgEvidence website states that “cover crop studies show
some potential for climate mitigation” and summarizes the evidence for cover crops and

climate mitigation as follows:

e The use of single species, non-leguminous cover crops is associated with a 3%
increase relative to the control for soil carbon on average. (Note: there are far fewer

observations associated with multiple species cover cropping systems in AgEvidence).
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e Soil carbon increases linked to cover crops are greater in topsoil (0-30 cm), whereas
when the 0-60 cm depth was analyzed, changes in soil carbon linked to cover crops
were neutral to slightly negative.

e Caution is warranted when interpreting nitrogen and carbon emissions in Figure 10-1.
Further inspection of the data (see Figure 10-2 below) shows that cover crop usage is
associated with no change in year-round N,O emissions, while growing season
measurements show an increase in N,O with cover crops largely due to results from a
single study where irrigation was present, which is known to increase N,O emissions.
Offseason N,O emissions are also slightly increased with cover crops; however, this
result was strongly influenced by a single study from a manure impacted soil. The

study with irrigation also drives the pattern of higher CH, emissions with cover crops.
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Figure 10-2: (a) Observed percent changes from cover cropping on nitrogen emissions relative to the
control in the AgEvidence database, including 59 observations from 6 studies
(http.//www.agevidence.org/, accessed May 9, 2021). Options selected in AgEvidence: study durations
of 2 to 4+ years; single species or two species; non-legume, non-legume mixture, or rotation of cover
crops; soil sample depth = not measured. (b) Observed percent changes from cover crops on carbon
emissions relative to the control in the AgEvidence database, including 72 observations from 4 studies
(http.//www.agevidence.org/, accessed May 9, 2021). Options selected in AgEvidence: study durations
of 2 to 4+ years; single species; non-legume or rotation of cover crops; soil sample depth = not
measured.
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Some recently published global meta-analyses provide favorable results for the effect of cover
crops on soil carbon storage. Poeplau and Don (2015) found that cover crop treatments had
significantly higher soil organic carbon stocks compared to reference croplands, with an
annual increase of 0.32 + 0.08 Mg C ha- yr+. These findings have recently been used as the
basis for large-scale estimates of climate mitigation by cover crops in Canada (Drever et al.,
2021). However, the mean soil depth of sampling in the studies considered by Poeplau and
Don (2015) was only 22 cm, indicating that their assessment could be optimistic given the less
promising results in AgEvidence when deeper soils were included. Furthermore, many of the
studies considered by Poeplau and Don were short-term (2-3 years), which is generally an
insufficient time duration to assess changes in stable forms of soil organic carbon (Smith,
2004). Jian et al. (2020) found that including cover crops in rotations significantly increased
soil organic carbon in near-surface soils by 15.5% and investigate the influence of climatic
region, soil texture, cover crop types, cash crop types, and soil sampling depths. For example,
they report that soil organic carbon increases were greatest for fine-textured soils. However,
Jian et al.s (2020) meta-analysis results were also largely influenced by short-term (< 5 years)
studies of surface soils (0-30 cm), which suggests their conclusions could also be optimistic.
More research is needed to clearly demonstrate the long-term effects of cover crops on soil

carbon storage generally and within Vermont specifically.

Figure 10-3 below summarizes observations of tillage effects on climate mitigation, including
carbon emissions, carbon storage, and nitrogen emissions. Effects of conservation tillage
(Figure 10-3a) and no-till (Figure 10-3b) are shown separately. As with cover crops, a wide
range in effects of conservation tillage or no tillage spanning from unfavorable to favorable
has been reported in the peer-reviewed literature, with generally favorable mean changes

relative to conventional tillage.
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Figure 10-3: (a) Observed percent changes from conservation tillage on climate mitigation relative to
conventional tillage in the AgEvidence database, including 488 observations from 28 studies
(http.//www.agevidence.org/, accessed May 9, 2021). Options selected in AgEvidence: study durations
of 1 to 21+ years; control = conventional tillage; treatment = conservation tillage; soil sample depth =
not measured, 0-30 cm, 0-60 cm, 0-100 cm, and 0-150 cm. (b) Observed percent changes from no-till
on climate mitigation relative to conventional tillage in the AgEvidence database, including 870
observations from 50 studies (http.//www.agevidence.org/, accessed May 9, 2021). Options selected
in AgEvidence: study durations of 1 to 21+ years; control = conventional tillage; treatment = no tillage;
soil sample depth = not measured, 0-30 cm, 0-60 cm, 0-100 cm, and 0-150 cm.
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Based on the AgEvidence database, conservation tillage results in mean percent changes
relative to conventional tillage of -2.6% (favorable) for carbon emissions, +3.7% (favorable) for
carbon storage, and +14.7% (unfavorable) for nitrogen emissions. For comparison, no-till
results in mean changes relative to conventional tillage of -9.7% (favorable) for carbon
emissions, +11.8% (favorable) for carbon storage, and -11.7% (favorable) for nitrogen
emissions. These results suggest that the benefits of no-till for climate mitigation are on
average greater than those associated with conservation tillage. An “Insight” box on the
AgEvidence website states, “No-till is associated with greater carbon storage, lower methane
emissions, and lower growing season N,O emissions” compared to conventional tillage.
However, other researchers report evidence that in some cases increased N,O emissions in no-
till systems can offset the increased soil C storage when both fluxes are compared in CO,-

equivalents (Guenet et al., 2020).

One important methodological factor to consider in studies of no-till and soil carbon
sequestration is the depth of soil considered in the analysis. Previous researchers have noted
that observations of increased carbon storage based solely on measurements in the 0-30 cm
soil layer can be misleading (Baker, 2007). This is due to the fact that crop roots often extend
much deeper than 30 cm and increases in soil organic carbon (SOC) within surface soils may
be accompanied by losses of SOC at greater depths (Baker, 2007; Luo et al., 2010; Powlson et
al., 2014; Olson and Al-Kaisi, 2015; Slessarev et al., 2021). AgEvidence also lends some
support to this concern, with the caveat that fewer studies have examined deeper soil layers
(Figure 10-4). For the 41 studies in AgEvidence focused on the 0-30 cm soil layer, a mean
change in soil carbon of +15.5% (favorable) for no-till relative to conventional tillage was
observed (Figure 10-4a). However, the mean change in soil carbon for the 16 studies that
examined 0-60 cm, 0-100 cm, or 0-150 cm soil layers drops to -0.3% (neutral/unfavorable) for
no-till relative to conventional tillage (Figure 10-4b). Therefore, more research is needed to
enhance understanding regarding how changes in tillage practice affect both shallow (0-30

cm) and deeper (>30 cm) soil layers.
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Figure 10-4: (a) Observed percent changes from no-till on soil carbon storage relative to conventional
tillage in the AgEvidence database, including 491 observations from 41 studies focused on the 0-30 cm
soil depth (http://www.agevidence.org/, accessed May 9, 2021). Options selected in AgEvidence:
study durations of 1 to 21+ years; control = conventional tillage; treatment = no tillage; soil sample
depth = 0-30 cm. (b) Observed percent changes from no-till on soil carbon storage relative to
conventional tillage in the AgEvidence database, including 229 observations from 16 studies focused on
0-60 cm, 0-100 cm, or 0-150 cm soil depth (http.//www.agevidence.org/, accessed May 9, 2021).
Options selected in AgEvidence: study durations of 1 to 21+ years; control = conventional tillage;
treatment = no tillage; soil sample depth = 0-60, 0-100, and 0-150 cm.

The data summarized by AgEvidence provide a useful starting point for assessing the

potential climate mitigation effects of management practices on croplands in Vermont.
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However, AgEvidence includes no data from Vermont and it is important to ask how the
differences between Vermont and the Midwest, in terms of climate, soils, and other factors,
might affect the climate change mitigation potential of various management practices.
Unfortunately, we do not have enough local data to answer that question at this time. A search
of peer-reviewed literature using Web-of-Science (terms: Vermont* soil* carbon*) on May 9,
2021, returned only one local agricultural field study. Dittmer et al. (2020) tested the effects of
different management practices on GHG emissions in Alburgh, Vermont, over three growing
seasons and found that: (a) no-till reduced CO, emissions but had no impact on N,O emissions
relative to vertical till, and (b) manure injection increased N,O and CO, emissions, with the
magnitude of this effect being greatest for 1 month post-application. We recommend that

additional Vermont data be collected and systematically assessed in the future.

In summary, the evidence reviewed here collectively indicates that climate mitigation benefits
are possible but not guaranteed from the use of common conservation practices (cover
cropping, conservation tillage, no-till) on Vermont croplands. Inconsistency in the effects of
practices on climate mitigation outcomes across studies could be influenced by numerous
site-specific factors (time duration, weather, soils, other environmental factors, land
management, and/or sampling methodology). The paucity of peer-reviewed Vermont evidence
further increases uncertainty in the potential for climate mitigation from conservation
practices on croplands in the state. Therefore, in the opinion of the authors, assigning carbon
offsets or payments for climate mitigation services provided by croplands based on practice
adoption alone in Vermont currently lacks a scientific foundation and should therefore be avoided
unless new evidence becomes available. Monitoring is necessary to verify climate mitigation

benefits. More discussion of monitoring is presented below.

Another potential strategy to boost soil organic carbon on Vermont croplands is the input of
manure, compost, or biochar. It is clearly possible to build soil organic carbon in a field
through the addition of manure or other organic amendments, which contain carbon
themselves as well as nutrients that can stimulate plant growth resulting in conversion of
atmospheric CO, into plant biomass C (e.g., Liang and MacKenzie, 1992; Poulton et al., 2018).

However, taking a broader view beyond a single field, this practice does not necessarily result

Carbon Sequestration in Agricultural Soils ~ Vermont Climate Assessment, 2021 15



in a net sink for C in soils (i.e., additional transfer of carbon from atmosphere to soil)
(Schlesinger, 2000). Adding more manure or compost to one field typically means adding less
to another, thereby representing a reallocation of C between terrestrial locations. Biochar
shows some promise for enhancing soil carbon sequestration in agriculture; however, biochar
supply, cost, and uncertainty or time lags for climate mitigation benefits remain hurdles both
locally and globally (Woolf et al., 2010; Shackley et al., 2014; Smith, 2016; Campbell et al.,
2018). In all cases where off-site C sources are being used to boost soil organic carbon, a
broader life cycle assessment extending beyond the farm gate is needed that considers off-
site C source removal, transport, and processing; alternative end uses of the C source;
interactions with other soil GHG-producing processes; and synergies between the soil
amendments and the input of in situ plant-derived C (Paustian et al., 2016). It is critical to keep
in mind the primary objective: increase the net transfer of CO,-equivalents from atmosphere to land

- only strategies achieving this primary objective should be considered climate mitigation.

10.5.2 Grazing Lands

Grazing strategies, especially rotational grazing, are receiving increasing national and global
interest as potential tools to sequester soil organic carbon and enhance soil health more
broadly (Derner et al., 2016; Schulz et al., 2016), with ongoing debate centered on the potential
benefits of grazing management to improve agricultural production and ecological outcomes
(Roche et al., 2015). Rotational grazing strategies include, for example, high-intensity short
duration grazing, “mob” grazing, and management-intensive grazing (Byrnes et al., 2018).
Byrnes et al. (2018) conducted a global meta-analysis including 64 research articles to
examine the effects of grazing strategy (i.e., no grazing, continuous grazing, rotational
grazing), grazing intensity (light, moderate, heavy grazing), and site-specific environmental
factors on three important aspects of soil health: soil carbon, nitrogen, and bulk density. Their

results can be summarized as follows (Byrnes et al., 2018):

e Increased soil compaction occurs under all grazing strategies and intensities relative to

no grazing.

Carbon Sequestration in Agricultural Soils ~ Vermont Climate Assessment, 2021 16



e Rotational grazing strategies improved soil organic carbon and bulk density conditions
over continuous grazing strategies.

e Greater continuous grazing intensity levels can negatively affect soil organic carbon.

e Site specific environmental factors underpin soil function and health responses to

management.

Others have found that stocking rate, coupled with effective livestock distribution, is the single
most important management variable influencing production and conservation goals in grazed

ecosystems, outweighing other aspects of grazing strategy (Briske et al., 2011).

More research is needed to evaluate the climate mitigation potential of regenerative grazing
systems, especially considering the multiple grazing approaches currently being explored by
producers (e.g., holistic, adaptive, and other variants of rotational grazing). One challenge with
such research is that adaptive grazing systems, by definition, are dynamic in response to
varying weather and other environmental conditions that affect grassland productivity. It is
therefore difficult to set up traditional replicated field experiments to compare different

grazing systems at the landscape scale (Paustian et al., 2019; Teague et al., 2013).

Some recent evaluations find that climate mitigation estimates for regenerative grazing
systems have been exaggerated (e.g., Nordborg, 2016), and others suggest some short-term
promising results (Stanley et al., 2018; Mosier et al., 2021). A recent study by Rowntree et al.
(2020) examined the ecosystem impacts and productive capacity of a multi-species pastured
rotation (MSPR) livestock system at the well-known regenerative White Oak Pastures farm in

Georgia, and report results that highlight some key points:

e First, implementation of the MSPR system on degraded cropland resulted in
substantial soil carbon sequestration (a 5-fold increase in SOC stocks over 20 years)
(Rowntree et al., 2020). While this is impressive, soil carbon gains following conversion
of degraded cropland to pasture is not necessarily surprising given what is known
about relative carbon storage across ecosystem types (Amelung et al., 2020).

Furthermore, others have argued that, from a global perspective, opportunity to convert
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annual cropland to grazing is limited by the growing need for annual crops, noting that
even if diet changes or yield gains could free up cropland, that land could sequester
more carbon if restored to forest (Searchinger and Ranganathan, 2020).

e Second, when incorporating soil carbon sequestration, life cycle assessment indicated
that the MSPR system emitted 4.1 kg CO,-equivalent per kg of carcass weight, 66%
lower than the comparative conventional commodity system (Rowntree et al., 2020).
Although this constitutes a substantial reduction, the net GHG footprint of this MSPR
system is still positive, drawing into question previous claims that the MSPR system
has a ‘carbon negative footprint’ (White Oaks Pastures, 2019).

e Third, the MSPR system required 2.5 times more land compared to a conventional
commodity system to produce the same amount of meat on a per carcass weight basis
(Rowntree et al., 2020). The authors point out that the MSPR is well-suited for marginal
lands, rather than productive lands suitable for higher value and more nutrient dense
crops (Rowntree et al., 2020). However, it is again important to note the fact that such
marginal lands could also be suitable for restoration to non-agricultural ecosystems
that provide numerous ecological benefits (forests, wetlands). Agroforestry systems

could be explored as well.

In a recent article entitled “Soil carbon sequestration in grazing systems: managing
expectations,” Godde et al. (2020) summarizes the state of knowledge on grazing systems and

climate mitigation as follows:

e Grazing systems emit greenhouse gases, which can be partly or entirely offset by soil
carbon sequestration under specific agro-ecological conditions.

e Any soil carbon sequestration in grazing systems is time-limited and reversible.

e Protecting large carbon stocks in grazing lands is essential in order to avoid further CO,
release.

e Soil carbon sequestration in grazing lands should be promoted in cases where it

delivers environmental and agronomic benefits, including on degraded land.
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e Caution should be applied for estimates of climate mitigation by C sequestration in
grazing systems due to large uncertainties and dependence on economics, feasibility

of implementation, and time frame considered.

10.6 MONITORING AND CONSIDERATIONS FOR PAYMENT SCHEMES

Despite the fact that measurement of soil carbon stocks in a single soil core sample is
relatively straightforward, there are considerable challenges to accurately estimating changes
in soil organic carbon stocks at field and farm scales. These include high spatial variability,
changes in bulk density with changes in soil management, potential for redistribution of soil
organic carbon between surface soils and deeper soils, and the slow rate of changes in bulk
soil carbon (Smith et al., 2020; Slessarev et al., 2021). If feasible, soil organic carbon
monitoring should include analysis of soils to at least 60 cm depth, and ideally to 100 cm
depth (Liebig et al., 2010; Slessarev et al., 2021). However, measuring below 30 cm (the
minimum recommended depth by IPCC; Ogle et al., 2019) can increase cost and require
specialized equipment. It is not currently possible to verify sequestration rates that increase
soil organic carbon stocks by <1% on an annual basis using direct soil measurements
(Paustian et al., 2016; Smith et al., 2020). Therefore, longer study periods (ideally > 5 years)
that extend beyond the timeline of most research grants are required to track changes in soil
organic carbon (Smith et al., 2004). Measurement of total organic carbon by dry combustion is
recommended, with steps taken to subtract any inorganic C present (Liebig et al., 2010; Nelson
and Sommers, 1996). Researchers also commonly estimate soil organic matter using the loss
on ignition (LOI) method (Nelson and Sommers, 1996). However, the relationship between LOI
and soil organic carbon varies across soils and conversions between LOI and soil organic

carbon should be validated using location- or soil-specific data (Konen et al., 2002).

There are some promising spectral methods emerging for direct point measurements in the
field and lab (Smith et al., 2020). These include methods for measuring SOC concentration

based on the reflectance of light on soil in the infrared region, where the organic bonds and
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minerals in the soil absorb light at specific wavelengths and SOC is predicted using a
statistical model based on a spectral library (Smith et al., 2020 and citations within). In
addition, laboratory costs could be reduced by using Fourier transform mid-infrared diffuse
reflectance spectroscopy for estimation of total carbon, organic carbon, clay content, and
sand fraction (Wijewardane et al., 2018). Remote sensing methods could also potentially be
employed at scales not feasible with traditional or point spectral methods (Ge et al., 2011;
Mulder et al., 2011). However, there are limitations of remote sensing, including limited
penetration depth, limited duration of bare soil, and cloud cover (Smith et al., 2020).
Furthermore, soil bulk density is a critical measure when estimating soil organic carbon stocks
and cannot be estimated using remote sensing. Some techniques have been developed for
estimating bulk density using gamma-ray attenuation and visible-near infrared spectroscopy
on cores in the field to reduce costs and errors associated with transport, handling, oven-
drying, and laboratory measurements (Lobsey and Rossel, 2016). Considering field study
results discussed above, any approach taken will ideally need to be capable of characterizing
bulk density in deeper soils (> 30 cm in depth) for tracking soil carbon stock changes.
Combining traditional field/lab methods (including sample compositing schemes to reduce
cost) with emerging spectral methods could help expand the areal extent of monitoring
feasible at reasonable cost and should be explored further (Smith et al., 2020; Slessarev et al.,

2021).

Another approach that can be employed in the tracking of soil organic carbon is modeling.
Many models exist that estimate soil organic carbon dynamics; however, calibration and
validation of such models is difficult and not all relevant biogeochemical processes are
represented (Smith et al., 2020 and citations within). Some existing modeling tools, such as
the Cool Farm tool and the COMET-Farm tool, have existing platforms that can be used to
estimate net GHG emissions changes based on farm practices (Cool Farm Alliance, 2019;
NREL, 2019). We recommend that the use of models be explored in Vermont as a means of
increasing the spatial extent for which soil organic carbon accounting can take place, with one
essential caveat: models must be properly calibrated using local data to establish confidence in

the model results provided. This inevitably requires field and lab measurements to establish
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acceptable statistical relationships between modeled and measured values from (a) local
benchmark sites undergoing long-term experiments to inform model parameterization, and (b)
well-characterized chronosequences or paired sampling sites (Smith et al., 2020). It could be
prohibitively expensive to set up benchmark sites covering all possible combinations of land
use, climate, soil type, and management practice, so models will likely need to be tested
across the full range of parameter space to allow reliable simulation of soil organic carbon
(Smith et al., 2020). Without such grounding, models remain unverified abstractions of reality
based on untested assumptions, and therefore should not be trusted. This becomes especially
concerning in a situation where financial payments or carbon offsets are being determined for
climate mitigation services. Well-calibrated models, supported by local measurements, could
eventually be used to establish relationships between a management change in a particular context
(soil, climate, land use, management) and a change in net C fluxes, including estimates of
uncertainty, allowing management data reported by farmers to become adequate for reporting and
reduce the need for direct measurements (Fitton et al., 2017; Smith et al., 2020). In the views of the

authors, this is not yet currently possible in Vermont.

Additionally, whole systems accounting is needed in order to assess potential trade-offs
caused by management strategies and to determine net climate mitigation benefits. Changes
in soil carbon stocks are only one piece in climate mitigation accounting: GHG emissions (CO,,
CH., N,O) from soils, livestock, manure management systems, transportation, and farm
infrastructure need to be considered as well, as do land requirements and implications for
water quality. A narrow focus on soil organic carbon in certain locations could potentially
cause net negative consequences for climate and the local environment from a broader
perspective. Life cycle assessment (LCA) is an important tool in this context, and useful
frameworks exist that can be considered in future Vermont-based efforts using local data

(Rowntree et al., 2020; Terlouw et al., 2021).

Stakeholders in Vermont are currently exploring Payment for Ecosystem Services (PES)
schemes that could potentially include soil carbon. Based on our assessment of the evidence
and literature presented in this chapter, we can answer some important questions that need to

be addressed in PES design as follows:
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Are some Vermont farms sequestering carbon from the atmosphere into soils?

o YES, this is very likely given the evidence in TNC's AgEvidence and the number

of producers using conservation practices in Vermont.
Should these farmers be rewarded for their carbon stewardship?

o YES, we think some mechanism is needed to reward and incentivize carbon
stewardship in agriculture.

Can we assume that certain practices will increase permanent C sequestration?

o NO, the existing evidence indicates that results will vary for practices based on
site-specific factors, and that any carbon sequestered may be reintroduced to
the atmosphere due to future management or climatic factors.

Is it possible to accurately estimate or model C sequestration without measurements?

o NO, models need to be tested against local data to build confidence in their
predictions.

Should soil carbon sequestration be paid for to offset GHG emissions from other
sectors (e.g., fossil fuel use)?

o NO, it would be unwise to invest in offsetting the more certain impact of GHG
emissions with the uncertain and reversible C sequestration associated with

agricultural soil management.

On the last question, we concur with scholars who suggest that targets and accounting for

negative emissions technologies, including agricultural soil carbon sequestration, should be

managed separately from existing and future targets for emissions reduction (McLaren et al.,

2019). Efforts to balance emissions and offsets within a single accounting scheme to move

towards “net-zero” could potentially deter or delay GHG emissions reduction, and therefore

negative emissions technologies should be pursued in addition to rapid emissions reduction

(McLaren et al., 2019). A recent report covering protocols for soil carbon sequestration

concludes that:

“Consistent accounting and verification of direct emission reductions during

agricultural production — reduced nitrous oxide emissions via improved nutrient
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management, reduced carbon dioxide emissions via reduced tractor use and
reduced methane emissions from improved manure management — and from
avoided land conversion is a less risky and permanent climate solution [as
compared to soil carbon sequestration] for supply chain and other public

investment.” (Oldfield et al., 2021)

10.7 RECOMMENDATIONS FOR NEXT STEPS IN VERMONT

Agricultural soil carbon sequestration deserves increased attention in Vermont. However,
more research is needed to strengthen the scientific evidence for agricultural soil carbon
sequestration in the state, which is currently weak. As mentioned previously, this research
could include local benchmark sites undergoing long-term experiments, well-characterized
chronosequences or paired sampling sites, and testing the abilities of models to adequately
replicate local field and lab data (Smith et al., 2020). Without this research, pursuing carbon
offsets or payments associated with soil organic carbon storage on working agricultural lands
in Vermont could fail to achieve desired outcomes due to the existing uncertainty concerning
climate mitigation benefits, and could in some cases even be counterproductive. Verification
of changes in soil organic carbon storage will be critical for any PES program and monitoring
can include a combination of direct measurements and models that have been well-calibrated
to local agroecosystems. The latter will be necessary for inclusion of GHG fluxes and offsite C
impacts, which should be considered in concert with onsite soil organic carbon changes to
avoid unintended climate and environmental consequences caused by trade-offs. A challenge
will be keeping such monitoring programs cost-effective and manageable. Furthermore, it is
important to establish consistent protocols for soil organic carbon estimation and
quantification of net GHG emissions reductions in Vermont. Variation in protocols employed
would make it difficult to ensure net climate benefits have been achieved and the resulting
lack of comparability and standardization would be especially problematic in carbon

accounting schemes (Oldfield et al., 2021).
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There are several critical knowledge gaps and programmatic questions that need to be

answered before launching a large-scale program in Vermont focused on soil carbon

sequestration on working agricultural lands (Box 10-1). Equally important is continuing and

expanding soil management strategies that maintain existing soil carbon, especially

considering the relatively high organic matter levels observed in many Vermont soils.

Box 10-1: Recommendations for research in Vermont to
inform future soil carbon sequestration efforts on working
agricultural lands in the state, derived from Rumpel et al.
(2020) and Amelung et al. (2020).

Assessment of current soil organic carbon stocks and soil degradation
status.

Assessment of yield gaps and reliable predictions of yield changes with soil
organic carbon increases.

Assessment of soil organic carbon changes by practice and the soil organic
carbon storage potential using long-term observations, experimental farm
plots, existing state soils data, and appropriate chronosequences.
Estimation of additional nutrient (N and P) requirements for sustainable C
sequestration at the level desired.

Assessment of the vulnerability of soil organic carbon stocks to determine
permanence of carbon storage.

Selection of methods to account for full life-cycle GHG emissions in farming
systems and transfers of organic material that may reduce stored carbon
elsewhere.

Broad ensemble of policies and bottom-up approaches including farmer
incentives, standards, and actions to scale up adoption of C sequestering

practices.
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While the existing evidence for consistent soil organic carbon gains for conservation practices
reviewed here is weak, there is more substantial and consistent evidence that many practices
recommended for sequestering carbon improve soil aggregation and water infiltration and
retention (Dabney, 1998; Jones et al., 1994; Palm et al., 2014). For example, reducing tillage is
consistently found to improve soil aggregation (Nunes et al., 2020; Karlen et al., 2019; Mann et
al., 2019) which contributes to improved water infiltration and reduced surface runoff.
Similarly, cover crops can improve soil water infiltration capacity and aggregation (Magdoff &
Van Es, 2009). Implementing conservation practices as strategies for adapting to climate
change and improving farm resilience can likely offer immediate benefits while also providing
opportunities to systematically assess the carbon sequestration potential of practices across

a range of soil types and farm business models.

Systematic assessment of carbon sequestration potential on agricultural lands in Vermont will
require participatory research conducted in partnership with farmers and land managers. We
advocate for designing future research that builds on the questions, experiences, and
observations of producers who are implementing carbon-focused management practices.
Incorporating the complementary expertise of farmers, scientists, and agricultural service
providers will be necessary to parse the complex dynamics involved in soil carbon
sequestration specifically and the interactions between agricultural soils and a changing
climate more broadly. It is important to note, however, that a participatory, long-term approach
to soil research may require shifts in the expectations and limitations imposed by current

funding mechanisms.

Traceable accounts describe the confidence level—the degree of certainty in the scientific
evidence—for each key message resulting from this chapter. This analysis is based on the U.S.
Global Change Research Program guidance in the Fourth National Climate Assessment

(USGCRP, 2018).
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Traceable Account 1.

Key Message 1: The soil carbon sequestration potential of agricultural management practices in Vermont is
uncertain and likely mediated by site-specific factors such as soil type, geography, land use history, and

weather.
Confidence | Very High High Medium Low
level
Description | Strong Evidence Moderate evidence Suggestive evidence | Inconclusive evidence
(established theory, (several courses, some | (afew sources, (limited sources,
multiple sources, consistency, methods limited consistency, extrapolations,
confident results, vary, and/or models incomplete, inconsistent findings, poor
well-documented and | documentation limited, | methods emerging, documentation and/or
accepted methods, etc.), medium etc.), competing methods not tested, etc.),
etc.), high consensus | consensus schools of thought disagreement or lack of
opinions among experts
Finding Low to Medium Confidence that practices will
result in soil carbon sequestration. Medium
confidence for no till and low confidence for
other practices discussed in the main text.
References See main text.

Traceable Account 2.

Key Message 2: Assigning carbon offsets or payments for climate mitigation services provided by Vermont
agricultural lands based on practice adoption alone currently lacks a strong scientific foundation.

Confidence | Very High High Medium Low
level
Description | Strong Evidence Moderate evidence Suggestive evidence | Inconclusive evidence
(established theory, (several courses, some | (afew sources, (limited sources,
multiple sources, consistency, methods limited consistency, extrapolations,
confident results, vary, and/or models incomplete, inconsistent findings, poor
well-documented and | documentation limited, | methods emerging, documentation and/or
accepted methods, etc.), medium etc.), competing methods not tested, etc.),
etc.), high consensus | consensus schools of thought disagreement or lack of
opinions among experts
Finding Low Confidence that this
approach will yield
climate benefits.
References See main text.
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Traceable Account 3.

Key Message 3: Whole-system accounting is required to assess potential trade-offs and to determine net climate

change mitigation benefits of soil management strategies.

Confidence
level

Very High

High

Medium

Low

Description

Strong Evidence
(established theory,
multiple sources,
confident results,
well-documented and
accepted methods,
etc.), high consensus

Moderate evidence
(several courses, some
consistency, methods
vary, and/or
documentation limited,
etc.), medium
consensus

Suggestive evidence
(a few sources,
limited consistency,
models incomplete,
methods emerging,
etc.), competing
schools of thought

Inconclusive evidence
(limited sources,
extrapolations,
inconsistent findings, poor
documentation and/or
methods not tested, etc.),
disagreement or lack of

opinions among experts

Finding Very High
Confidence that this
approach is
required.

References | See text.
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