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Abstract

As the consequences of climate change are looming large, agricultural soil car-
bon credits have emerged as an increasingly advocated lever to incentivize the
reduction of greenhouse gas emissions and promote carbon storing farming prac-
tices. These credits are exchanged on self-regulated voluntary carbon markets,
each of them using distinct protocols to assess the changes in soil carbon stocks
and convert them into carbon credits. Although serious discrepancies between
protocols have already been noted regarding general carbon credit accounting
principles, an in-depth evaluation of how changes in soil organic carbon stocks
are calculated is still lacking. In this context, the primary objective of our study
was to investigate how changes in soil organic carbon stock are estimated by the
major carbon credit protocols worldwide. We evaluated the requirements of each
protocol regarding the estimation of the initial SOC stock as well as the modelling
and/or measurement of changes in stock with time. We found that existing pro-
tocols vary greatly in their scientific rigour. We showed in particular that some
protocols do not require in situ soil analyses to estimate initial soil carbon stocks
but rely on regional values, leading them to potentially overestimate these stocks
by up to 2.5 times. Our study also found that the protocols relying on models re-
quire different farming practices and different levels of information for each prac-
tice to estimate SOC stock changes. The protocols relying, at least partly, on soil
sampling also displayed different requirements for the sampling design, sampling
tools, SOC analysis methods and SOC stock calculation methods. On this basis,
we suggest reforms designed to improve and standardize the quantification of
carbon stock changes in soils and to improve the reliability of soil carbon credits.
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1 | INTRODUCTION

On the verge of the Second World War, Winston Churchill
declared: ‘The era of procrastination, of half measures, of
soothing and baffling expedients, of delays, is coming to
a close. In its place, we are now entering an era of conse-
quences’. More than 80years later, it is tempting to com-
pare the then-looming war with today's global threat: an
ever-increasing resource-consumption/waste-production
global trend, one of the most serious consequences of
which being climate change. Sadly, despite international
summits, treaties and conferences, the rise in concentra-
tion of greenhouse gases (GHG) in the atmosphere in-
cluding carbon dioxide (CO,) - the main anthropic GHG
- has not curbed, and the 21st century emerges as the era
of climate consequences. So much so that the societal
transformations that scientists have called for and that so-
cieties have proven reluctant to adopt are not even consid-
ered sufficient anymore. On top of needing to transition
to fossil fuel-free societies, recourse to atmospheric CO,
removal technologies is now regarded as inevitable to pre-
vent global warming from going beyond +2°C compared
with pre-industrial temperatures (IPCC, 2023).

Part of the solution could lie beneath our feet. Soils
contain almost 80% of the carbon of terrestrial ecosystems
with soil organic matter (SOM) storing 2416+40 Gt C in
the top 0-2m soil layer (Batjes, 1996), which is three times
more carbon than in the atmosphere (IPCC, 2023). The
good news is that this sink is far from being saturated.
In the last century, conversion of natural to agricultural
ecosystems combined with detrimental practices (such as
deep and repetitive tillage, lack of organic amendments,
overgrazing, monoculture and long bare-fallowing peri-
ods) have caused the depletion of the SOM pool by 25%-
75% across the globe (Lal, 2011; Sanderman et al., 2017).
However, not all practices lead to SOM losses and adop-
tion of favourable farming practices could slow down and
even reverse the trend. Practices such as cover-cropping,
agroforestry, limiting soil disturbance, preventing over-
grazing or complexifying crop rotations and plant diver-
sity are known for their potential to reverse this SOM loss
trend (Gonzalez-Sanchez et al., 2019; Morari et al., 2006;
Rumpel et al., 2019). These practices are today gathered
under a series of fundamentally close umbrella terms:
‘climate smart agriculture’, ‘regenerative farming’ or even
‘conservation agriculture’, which could all act as nature-
based negative emission technologies. Provided they do
not lead to higher emissions of other GHGs beside CO,,
these practices might be advantageously deployed on a
global scale to attempt to mitigate climate change.

One incentive to favour the deployment of these prac-
tices is agricultural soil carbon credits (SCCs). SCCs are
tradable emission offsets that farmers who adopt carbon

offsetting practices can sell to organizations willing to
compensate for their CO, emissions. These SCC transac-
tions currently only happen on voluntary carbon markets
(VCM) regulated by public or private intermediates. In
2022, agricultural SCCs represented a total transaction
volume of 5.1 MtCO,e for an estimated value of USD 50.1
million (Mikolajczyk & Bravo, 2023), with experts expect-
ing the overall voluntary carbon market to reach between
$10 billion and $40 billion by 2030 (The Voluntary Carbon
Market Is Thriving, 2022).

Carbon markets use measurement, reporting and
verification (MRV) protocols to calculate the number
of SCCs that a project is expected to generate. Among
the 10 public MRV protocols that are currently in use,
Oldfield et al. (2022) and the non-profit organization
CarbonPlan (2024) already exposed serious accounting
inconsistencies in terms of additionality (SCCs should
systematically imply an additional carbon offset in soils
compared with non-funded fields), leakage (changing
practices should not cause unaccounted losses elsewhere)
and permanence (duration of carbon storage in soils
should be guaranteed) between these protocols.

SCCs also differ in the GHGs that are included. SCCs
are indeed issued when newly adopted farming practices,
compared with past ones, lead to lower overall GHG emis-
sions. Some protocols like B Carbon and Nori only in-
clude the evolution of the soil organic carbon (SOC) stock
(Figure 1), while others base their calculation on different
combinations of SOC, nitrous oxide (N,0) and methane
(CH,) emissions. Nevertheless, the evolution of SOC stock
remains the backbone of all protocols.

On top of the already serious inconsistencies that are
mentioned above and that will not be further detailed, a
central aspect of existing protocols is how substantially the
protocols differ in their soil organic carbon modelling and/
or monitoring strategies, thereby potentially questioning
the very reliability of the resulting SCCs. To fill this gap in
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FIGURE 1 [Illustration of SCC calculation based on the SOC
stock difference between a 5-year SOC storing project (upper green
line) and a business-as-usual baseline scenario (bottom black line).
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the evaluation of soil carbon protocols, we carried out an
in-depth evaluation of the methods they implement. This
analysis led us eventually to suggest drastic changes in the
perspective from which these protocols, the monitoring
of carbon changes in soils, and soil carbon credits are ap-
proached, in order to improve the chances that they may
contribute efficiently to climate change mitigation.

2 | MATERIALS AND METHODS

Our study aimed to assess the ability of current MRV pro-
tocols to reliably monitor SOC stock changes in cultivated
fields and grasslands. To do so, we (i) included the pro-
tocols already evaluated in terms of general accounting
principles by Oldfield et al. (2022), (ii) excluded the proto-
cols that had since been withdrawn (e.g., Alberta Carbon)
and (iii) added newly introduced protocols.

The protocols from the following registries were eval-
uated: Nori (Nori Croplands Methodology v. 1.6); PVivo:
Plan Vivo (The Plan Vivo Standard for Community
Payments for Ecosystem Services Programs, v. 2.0); CFT:
Cool Farm Tool (Technical Method Description v. 2.1.0
- Section 2.11. Carbon Stock Changes). LBC: Label Bas
Carbone (Méthode Grandes Cultures v. 1.1); GStd: Gold
Standard (Soil Organic Carbon Framework Methodology
v1.0); CAR, Climate Action Reserve (U.S. Soil Enrichment
Protocol, v. 1.1); Verra (VM42, Verra Methodology for
Improved Agricultural Land, v. 2.0); CFI: Carbon Farming
Initiative (Estimation of Soil Organic Carbon Sequestration
using Measurement and Models. Methodology
Determination 2021); BCarb: BCarbon (Protocol for
Measurement, Monitoring, and Quantification of the
Accrual of Below-Ground Carbon Over Time, v. 2.0); FAO:
Food and Agriculture Organization (FAO GSOC MRV
Protocol). Although CFT is not a carbon credit organiza-
tion, its methodology is used by third parties selling SCCs
(e.g., Soil Capital), explaining why it was included in this
review. A link and additional details for each protocol can
be found in Appendix S1.

Our approach consisted in synthesizing how the differ-
ent protocols approached SOC stock evaluation through
time. For each protocol, we looked at how the initial SOC
stock was evaluated and how the expected SOC stock in-
crease was monitored. Whenever a model was used (either
for the baseline scenario or to predict SOC stock changes),
we assessed which minimum information was required in
terms of land use, climate, soil parameters (e.g., pH, tex-
ture, structure) and farming practices (tillage intensity,
crop rotation type and length, cover crop intensity, organic
amendments, irrigation and grazing) and to which degree
of precision each information was integrated into the
model. When soil sampling was included (to measure the
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initial and/or final SOC stock), we evaluated the sampling
design (sampling area, number of composite samples,
number of soil cores per composite, sampling pattern) and
the recommended SOC analysis procedures (loss on igni-
tion, wet oxidation, dry combustion, spectroscopy).

For both modelling and sampling approaches, a co-
lour code combined with a presence/absence assessment
was used in the tables to synthetize the current scientific
understanding and facilitate interpretation. Green, the
protocol includes explicitly a central aspect of SOC de-
termination and provides enough requirements for it to
be reliably taken into account (e.g., providing the annual
amount and nature of organic amendments to model SOC
stock evolution). Orange, the protocol includes an im-
portant aspect of SOC determination but remains vague
or too broad on the requirements (e.g., only mentioning
if organic amendments were applied or not, without fur-
ther details, at a given year to model SOC stock evolution).
Red, a central aspect for SOC determination is not explic-
itly required by the protocol (e.g., providing the applica-
tion of organic amendments is not required to model SOC
stock evolution). This colour code should only be seen as
facilitating the overall interpretation of SCC protocols and
does not substitute for the detailed analysis of each aspect
of these protocols carried out in Section 3.

Our study solely focused on SOC stocks and did not
cover greenhouse gas (GHG) accounting. Prior to publi-
cation, the collected information (displayed in the three
tables below) was sent to each organization in charge of
a protocol with a 2-month response time for validation or
correction. Whenever corrections were needed, these were
made until full agreement was reached with the protocol
representatives. Out of the investigated organizations, six
organizations (BCarb, Verra, Nori, CAR, CFT and LBC)
replied and provided us with additional information and
explanation whenever necessary. We thank them for their
help and voluntary support.

and Management

3 | RESULTS AND DISCUSSION

3.1 | A first fundamental difference:
Modelling versus measuring SOC changes

SCC protocols are fundamentally different in their meth-
odological approach to SOC changes. The impact of the
newly implemented farming practices on SOC stocks is
either predicted by models or measured by regular soil
sampling campaigns (Table 1). Some protocols such as
Nori, CFT or LBC solely rely on ex ante modelling. Based
on the planned changes in farming practices (and, for
some protocols, on a soil analysis to know the initial SOC
stock), they predict how SOC will evolve over a given time
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- referred to as a crediting period - and grant the equiva-
lent number of SCCs. Other protocols like CFI or Verra
rely on regular soil sampling and analysis to verify that the
SOC change has actually happened.

Additionally, SCCs are issued when a project leads to
a lower overall GHG budget compared with past prac-
tices, but this is not always synonymous with an increase
in SOC stock. Whenever the baseline SOC stock (i.e., the
SOC stock obtained if past practices had been maintained)
is modelled, SCCs are indeed credited provided that the
project leads to a higher SOC stock than the baseline.
Protocols differ, however, on the baseline trends - posi-
tive, neutral, negative — that they accept. If the baseline
SOC stock is modelled as remaining stable or increasing
with time, the project's SOC stock will need to increase
in absolute terms. However, if the baseline SOC stock
is modelled as decreasing, some protocols still generate
SCCs for projects with an also decreasing SOC stock, as
long as the SOC stock loss is lower than the baseline. In
other words, SCCs can be attributed to a project that does
not store SOC but that slows down an expected SOC stock
loss. This is the case for PVivo, LBC, CAR and Verra while
Nori and GStd exclude this option. As for the sampling-
based protocols that assume the baseline SOC stock to be
equivalent to the initial SOC stock (i.e., the SOC stock at
the beginning of the SCC period) (GStd,.,,, BCarb, FAO),
these can only generate SCCs for projects effectively in-
creasing their SOC stock with time. Depending on which
protocol is used, a project will, therefore, either be able
to obtain SCCs or not depending on its SOC stock trend,
which is non-satisfactory for the coherence of agricultural
SCCs worldwide.

3.2 | Current discrepancies and
limits of protocols based (partly or
entirely) on modelling

Most protocols rely on modelling at least for the baseline
scenario and, for some, to estimate SOC stock changes.
These protocols display, however, fundamental discrepan-
cies and limits in terms of included parameters (Table 2),
which can lead to unreliable SOC change predictions.

3.2.1 | Providing the initial SOC stock is not
always required to model SCCs

The first striking element concerns the fact that providing
the field's initial SOC level to the model is not systemati-
cally required to estimate future SOC changes. While some
protocols like CFI, CAR, LBC and Verra ask for this infor-
mation, CFT, Nori or the model-based approach of GStd

P WiLEy- o
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(GStd,,pq) rely solely on estimates. More precisely, these
protocols use theoretical SOC stocks based on broad soil
type, soil use and climate categories. This approach ne-
gates however the large SOC stocks variability that exists
within each category (Beka et al., 2022). For instance, in
a soil inventory conducted at the German scale, Poeplau,
Jacobs, et al. (2020) sampled 2234 agricultural fields and
concluded that fields with a sandy soil had between 20.9
and 231.8tCha™" in the top 0-30cm for an average stock
of 74.2tCha™" (see Poeplau, Don et al., 2020 for the full
soil inventory database). If any of these fields had enrolled
in an SCC program using either CFT or GStdmod, which
both use default reference SOC stocks from IPCC (2019),
the initial SOC stock would have been assumed to be
35.7tCha™". Their protocols would therefore have over-
estimated by 71% the C stock of the most depleted fields
and underestimated by 549% the amount of the richest
ones. One could argue that SCC projects are usually de-
ployed at large-scale over several hundreds - if not thou-
sands — of hectares and that extreme values measured at
the field scale would be attenuated when SOC stocks are
calculated at larger scales. Using the German soil inven-
tory mentioned above, the average SOC stocks in sandy
soils calculated at the state scale (Land) led to results
ranging from 47.2tCha™" in Saxony-Anhalt (44 fields)
to 91.0tCha™! (174 fields) and even 110.4tCha™' (36
fields) in Lower Saxony and Schleswig-Holstein, respec-
tively (Poeplau, Don, et al., 2020). At this scale, CFT and
GStd,,,q would therefore have also underestimated these
regional SOC stocks by 32%, 155% and 209% for the three
states, respectively. This problem arises for tropical soils
as well. In Central Amazonia Brazil for instance, Ceddia
et al. (2015) measured SOC stocks in low-activity clay soils
ranging from 15.4 to 64.4tCha™" while the same protocols
would have assumed a unique SOC stock of 38tC ha™';an
amount being again 2.5 times too high for the poorest soils
and 70% too low for the soils with the highest SOC stocks.

This aspect is critical given that the initial SOC
stock influences the rate at which a field's SOC stock
can increase. Depending on how initially depleted each
sail is, its C storage rate will vary over a large range de-
spite similar farming practices. In a global review on
the impact of management interventions on SOC stock
changes across 103 soils, Georgiou et al. (2022) found
that SOC accrual rates ranged from +2tCha™'year™" for
the most depleted soil to null for the soils closest to their
capacity. This capacity refers to the ability of soil miner-
als (and mineraloids) to stabilize SOC through organo-
mineral interactions (Kaiser & Guggenberger, 2003;
Six et al., 2002). Several approaches exist to estimate
this capacity either via mechanistic principles (e.g., by
considering the soil content relative to the amount of
clay-sized particles), which are known to be the most
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effective at stabilizing SOC (Johannes et al., 2017; Prout
et al., 2020; Pulley et al., 2023; Schmidt et al., 2011)
or simply by comparing the field's initial SOC stock to
local/regional data for similar soil type and use. Most
internationally reputed models (RothC, Century, AMG,
etc.), on which the CFI, CAR, LBC and Verra protocols
rely, implement one of these two approaches to simulate
SOC changes over time (Andriulo et al., 1999; Coleman
& Jenkinson, 1996; Parton, 1996). This aspect is a pledge
of reliability for these protocols. On the contrary, one
could argue that the fact that Nori, CFT and GStd,,,4 do
not require the actual initial SOC stock prevents these
models from accurately assessing the soil's initial C de-
pletion level, which, in turn, fundamentally jeopardizes
the estimate of the soil's future C storage rates and of the
associated SCCs. Obtaining a representative SOC stock
based on field sampling and laboratory measurement is
not devoid of challenges, however, as will be discussed
in Section 3.3.1.

3.2.2 | Uneven levels of detail regarding the
required information on farming practices
impacting SOC changes

The protocols do not include the same farming practices
in their models and display different levels of detail for
each practice. All the protocols include organic matter
amendments but the impacts of tillage, crop rotation
and cover crops are not systematically considered. LBC
and PVivo for instance discount tillage whereas the oth-
ers take it into account. Similarly, CFT, PVivo and the
IPCC-based version of GStd,,,q do not include crop rota-
tion (i.e., the complexity of the rotation together with
the yield of each crop). Finally, cover crops are not ex-
plicitly required by GStd,,,q, CFI and PVivo to model
SOC changes.

These differences are surprising in the sense that,
depending on which protocol farmers will choose, their
practices will be differently incorporated in SOC mod-
els, leading ultimately to different SCC amounts being
calculated. If the benefits of some practices like tillage
are disputed in terms of SOC storage (see for instance
Dimassi et al., 2014; Powlson et al., 2014), others like
cover crops appear less contentious (Seitz et al., 2023). In
a meta-analysis of 30 studies covering 139 plots, Poeplau
and Don (2015) concluded that cover crops led to annual
carbon gains of 0.32+0.08tCha™" in a mean soil depth of
22cm and during the observed period of up to 54years.
Their exclusion by some protocols are therefore hard to
comprehend.

Another source of heterogeneity has to do with
the degree of precision with which each practice is

and Management

characterized to calculate SCCs. Some protocols use
binary categories (e.g., tillage/no-till or addition or not
of organic amendments) or tertiary categories (e.g., till-
age/reduced tillage/no-till), most notably for crop resi-
due management, soil tillage, organic amendments and
cover crops, with a score system attributed to each cate-
gory. On the other hand, other protocols use continuous
parameters (e.g., amount of organic matter amendment
per hectare per year) and continuous scoring to charac-
terize farming practices.

Minimalist categories can be misleading, however.
CFT and the IPCC-based GStd,,,4 require for instance
to mention whether manure is added or not without
requiring information on the nature of this manure or
the amount annually applied, and without including
other types of organic amendments such as compost or
biochar. For cover crops, CFT and GStd,,,q use a yes/
no category, Verra attributes a factor per cover crop
species while LBC considers only their final (measured
or estimated) biomass. A simple presence/absence ap-
proach does not inform on factors such as (1) cover crop
complexity in terms of species number and variety; (2)
seeding density; (3) sowing technique (broadcasted,
dropped behind the plough, drilled, etc.); (4) the actual
success of crop establishment; (5) the inclusion of any
fertilizer application; (6) cover crop duration; (7) fre-
quency in the rotation; (8) cover crop final biomass; (9)
cover crop destruction technique; and (10) the duration
of bare-fallowing periods. All these factors have, how-
ever, proven essential to determine whether or not or-
ganic amendments and cover crops had any impact on
SOC changes over time (Blanco-Canqui, 2022; Dupla
et al., 2022).

The same applies to tillage, where pedo-climatic and
machinery conditions (axle loading, wheel or track sys-
tems, tillage tool), together with the depth, speed and
frequency at which the soil is tilled, all determine its im-
pact on soil properties and SOC evolution (Haddaway
et al., 2017). Categories like full tillage/reduced tillage as
used by CFT and the IPCC-based GStd,,,4 cannot repre-
sent this complexity. In both these cases, not mentioning
these details or not using a continuous parameter prevents
these protocols from accurately estimating SOC gains and
their associated SCCs.

3.2.3 | Different approaches to include
uncertainties

Most protocols include uncertainty assessment to incor-
porate the potential errors associated with (1) the initial
SOC stock quantification, (2) the modelled SOC evolution
and (3), if applicable, the resampling campaigns. Except
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for Nori, CFT and LBC, all protocols rely on a frequentist
error propagation approach to estimate how the summed
uncertainties compare with the modelled SOC gain at a
given confidence limit. CAR and Verra offer an alternative
option based on Monte Carlo simulations for uncertainty
simulation. Nori does not apply any uncertainty abate-
ment but runs two SOC stock simulations (year-by-year
and over the 10-year period) and selects the most conserv-
ative simulation to credit SCCs. CFT mentions the errors
associated with each of the factors that are used in their
simulation but does not include these errors in their equa-
tions while LBC applies a 10% abatement to projects that
are not based on in situ measured initial SOC stocks.

Including uncertainty analysis in SOC simulations is
essential to evaluate the reliability of the predicted SOC
stock changes. In a study evaluating the robustness of the
Century model to predict SOC evolution in US croplands,
Ogle et al. (2010) found for instance median uncertain-
ties of 119% at the regional level (US major land resource
areas) and even 707% at the local site scale (64.75ha per
primary sample units). To conduct such uncertainty
evaluation, both frequentist and Bayesian approaches
are common in GHG and soil biogeochemical models
(Gurung et al., 2020; Ogle et al., 2007; Xiong et al., 2015).
Therefore, the approach considered by most protocols ap-
pear satisfactory on this aspect, with the exception, how-
ever, of Nori, LBC and CFT, which are here insufficiently
demanding. The two-simulation approach of Nori and the
10% rebate of LBC assume indeed that the entire uncer-
tainties are included in the most conservative model for
Nori and in the 10% abatement for LBC, which cannot be
considered accurate across all sites and SCC projects, as
exemplified above. Finally, the exclusion of uncertainty
calculation from the SOC-stock equations in the CFT pro-
tocol prevents this protocol from reliably assessing the sig-
nificance of the modelled SOC changes.

3.3 | Current discrepancies and limits of
protocols based on sampling

In comparison to the challenges listed above, measuring
SOC changes through regular soil analyses could appear
more reliable at first glance. Currently, six protocols rely
at least partly on SOC measurements: BCarb, CAR, the
measurement-based protocols of GStd (GStd,,.), Verra,
CFI and the FAO protocol. Sampling strategies and SOC
laboratory analyses are, however, not immune to dif-
ferences and uncertainties that many protocols ignore
in part, if not entirely (Table 3). Monitoring SOC stock
changes implies indeed to be able to robustly quantify
SOC stocks despite the error propagation associated with
sampling and laboratory analyses.

3.3.1 | Soil sampling design

Sampling design is perhaps the most significant param-
eter impacting the robustness of SOC quantification. The
field area, the number of composite samples per field, the
number of soil cores per composite sample as well as the
sampling pattern in the field indeed are all key to take the
spatial variability of SOC properly into account.

Regarding first the area of the homogeneous surface
to be sampled - often referred to as a stratum — protocols
either do not set any upper limit (Verra and CAR) or set
relatively large ones (300ha for GStd,,.,s and 2600 ha for
CFI). In cultivated soils, the spatial variability of SOC is
known to increase with scale. A large study conducted
on 2700 soil profiles in the US grasslands revealed for
instance that the CV of the SOC content alone increased
with scale expansion, from 39% at the county scale to
54% at the state scale (Conant & Paustian, 2002). Fields
are units of homogeneous management leading to inner
field SOC spatial variability being, as a trend, smaller than
inter-field variability. SOC spatial variability, however, is
also known to increase with field size. A meta-analysis
on European cultivated soils found that the median co-
efficient of variation (CV, i.e., the ratio of the standard
deviation to the mean) for SOC was 3.5% for plots below
400m?, 6.8% for plots between 400 m? and 1ha and 8.0%
for plots between 1 and 20ha (Saby et al., 2008). Even in
relatively small-sized fields, there can be sharp contrasts
between soil types or history resulting in large SOC vari-
ability. A study conducted on sandy soils in South West
France found for instance a SOC CV of 24.1% on a 3.4ha
cultivated field because of the field's history (Arrouays
et al., 1997). Not setting any limit on the stratum’s area or
setting limits far beyond the field scale could therefore be
detrimental in terms of accuracy. After evaluating the soil
monitoring strategies of the 25 European Union member
states, the Environmental Assessment of Soil for monitor-
ing (ENVASSO) project concluded that SOC stocks should
be monitored at the field scale and even recommended
a lha upper limit for the stratum'’s area (Kibblewhite
et al., 2008), together with a sufficiently dense sampling
strategy.

In this respect, protocols do not require the number of
composite samples to be proportional to the stratum area
but require adapting this number to SOC variability. Some
protocols require a minimum number of samples per stra-
tum (3 for CAR and CFI, 3 to 5 for Verra and 10 for GStd,.,.)-
Despite this minimum number, most protocols (FAO, Verra,
Bcarb, CAR and GStd,,,) rather require the actual num-
ber to be determined statistically based on SOC variability
and on a desired precision level following standard power
analysis. To do so, FAO and Verra recommend a prelimi-
nary measurement of the SOC variance by extracting 5-10
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soil cores in an area of interest, without mentioning its size.
GStd,cse» CAR and BCarb also recommend conducting a
preliminary sampling program to obtain the SOC standard
deviation and CV, respectively, but without further detailing
how this presampling should be conducted. To our knowl-
edge, CFI is the only one not recommending this prelim-
inary step. Rather, this protocol penalizes designs that are
insufficiently robust by applying a discount for reporting
highly variable differences in SOC stocks.

Not all protocols require a set number of soil cores per
composite sample nor any statistical formula to calculate
it. FAO is the only one explicitly requiring 5-15 soil cores
per composite sample. The others do not mention this as-
pect. Verra has a general recommendation on the use or
adaptation of FAO procedures when sampling but does
not refer explicitly to this topic. This aspect is problem-
atic given that SOC displays a random and unpredictable
short-scale variability. To minimize this phenomenon,
known as the nugget effect, multiple core samples are

Contentgoc[ %] X Bulk density,,; [kg m™3] x Volume; [m?]

number of soil cores per sample, sampling pattern)
typically remain undisclosed, preventing buyers and
external parties from assessing how the errors associ-
ated with sampling were minimized. Ultimately, this
lack of transparency is detrimental to the reliability of
SCCs especially given the voluntary nature of the agri-
cultural SCC market.

3.3.2 | SOC stock sampling tools and
calculation methods

The SOC stock is commonly calculated as the stock per
unit of volume multiplied by the layer volume for a given
field surface (Equation 1). The stock per unit of volume is
obtained by multiplying the SOC content by the bulk den-
sity (BD). Quantifying stocks therefore implies taking a
series of decisions regarding sampling tools, soil depth
and calculation methods.

Stockgoe [kg SOC m™2] =

necessary. Deluz et al. (2020) found that a composite sam-
ple should include a minimum of 15 samples to detect a
0.1% point change in SOC with an average CV of 10% and
micro-heterogeneity standard deviation of 0.14% of SOC.
Given that SOC tend to display a CV equal to or greater
than 10%, soil samples should not contain less than 15
cores. In more heterogeneous conditions, the required
sample size should logically increase to avoid chances of
contamination with localized extreme values (Bradford
et al., 2023).

As for the sampling trajectory, all protocols recom-
mend a stratified random trajectory, where each stratum is
divided into subareas, in which one or several samples are
extracted. This trajectory is known for being the most ro-
bust (Brus & de Gruijter, 1997), although very demanding
in sampling resources and time (Mason, 1992). Another
pattern, known as the double-diagonal composite sam-
pling, was demonstrated to offer a balanced compromise
between reliability and ease of use, ensuring reasonable
representativeness of the plot surface and simplicity in ex-
ecution, even for farmers themselves (Deluz et al., 2020).
It is therefore surprising not to see this pattern at least
mentioned in these protocols.

All in all, these differences in sampling require-
ments between protocols are important but remain dif-
ficult to assess in practice, given that the final sampling
design of each SCC project is left to the approval of
each protocol's internal committee. For a specific SCC
project, the details regarding each aspect of the sam-
pling strategy (stratum area, number of soil samples,

1
Areafield [m2|

In terms of tools to measure BD, CAR and FAO require
a metal cylinder/ring, GStd,,. a soil probe, while CFI and
Verra do not recommend a specific tool. Not specifying the
BD tool is problematic given that each tool has a different
precision level. The error associated with BD estimation
using soil probes is indeed on average four times higher
than with cylinder because of a lower sampled volume
and a higher risk of compaction (Walter et al., 2016).
Since BD is a factor in determining the stock, the errors
and biases associated with BD determination carry on to
the layer stock.

On top of this, BD is also susceptible to variations of
up to 0.3tm™ in mineral soils because of changes in soil
tillage practices, soil moisture and SOC levels (Fontana
et al., 2015; Goutal-Pousse et al., 2016). Depending
on when sampling is conducted (e.g., before or after a
tillage operation, a drought or a heavy rain, etc.), sam-
pling a soil with a BD of 1.3 at fixed depth can therefore
display misleading SOC stock variations of up to 23%
(Deluz et al., 2020). To circumvent this bias, several au-
thors have suggested quantifying SOC stocks at equiva-
lent soil mass (ESM) rather than at equivalent soil depth
(see for instance Fowler et al., 2023; Rovira et al., 2022;
Wendt & Hauser, 2013). ESM quantification is increas-
ingly adopted worldwide and is required by CFI and
Verra but remains optional for CAR and is not required
for GStd,,.. This difference between protocols could
therefore lead to substantially different SOC stocks and
SCCs depending on which approach is selected (as illus-
trated in Figure 2).

85UB017 SUOWILLOD 3A1I1D) 3ot [dde au Aq pausenob a1e Ssoile YO ‘@SN JO S8|ni o} Akeiq18uljuQ AB|IM LD (SUOIHPUOD-PUB-SWLBH 00" AB 1M Aeiq Ul [Uo//:SdnL) SUOBIPUOD pue sWie 1 8y} 88S *[7202/£0/92] Uo Akeiqiauljuo A8|IM ‘1oq 8iWepes Y ayos1ezemyos Aq Z60ET WNS/TTTT 0T/I0p/00" A8 | 1M ARIq Ul |UO'S [euIN0ssq//:sdny Wwo.j pepeo|umod ‘€ ‘v20z ‘ev/2SLyT



DUPLA ET AL.

Before tillage
(to a 20cm depth)

. 11 0f 17
SoilUse %g;gg,n, Wl LEY

and Management Shive

After tillage

T 80 kg soil
JUPSEaa 1.6 kg OM
10cm

120 kg soil > 115cm 80 kg soil
2.4 kg OM 10em| - oemmmemme T 20em 1.6 kgOM
120 kg soil 80 kg soil
2.4 kg OM 20em . 30cm 1.6 kgOM
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2.0% OM content 2.0%
7.2 kg OM Fixed depth : in a 30cm layer 4.8 kg OM
7.2 kg OM Equivalent soil mass: in a 360kg soil layer 7.2 kg OM

FIGURE 2 Illustration of the importance of sampling at equivalent soil mass (ESM) to avoid flawed SOC stock estimates associated with

bulk density changes (here due to recent tillage).

In terms of sampling soil depth, all protocols rely on soil
being sampled at least in the top 0-30cm soil layer, with
Verra and GStd ., protocols requiring 50 cm and CAR rec-
ommending 1 m whenever possible. On average, the top
0-30cm soil layer of croplands contains 71% of the SOC
incorporated in the last 50years (Balesdent et al., 2018).
The differences in depth between protocols will therefore
lead to different SOC accrual kinetics and eventually to
different amounts of SCCs for the same farming practices.

One additional limitation concerns the fields in which
the soil is tilled at depth greater than 30 cm. In such cases,
SCCs associated with the adoption of reduced tillage prac-
tices could be problematic. Farming practices are indeed
known to modify the spatial distribution of SOC along
the soil profile. No-till practices tend for instance to ac-
cumulate SOC in the top 0-15cm layer whereas conven-
tional tillage leads to more homogeneous contents in the
ploughed layer (Du et al., 2017). If sampling is not con-
ducted at least in the ploughed layer, then a mere SOC
redistribution is susceptible to be wrongly interpreted as
SOC gain or loss.

3.3.3 | Varying SOC analysis methods

At the laboratory step, the protocols allow different sets
of possible procedures to quantify SOC. Dry combustion —
currently considered the most robust method - is always
allowed, while loss on ignition (LOI) is systematically ex-
cluded, and Walkley-Black titration only recommended
by FAO. These different methods provide well correlated

but not equivalent results. Differences of up to 20% are
observed unless inter-laboratory proficiency testing/ring
trials are conducted to apply correction factors (Johns
et al., 2015). Spectroscopy methods are also included by
GStd, CFI and Verra. Infrared spectroscopy (IR) is allowed
by these three protocols, while CFI and Verra also include
visible spectroscopy (Vis) and inelastic neutron scatter-
ing, respectively. Although encouraging, one could argue
that these spectroscopic methods are not mature enough
to be approved in SCC programs. Vis and IR spectroscopic
methods are indeed not currently standardized and can
lead to very variable results depending on the way the
samples were prepared (drying time and temperature,
milling size, optional use of KBr, etc.) and how the spec-
troscopic model was calibrated before use (number and
quality of local data) (Parikh et al., 2014). Field spectro-
scopic measurements using portable devices are currently
subject to the same limitations and can be also influenced
by the amount and nature of the coarse fraction (Reeves
et al., 2010).

Additionally, in the SCC context, one could question
the ability of spectroscopic methods to accurately quan-
tify SOC changes if the newly introduced conservation
practices changed the soil characteristics on which the
spectroscopic model was initially trained (e.g., addition
of a new type of organic amendment). Regarding inelas-
tic neutron scattering, this non-destructive in situ method
has currently only proven reliable to quantify SOC in the
top 8-10cm of soil and can display serious inconsistencies
at greater depths if several SOC distribution patterns with
depth exist (Yakubova et al., 2016).
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The impact of the coarse fraction (>2mm) of soils is
unevenly considered by protocols. In agricultural soils, the
coarse fraction can range from representing 0% to more
than 50% of the soil mass (Weil & Brady, 2017). Its capac-
ity to store SOC remains, however, negligible (Perruchoud
et al., 2000). Therefore, Verra, CFI, GStd,.,, and FAO re-
quire this fraction to be weighted separately and subtracted
when calculating SOC stocks, while CAR and BCarb do
not explicitly require this. Not adjusting SOC stocks based
on the importance of the coarse fraction can, however,
lead to significant overestimates. In a database contain-
ing more than 3000 agricultural soils, Poeplau et al. (2017)
showed for instance that disregarding this calculation step
would lead to overestimate SOC stocks by 10% on average
and by more than 100% for coarse soils specifically.

Finally, even with the most robust methods, signifi-
cant differences can appear between laboratories based on
sample preparation and analytical care. To limit this risk,
CAR, Verra, CFI and FAO require laboratories to demon-
strate proficiency and quality control. This control is often
ensured via external independent programs (e.g., the
American Proficiency Testing Program) that perform pro-
ficiency testing in which participating laboratories receive
the same samples to analyse and adjust their practices
based on the identified discrepancies. The FAO remains
more general and requires the laboratory to participate, at
least once a year, in interlaboratory proficiency tests and
to take action if the obtained result is questionable or un-
satisfactory. Despite the importance of such an approach
to ensure the reliability of SOC measurement, GStd,,
and BCarb do not explicitly require these external and/or
inter-laboratory quality controls.

These differences among protocols could therefore lead
to substantially different SOC stocks and stock changes
depending on which approach was applied. All these dif-
ferences have consequences on the quantification of SCCs
and ultimately on their reliability.

34 | Improvement avenues

3.4.1 | Improving model-based protocols

The MRV protocols relying mainly on models to predict
SOC changes display large differences and questionable
reliability, which are problematic if SCCs are to be taken
seriously. Several models, such as the ones used by CFT
and GStd,, 4, rely on simplistic parameters and omit key
agricultural variables. At the other end of the spectrum,
the protocols from Verra and CFI appear the most robust.
Nevertheless, based on the analysis conducted in the pre-
vious sections, we suggest the following improvements to
increase the robustness of model predictions: (1) initial

in situ SOC stock quantification should be compulsory;
(2) this quantification should use a robust sampling strat-
egy and SOC analysis methods (see Section 3.4.2 below)
by a laboratory demonstrating proficiency and quality
control; (3) all models should include the initial level of
soil depletion in SOC to avoid serious overestimates (and
underestimates); (4) climate parameters and agricultural
practices should avoid binary/tertiary categories (e.g.,
tillage/no-till) and move toward integrative continuous
parameters; (5) cover cropping intensity should be system-
atically required ideally with cover crop biomass measure-
ments or estimates; (6) uncertainty calculation should be
systematically included to account for the errors propa-
gated throughout the SOC stock estimation process; and
(7) predictions in SOC stock changes should be regularly
adjusted with measurements of SOC stocks at least every
10years.

We argue that models should as much as possible move
from qualitative to quantitative result-oriented variables.
When dealing with soil tillage for instance, indicators like
the Soil Tillage Intensity Rating (STIR) have proven more
robust at depicting the impact of soil disturbance than
limited categories such as tillage versus no-till (Dupla
et al., 2022). The STIR index assigns a score for each
farming intervention from seeding to harvesting and of-
fers a quantitative overview of soil disturbance over the
period of interest (USDA-ARS-NSL, 2003). Similarly for
crops and cover-crops, models should move away from
a presence/absence approach and instead target their
intensity in the rotation in terms of duration, number of
species and care taken to grow the crop (seeding method,
fertilizer application, irrigation, etc.) as well as biomass
(Blanco-Canqui, 2022).

Regularly adjusting predictions with SOC measure-
ments is especially important as the overall credibility of
current models to estimate SOC changes is increasingly
being questioned (Le Nog et al., 2023). Indeed, in a recent
review, Garsia et al. (2023) found that, out of the 221 exist-
ing SOC-simulating models, only 29% had been validated
at least once and in very limited geographic areas. The au-
thors also found ‘a general lack of clear reporting, numer-
ous flaws in model performance evaluation, and a poor
overall coverage of land use types across countries and
pedoclimatic conditions’ leading them to conclude that ‘to
date, SOC simulation does not represent an adequate tool
for globally ensuring effectiveness of SOC storage effort
and ensuring reliable carbon crediting’. Even CFI, CAR
and Verra that leave users a free choice of currently exist-
ing protocols should therefore not be considered blindly
as reliable. The observations from Garsia et al. (2023)
on the fragile nature of current SOC simulation models
should also serve as a warning that the more exhaustive
and complex models we are calling for may first need to
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be developed, tested and confirmed before actually being
included in SCC protocols.

Finally, none of the reviewed protocols, except PVivo,
explicitly require excluding exogenous organic amend-
ments. Organic amendments are nevertheless a sensi-
tive category in SCC programs. While their addition is
known to significantly increase SOC stocks, their inclu-
sion cannot be straightforward in SCC programs. If or-
ganic amendments are exogenous in the sense that they
come from another field or farm (e.g., as compost, straw,
manure, or slurry), then their addition corresponds to a
transfer of carbon rather than a net storage (Petersson
et al., 2024). In such circumstances, the observed or mod-
elled SOC increase is not matched by an additional CO,
drawdown resulting from additional photosynthesis and
should therefore be discarded in SCC programs.

3.4.2 | Improving sampling-based protocols
Overall, the MRV protocols relying on SOC measurements
provide several indications of soundness. For instance, all
protocols require a satisfactory minimum sampling depth
(provided that the soil is not ploughed below 30 cm) (Smith
et al., 2020). Sampling strategies also appear adequate to
minimize variability and errors but remain difficult to
fully assess given the discretion left to the applicant and to
the undisclosed work of the protocol's internal committee.
Nevertheless, we argue that several aspects should be
enforced to ensure SCC credibility: (1) sampling design
requirements should be objective and verifiable (homog-
enous areas should be explicitly limited in size, ideally at
the field scale, with a set number of composite samples
and a minimum of 15 soil cores per composite sample)
and should not be left open to the SCC applicant, to the
protocol internal validation team or any potential third
parties; (2) soil bulk density measurement should avoid
tools associated with exceeding measurement errors (e.g.,
soil probes); (3) SOC stocks should systematically be cal-
culated at ESM to avoid flawed estimations associated
with bulk density changes; (4) the soil's coarse fraction
should systematically be measured and excluded from
SOC stock calculations; (5) dry combustion should be fa-
voured until other SOC-measurement methods, such as
spectroscopy, become mature and standardized; (6) the
selected laboratory should demonstrate proficiency and
quality control; and finally, (7) SCC programs should
not be limited to 5years but should be extended to 10, or
even 20years. We recognize that most protocols currently
rely on uncertainty deductions rather than on prescrip-
tive sampling requirements to ensure that the project
developers optimize their sampling strategy. However, as
stated above, as long as these aspects remain undisclosed,
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neither the buyers nor external bodies have the means to
assess the actual rigour of this fundamental aspect of SCC
quantification.

To be fully reliable, measurement-based SCCs require
extending the timescale of SCC programs. In several
cases, significant SOC changes are not noticeable within
5 or 10years. Therefore, rigorous carbon storage programs
should be structured as long-term commitments where
SCCs would be only granted when SOC changes exceed
minimal detectable change thresholds. In the most ex-
treme situations (intense investment in regenerative agri-
culture on a SOC depleted soil), significant SOC changes
can be noticeable after a couple of years, but in most cases,
these changes have been measured to take 10-20years
(Dupla et al., 2021). Waiting for 20years to certify SCCs is
however absurd given the climate emergency. The goal of
carbon markets is to encourage emitting organizations to
include as rapidly as possible the carbon burden in their
accounting, hoping that this will trigger a rapid and du-
rable decrease in their carbon footprint. In addition, the
operational costs of such a long-term monitoring program
may refrain both farmers and brokers from stepping in.

Two avenues of action can be considered here. The first
option would be to improve the model requirements and
integrate them in the hybrid approach already fostered by
CAR, CFI and Verra, where simulated changes would be
regularly trued-up by empirical measurements. One way
forward could be to produce a unique and standardized
method for assessing changes in SOC stocks, along the
lines of the ISO standards, already widely used in soil sci-
ence (Hortensius & Welling, 1996). Such a reform would
need, however, to include a reflection on its potential im-
pact in terms of additional socio-economic costs in order
to ensure that the gains in reliability do not come at the
expense of SCC attractiveness. The other approach would
be to broaden the scope of SCC programs so that incen-
tives would move from carbon storage to soil regenera-
tion. Carbon storage is indeed only one function ensured
by soils among several other essential ones (e.g., water and
nutrient retention and cycling, habitat and food for living
organisms, medium for plant growth, etc.). One-eyed soil
strategies exclusively focused on SOC storage face the risk
of having detrimental consequences on other soil func-
tions and on soil quality as a whole, as explained by Baveye
et al. (2020). Deep tillage is an example of this risk of ad-
verse effects. From a SOC storage perspective, occasional
deep tillage may offer the potential to safely store SOC in
deeper layers with lower mineralization rates. However,
this practice disturbs the whole soil structure and ecosys-
tem with potentially dramatic impacts on crop yields, soil
erosion, or water regulation, just to cite a few. In broader
soil quality schemes, SOC storage and SCCs would be co-
benefits ensuring the highest performing farmers are still
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incentivized to maintain favourable practices, even when
their soils reach SOC saturation.

4 | CONCLUSION

On top of moral questions regarding the act of selling non-
satisfactory products, the current climate emergency can-
not afford empty promises. If agricultural SCCs are to play
a leading role in the fight against climate change, then the
protocols generating them need to be robust and reliable.
Our study indicates that wide disparities currently exist
between protocols in terms of their ability to model and/or
monitor SOC storage over time. Some protocols, like Verra
or CFI, have emerged as largely satisfactory whereas oth-
ers are currently not precise and restrictive enough in their
requirements to lead to reliable SOC stocks estimates. We
have therefore suggested improvement avenues aiming
at ensuring that initial SOC stocks are accurately quanti-
fied and that their change with time is reliably monitored.
More generally, SCCs could be integrated into broader
soil quality programs in order to ensure (1) that other soil
functions and services are equally preserved and possibly
even improved and (2) that beneficial farming practices
are not halted (or even worse, reversed) once SOC stocks
are replenished.
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