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1. Introduction

1.1 Background

Soils are the largest terrestrial reservoir of organic carbon (Batjes 1996; Friedlingstein et a/. 2022), yet great
uncertainty remains in estimates of soil organic carbon (SOC) and changes therein at global, continental,
regional and local scales. There is growing recognition of the importance of monitoring changes in SOC stocks
in the broader context of climate change mitigation ((IPCC 2022), SDG 13 (UNEP 2023)), halting and reversing
land degradation (SDG 15), ensuring human livelihood/health (SDG 1,2,3) and reversing biodiversity loss
((IPBES 2019); SDG 14, 15). Being able to reliably quantify the amount of organic carbon that is stored in soils
and to accurately measure and mode/how these amounts change with management practices and land use
change forms the first step towards making informed decisions about how soil carbon stocks can be
preserved or increased and ecosystem services improved (UNEP 2012; Banwart ef a/. 2015; FAO-GSP 2017
WorldBank 2021; Rumpel et a/ 2022). In this context, it is important to very carefully distinguish the
“sequestration of SOC from mere transient increases in SOC storage that follow the incorporation of manure
and plant residues into soils” (Janzen 2006; Chenu et a/. 2019; Baveye et al. 2023; Moinet et al. 2023).

Generally, it is assumed that soil organic matter (SOM) consists of about 58% organic carbon, and this factor
is then used to convert soil organic matter into estimates of soil organic carbon, which is a simplification (e.g.,
De Vos et al. 2007; Lettens et a/. 2007; Pribyl 2010). SOM itself is an important determinant of the quantity
and quality of many ecosystem services (e.g., UNEP 2012; Bouma 2014) and soil functioning (e.g., Nannipieri
et al.2003; Creamer et a/. 2021). Importantly, drivers of change in SOM are not exactly the same as the drivers
of change in the SOC stock (e.g., Banwart et a/. 2015).

Soil carbon stocks and GHG (greenhouse gas) fluxes vary with environmental conditions such as soil type and
terrain (e.g., drainage, exposition), climate, and land use and management (e.g., agriculture, forestry,
peatlands, and urban land) (Wiesmeier et a/. 2019; Beillouin et a/. 2023). The overarching policy setting, such
as the EU CAP/GreenDeal (Bouma et a/ 2021), European Parliament Directive on ‘Soil Monitoring and
Resilience’ (European Commission 2023), and United Nations Framework on Climate Change (United Nations
2014), create conditions aimed at maintaining current carbon stocks in carbon-rich ecosystems (e.g.,
peatlands, mangroves) as well as increasing SOC stocks and reducing GHG emissions. These complex

ecosystems will respond differently to defined anthropogenic land use activities and environmental change.

The EU Commission’s proposed Framework for Carbon Removals Certification’ (30 November 2022) aims to
incentivise increased carbon removals. Alongside other removals options, this includes a specific focus on
promoting ‘carbon farming,’ a category that includes nature based solutions. The Framework establishes rules
to certify and govern removals, with the stated aim of ensuring high quality carbon removals within Europe

and thereby trigger upscaling of carbon removals. Central to the Framework’s approach are the so-called four

1 https://ec.europa.eu/commission/presscorner/detail/en/ip_22_7156
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QU.A.L.ITY criteria that define certification requirements related to quantification (QU), additionality (A), long-
term storage (L), and sustainability (ITY). The Framework mainly intends to mobilise additional funding for
carbon farming activities and could entail a significant shift towards market-based incentives for mitigation
in the land sector. Voluntary carbon markets are increasingly offering market-based incentives to landowners
but until now, European policymakers have predominantly relied on action-based and regulatory approaches

to manage the land sectors, as exemplified by the EU Common Agriculture Policy (CAP).

In data scarce regions, global default values for reference SOC stocks and emission factors are commonly
used to infer changes in SOC stocks over time and variation over space, subject to defined land use and
management interventions, using empirical models i.e., Tier 1 level approaches (e.g., UNCCD 2017; IPCC
2019b). The use of such default values, however, is prone to little accuracy and high uncertainty when applied
to estimate soil carbon stocks in local/landscape scale projects. Through physical (/n-s/tu) soil sampling
combined with modelling (data-driven and process-based) and remote sensing (hybrid approach),
researchers, project managers, and agricultural practitioners can estimate current SOC stocks and changes
under different land management practices. For instance, repeated measurements of soil carbon
concentration, bulk density and proportion of coarse fragments show how land management impacts SOC
stocks over time and space. When paired with sustainable soil management and agricultural practices, the
information can be used in financing frameworks to promote carbon sequestration while supporting
livelihoods through increased soil health and possibly agricultural yields, as well as addressing climate
change. In practice, however, the cost of taking sufficient samples to reliably monitor changes in carbon
farming projects can be prohibitive, hence the need for developing new (e.g., hybrid) approaches as discussed
later in this report. Ultimately, for such practices to be rewarded the reported SOC gains need to be verified by
a third party. Importantly, the experts or companies who are in charge of carrying out monitoring and reporting
should not also carry out the verification, due to a possible conflict of interest; see for example the

independent review of Australian carbon credit units (ACCUs)2.

Consistent and accurate monitoring of changes in SOC stocks (and net GHG emissions), reporting, and their
verification, is key to facilitate investment in sustainable land use practices that maintain and increase soil
carbon, as well as to incorporate soil carbon sequestration in GHG emission reduction targets at the
international and national level (e.g., Nationally Determined Contributions, NDC) (Bellassen et a/. 2022). Yet,
according to Wiese et a/. (2021), only 28 out of 184 countries in the Paris Climate Agreement referred to SOC,
peatlands or wetlands in their NDCs: "to increase country commitments and attention to managing SOC, there
is a need forimproved SOC measurement and monitoring, for better evidence on the impacts of management

practices on SOC, and for incentives for farmers to change practices and overcome barriers.”

The short- and longer term socio-economic perspective of farmers versus the long-term perspective of SOC
sequestration projects needs to be considered too (Funk et a/ 2015; Buck and Palumbo-Compton 2022;
Rumpel 2022; Wander and Ugarte 2022). Soil management interventions aimed at increasing organic matter

(i.e., SOC) levels in soil and to decrease organic carbon loss in soils of different agro-ecological and urban

2 https://www.dcceew.gov.au/climate-change/emissions-reduction/independent-review-accus
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systems have been described elsewhere (Lal 2020; Dick et a/. 2022; FAO/GSP 2022; Mora et al. 2022; Paul
and Leifeld 2022; Beillouin et a/. 2023; Khangura et a/. 2023).

While most MRV schemes focus on total organic carbon, it should be noted that the carbon in soils consists
of different forms that are chemically varied and have characteristic turnover times (Baldock et al. 2013). The
complex biological basis of SOC sequestration has recently been reviewed by Lavelle (2022), while Doetterl et
al. (2022) focused on the effects of biotic and abiotic factors controlling soil organic carbon dynamics at
continental to global scales. Potential, actual and attainable SOC sequestration are determined by defining
factors, such as clay mineralogy and soil aeration, limiting factors (e.g., climate) and reducing (e.g., erosion,
residue removal, soil fertility decrease, land mis-management) or increasing (e.g., improved land
management, crop rotation, cover crops, additional C inputs) factors as visualised in Figure 1 (Ingram and
Fernandes 2001). Further, there may be stoichiometric (Xu et a/ 2013; Kirkby et a/. 2014; de Vries 2017,
Bertrand et a/. 2019) and microbiological limitations (van Diepeningen et a/. 2006; Ulrich et a/. 2010; Berner
et al. 2011), as well as often overruling social and economic limitations to attainable SOC gains (Izac 1997,
Funk et al. 2015; Batjes 2019; Keel et a/. 2023).

Although soils are a promising reservoir to store carbon, long time scales are generally required to sequester
amounts of (stable) carbon of relevance to mitigate climate change (Amundson 2022; Sierra and Crow 2022).
Alternatively, labile carbon (particulate organic matter) can also play a role in climate change. Some
particulate organic matter (POM) can persist over longer time scales, as it can be trapped within soil
aggregates where it is not available for soil microbes to cycle (Bossuyt et a/. 2002; Six et a/. 2002). For the
fast decomposing POM, this is a dynamic stock, the stock and C accrual can be high, but management needs
to be maintained to be relevant for climate change mitigation (Angst et a/. 2023) as there is a high risk of

reversal.

Possible gains in SOC are considered to be finite (Hassink 1996; Cotrufo et a/. 2019) and are reversible upon
changes in land management practices (Noordwijk et a/. 2015; Zomer et al. 2017). The validity of the widely
accepted assumption of ‘possible SOC gains being finite’ has recently been questioned by Begill et a/. (2023)
and subsequently rebutted by Cotrufo et a/. (2023).

Importantly, interventions that are focused on SOC sequestration and climate change mitigation may not lead
to increased crop productivity (Janzen 2006; Moinet et a/. 2023), and often operate on longer-time scales than
many smallholder farmers can ‘stomach’ financially (Funk et a/. 2015). Recently, Tamba et a/. (2021) found
that the main incentives for smallholder farmers to participate in carbon payments schemes are non-
monetary. These include improved yields, building soil resilience, increasing soil organic matter as a source
of N aiming to cut down the inorganic N fertiliser application, access to financial advisory services and credit,
investments in local infrastructure, and the development of income-generating activities. Such co-benefits
play a central role in carbon payment projects as they can enhance the likelihood of permanence, a central
issue related to the credibility of soil carbon credits (Tamba ef a/ 2021). In this context, it also important to
be aware of the risk of land grabbing associated with some ‘carbon credit’ and ‘biofuel’ projects and large-

scale investments in farmland (Lorenzo et a/. 2009; De Schutter 2011; Yang and He 2021).
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Figure 1. Effects of soil type, climate and management factors on the retention of SOM in soils (Ingram and Fernandes 20017).

The abbreviation MRV, as used in this review, stands for Monitoring, Reporting and Verification3. The
monitoring activities under consideration are related to national scale inventories, landscape and/or project
scale inventories, and those focusing on the carbon markets (e.g., voluntary and compliance). The economic
considerations of carbon market-oriented MRV'’s, i.e. underpinning business models, are intricate and
discussed elsewhere (see for example the EJP Soils Road4Schemes4 project, Cevallos et al. (2019) and
Nogues et al. (2021)). Payment models can focus on conserving soil carbon, reducing net emissions from
soil, or increasing sequestration of carbon into soils. Most voluntary carbon market schemes work on the
basis of ‘Net Abatement’, i.e. soil C stock increases plus soil derived GHG emissions reductions. Ultimately
MRV use soil C stock data in different ways, and it is not simply measuring change in soil C stock. In fact, for

some MRVs change is not required, as discussed later in the document.

Four broad types of payment systems applicable to projects sequestering soil carbon in agricultural settings
have been identified by the WorldBank (2021). Listed in order of increasing complexity, cost to implement, and

confidence of atmospheric impact, these are: a) Payment for practice (input-based system); b) Payment for

3 In the UNFCC Bali Action Plan 2007 (paragraph 1bii), the term MRYV first was coined as follows: “Nationally appropriate
mitigation actions by developing country Parties in the context of sustainable development, supported and enabled by
technology, financing and capacity-building, in a measurable, reportable and verifiable manner” (see UNFCC 2014. Handbook on
Measurement, Reporting and Verification for developing country parties, United Nations Climate Change Secretariat, Bonn, 56 p.
United Nations Climate Change Secretariat). In the context of national MRV systems and their purpose, however, it often turned
out in practice that a broader sense as reflected by the term ‘Monitoring’ might be more appropriate (Wartmann S, Larkin J,
Eisbrenner K and Jung M Elements and Options for National MRV Systems, International Partnership on Mitigation and MRV, 37
p. https://carbon-turkey.org/files/file/docs/Elements_and_Options_for_National_MRV_Systems.pdf). Throughout the present
review we use ‘M’ for ‘Monitoring’ when dealing with national and sub-national level MRV systems.

4 https://ejpsoil.eu/soil-research/road4schemes
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practice with performance dividend, c) Payment for performance (output-based system), and d) Carbon-

market, voluntary or compliance.

Although much progress in national and sub-national level MRV has been achieved over the last two decades
(Batjes and van Wesemael 2015; Aitkenhead 2022; Black et a/. 2022; Kuhnert et a/. 2022; Rumpel et al. 2022;
Sierra and Crow 2022; Wang et al. 2023), a recent poll of staff working in environmental organisations,
businesses, academic researchers and government entities identified MRV as “one of the largest challenges
by entities developing C farming schemes” (European Commission 2021). The most common challenges
according to the poll were the “lack of robust monitoring, reporting and verification systems as well as
knowledge about the relevant costs.” This is revealing considering that UNFCC (2014) principles indicate that
MRVs should be “transparent, complete, consistent, comparable and accurate” and also consider the common

sense principles of being “pragmatic, cost-effective, scalable, timely, and operational”.

1.2 Aims of review

An MRV framework provides a theoretical description or concept of a comprehensive MRV system, as
generically outlined for example in Paustian et a/ (2019) and Smith et a/. (2020). The framework is defined by
the context of the MRV, for example ‘assess changes in SOC stock over time in croplands subject to defined
land use/management interventions or changes in policies’. The framework itself consists of various

components:

e Methodologies for monitoring (e.g., protocols for soil sampling, description of the modelling
approach), reporting (e.g., which farm management data to provide and when) and verifying (e.g.,
take soil samples for a part of the carbon estimation area or use of remote sensing to verify changes
in management) aimed at quantifying and verifying SOC change over time vis a vis a baseline and
intervention scenario. These are described in protocols that provide a step-by-step procedure on how

to solve an issue, following a uniform set of standards (Stanley et a/. 2023).

e Rules (e.g., soil depth and period to be considered for assessing SOC stock changes, carbon farming
practices considered or not, verification procedure) for establishing and implementing carbon

farming (CF) projects from project plan to certification.

e Guiding principles: These concern for example additionality, permanence, double counting, carbon
leakage or the management of uncertainty and risk associated with carbon farming projects, and how

carbon discounts are applied.

The primary aim of this review is to provide an inventory of current MRV initiatives with a focus on croplands,
grasslands and forests, and to evaluate their main characteristics along the lines recommended by the
CIRCASA project (Smith et a/. 2020). This will serve to identify possible ‘building blocks’ and associated

methodologies for a ‘cookbook’ (blueprint) towards an MRV framework applicable to different contexts (e.g.,
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national and subnational reporting, CAP, voluntary C market, insetting/supply chain) and at different levels of

complexity (Tiers) depending on the context of application and the availability/accuracy of input data.

The review consists of five chapters, one appendix, and a glossary of commonly used terms. The introductory
chapter, which sets the context, is followed by a description of the main MRV components and associated
methodologies (Chapter 2) considering the frameworks developed by 1) the CIRCASA project (Smith et a/.
2020), focussed on Nationally Determined Contributions (NDCs), and 2) by Paustian et a/. (2019) with greater
focus on farm level carbon farming projects. Building upon this, in Chapter 3, we provide an inventory and
classification of current MRV methodologies and subsequently ‘score’ them using characteristics first defined
by the writing team itself and thereafter discussed/refined during two international ‘stock-taking’ workshops
and one ‘stakeholder’ webinar. The fourth chapter identifies knowledge gaps and provides an outlook on what
directions Task 4.2 (‘Cookbook for a blueprint of an MRV framework for croplands SOC stock changes’) and
Task 4.3 (‘Building an integrative and multi-ecosystem MRV framework for SOC stock changes’) might take.

Conclusions are presented in Chapter 5.
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2. Description of main MRV components

2.7 Context

As an output of the CIRCASA project, Smith et a/. (2020) have proposed an MRV framework for cropland
dedicated to NDCs (Figure 2). This figure presents how different building blocks (e.g., datasets, models) could
contribute to the three components of MRV (Monitoring, Reporting and Verification) of SOC changes. The
study also provided a methodological basis for the ground monitoring, for modelling and for the verification
of SOC stock changes. It requires to combine different datasets (e.g., input for models, calibration and
validation data), together with models (e.g., empirical, soil process models, crop models, carbon balance
models), embedded in a spatial data infrastructure (SDI) allowing for handling of databases, intensive

computing, decision support systems, and verification and distribution of MRV results/reporting.

A ‘building block,” in Figure 2, is one of the separate parts that can be combined to make the MRV itself. For
example, spatial data layers (e.g., soil properties, land management), process-based models, data-driven
models, and Earth Observation (EO) data). The building blocks themselves can be assembled in an operational
processing chain to be applied in one or several contexts of applications (e.g., CAP, Carbon market, NDC).

Note that the same building blocks (and their constituting parts) can be used in one or several components
of an MRV.

7) Spatial soil re-sampling survey grid (M/V) 6) Remote sensing (M/R/V)
Same sites — resampled each decade | tO0 year % * Verify activity data
Used for ground-truthing SOC change [—t+10 years * Inputs to run models
Used for ground-truthing activity data] t+20years, Et%. T * Soils and vegetation
5) Activity data (M/R) = Iﬂ
* Management data |" - = ': 2) Shorter-term experiments (M)
* Field / farm level ;<A e /* At long-term sites .
+ Self-reporting o Measure fluxes t 0 (days)
4) Spatial data to drive models (M/R), o * Investigate processes t+x (days)
-, ° Climate + Develop novel tools | I*¥ (days), etc.
g@' * Soils e + Calibrate models
* Land cover, etc. -
3) SOC / GHG models (M/R) j La ndsEa pe 1) Long-term experiments at
£ H benchmark sites (M)
+ Developed using short- and long-term data s O‘n different land uses t 0year
« Calibrated using short- and long-term data = DRtsreswiEamens t+10 years
* Evaluated against long-term data SOC Cha nge * Long term SOC measurement t+20years, etc.
+ Applied to derive tier 2 EF _ (decades) or chronosequence
* Applied using spatial data as tier 3 methodology over tlme

* Verified using survey data and remote sensing Key: B = long-term experiment O =farm

Figure 2. Building blocks of a soil monitoring, reporting and verification framework. The letters M, R, V, indicate to which
component(s) each building block could contribute (Source: Smith et al. 2020).

The ORCaSa project has received funding .
from the Horizon Europe Programme under ORCaSa Deliverable D4.1
grant agreement n® 101059863. 15




¥

ORCaSa

Because soil carbon matters

A different framework (Figure 3) has been presented by Paustian et a/. (2019). It includes components similar
to the one proposed by Smith ef a/. (2020), as well as a scalable quantification platform (which is not really
detailed in the paper itself), and further considers the different communities that should be served by an MRV
(e.g., national policies, carbon finance market, and supply chains). Further, unlike the figure extracted from the

Smith et a/. (2020) paper, Figure 3 visualises a clear flow order from left to right.

GLOBAL SOIL INFORMATION SYSTEM

Regional/ National

- Activity National Policies,
Dﬂmbmes Assessments International

Commitments
Soll Manitoring spatial \ Jﬂemole U, A “' :
Networks sensing - .
® [ Model T / U ? . 'ﬂ‘
.‘ \ /e Validation " P
%o 4 A
% ® t

&

B Practice Effects, Models

1%/

Modi

y-terr ngeeﬁ{:ypmem Scalable \

1ents Quantification " |
' m

Platform DSS - Fleld/Fur

Land Manager
Assessments

Input Supply Chains,

Incentive Programs

Figure 3. Schematic representation of components and information flow for an approach to quantify soil carbon stock changes
(and net GHG emissions) from field to national scales, aimed at supporting different implementation policies to remove
atmospheric CO2 and sequester soil carbon (From: Paustian et al. (2079)).

Depending on the size of the area to be monitored, the availability/accuracy of the input data (e.g., climate,
remote sensing, soil properties or activity data), protocols for sampling/measurement, monitoring frequency,
scale of interest (e.g., farm/plot level, landscape level, subnational, national and international) and purposes
(e.g., carbon farming, insetting, CAP, NDCs), different MRV approaches, and associated methodologies, will

be needed.

Based on the above and related discussions three components for an MRV framework were defined (Figure 4);

these will be discussed in the following (sub)sections:

e  Monitoring, which includes experiments, direct (soil) measurements, activity data, spatial data layers,
Earth Observation (M1 to M5) aimed at developing and/or applying models (M6 to M8). The gear wheel in
the green monitoring box (M) serves to illustrate that these activities are performed within the context of
a scalable quantification platform.

e Reporting, which includes rules and procedures (R1 and R2).

e  Verification, which includes rules and procedures, verification itself, proof of adoption of practice and, data
(soil and/or EO) for verification (V1 to V4).
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Figure 4. Schematic representation of components, building blocks, and information flow for a generic, scalable MRV system.

As indicated earlier, a building block is one of the separate parts that can be combined to make the MRV itself;
note that the same building blocks (and their constituting parts) can be used in one or several components of
an MRV.

2.2. Monitoring

2.2.2 Data Preparation

2.2.2.1 General considerations

This section addresses building blocks M1 to M5 of Figure 4.

Differences in how protocols for the carbon market (e.g., ERF (Emission Reduction Fund), NDC, CAP, C market,
insetting) estimate SOC stock changes and net GHG reductions, as well as differences in context of their
application, may create the risk of creating credits that are not equivalent or even comparable (Demenois et a/.
2021; Oldfield et a/. 2021; Arcusa and Sprenkle-Hyppolite 2022; Tamme 2022; Paul et a/. 2023). This diversity
makes it cumbersome to determine net climate benefits that have been achieved, unless verified by soil
sampling and/or modelling based on harmonised measurement and modelling approaches. As soils are
characterised by high spatial variability, direct (in situ) measurement requires an appropriate sampling design
and sampling protocols (Minasny and McBratney 2006; Tirez et al. 2014; FAO-GSP 2020; Brus 2022; Buenemann
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et al. 2023). Alternatively, experiments are needed to determine the short- and long-term relationships between
environmental (e.g., ENSO (El Nino Southern Oscillation) and management factors and SOC dynamics (Gardi et a/.
2009; van Wesemael et a/. 2010; Arrouays et a/. 2018; Arrouays et al. 2021).
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Earth observation from satellites and remote sensing can provide a valuable and timely source of data across
countries and regions on natural resources and ecosystems. These data can be combined with other geo-
referenced socio-demographic, economic and public administration data, for example to model changes in
GHG emissions (e.g., Stevens et al. 2012; Tziolas et al. 2021; Dvorakova et al. 2022; van Wesemael et a/. 2023).
Vaudour et al. (2022) reviewed recent satellite-based spectral approaches for SOC assessment with several
satellite sensors for different study scales and geographical contexts. Most approaches that rely on purely
spectral models have been carried out since 2019 and these mostly considered temperate croplands in
Europe, China and North America at the scale of small regions (some hundreds of km2.) These studies mainly
considered SOC content in the uppermost layer of mineral soil, and often included limited calibration against

field measurements.

Most satellite-derived SOC spectral prediction models use limited pre-processing and are based on bare soil
pixel retrieval after Normalised Difference Vegetation Index thresholding (Vaudour et a/. 2022). Many models
used partial least squares regression to predict SOC content and SOC stock from the spectra, while random
forest and other machine learning algorithms such as support vector machines are also frequently used.
Vaudour et al (2022) did not find any studies on deep learning methods, or on all-performance evaluations and
uncertainty analysis of spatial model predictions. Nonetheless, their review identifies satellite-based spectral
information, especially derived under bare soil conditions, as a promising approach that deserves further

investigation. The ongoing ESA WORLDSOILSS project will take the analysis a step further by: a) modelling soil
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