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Executive Summary

Purpose

This deliverable (D4.1) evaluates the mitigation potential and associated
uncertainties of carbon farming (CF) practices across five key agricultural systems:
woody crops, peatlands, arable lands, grasslands, and agroforestry. It supports the
MARVIC project’s aim of developing harmonised, context-specific Monitoring, Reporting
and Verification (MRV) systems that align with the objectives of the EU Mission Soil and
the Carbon Removal and Carbon Farming Certification (CRCF) Regulation. The report
compiles scientific evidence to inform the design of effective mitigation strategies across
diverse pedoclimatic and land management contexts.

Intended Audience

This report is intended for EU and national policymakers, land-use planners,
environmental managers, and researchers in agriculture and climate change mitigation.
It also targets practitioners and stakeholders implementing or advising on CF practices,
especially those developing MRV tools and frameworks.

Description of the Main Activities

The report is based on extensive literature review and meta-analyses. Where
published meta-analyses were available (e.g. arable land), they were leveraged;
otherwise, new analyses were conducted (e.g. woody crops). The analysis examined
carbon dynamics, including SOC content and stocks, biomass carbon, and GHG
emissions, alongside ecosystem co-benefits.

Scientific publications and datasets from EU-funded and national research
projects were used, e.g. EJP Soil CarboSeq. Management practices were grouped for
comparability, and practices were analysed across systems using standard metrics
where possible. Limitations due to data scarcity and methodological inconsistency were
documented and evaluated.

Key Results

Result 1: SOC gains are maximised through specific CF practices.

Practices like no-tillage, organic amendments, and cover cropping increased
SOC stocks in most systems, particularly in olive groves and vineyards. The combination
of no-tillage, pruning residue mulching, and cover crops yielded the highest SOC
concentrations.

Result 2: Peatland rewetting has substantial mitigation potential.

Rewetting significantly reduced CO, emissions and enhanced carbon stability.
However, insufficient data on CH, and N,O fluxes, and dissolved organic carbon (DOC),
limits full evaluation of long-term outcomes.

Result 3: Agroforestry systems deliver high and stable carbon storage.

Silvoarable systems showed higher carbon sequestration than silvopastoral
systems, especially in alley cropping. Hedgerows displayed greater—but more variable
—sequestration potential. Management intensity influenced the sequestration outcomes
significantly.
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Result 4: Grasslands support both mitigation and biodiversity goals.

Improved grazing management, reseeding, and conversion from arable land to
grassland led to notable SOC gains and ecosystem benefits. SOC stocks were highest
under permanent grassland and organic inputs.

Result 5: Arable land benefits from reduced tillage and rotations.

Zero tillage had the highest SOC sequestration potential in arable systems,
however most studies focused on topsoil, which will overestimate the potential, as
several studies showed decreasing SOC stocks in the subsoil. Cover crops and organic
amendments also contributed substantially to soil carbon sequestration, particularly
when combined with improved crop rotations.

Research and Practice Implications

These findings highlight the need for long-term, standardised field studies
capturing full soil profiles and reporting management history. SOC responses varied by
depth, system, and management intensity. Co-benefits such as erosion control, improved
soil health, and biodiversity enhancement were commonly associated with CF practices,
especially under olive groves and vineyards.

Enhanced collaboration is needed to harmonise methodologies and facilitate
meta-analyses across pedoclimatic gradients. Integration of below-ground biomass data
for agroforestry systems and GHG flux measurements for peatlands remain essential.

Policy Implications

Policy interventions should prioritise agroecological approaches that enhance
SOC sequestration, reduce GHG emissions, and improve resilience, such as cover
cropping, agroforestry, and peatland rewetting. Tailored incentives, capacity building, and
long-term funding mechanisms are key to supporting CF adoption. The results also show
a large variability, which implies the need for the development of region-specific policies
to align mitigation strategies with local socio-economic and environmental contexts.

Conclusion

D4.1 provides robust evidence on the mitigation potential of diverse carbon
farming practices, identifying strategies and key knowledge gaps. The findings will inform
the development of reliable MRV systems and guide future research, supporting EU
climate targets and sustainable agriculture objectives.

. " Project MARVIC has received funding from the Horizon Europe v
i Programme under grant agreement no. 101112942



Deliverable 4.1. Evaluating the mitigation potential (and Q MARVIC

uncertainties) of carbon farming practices (carbon removal in

. . .. . MRV for carbon farming
soil and biomass, GHG emissions from soil).

Table of Contents

Document iNfOrmMation ... i
Document revision NiStOrY ... ... e i
Contributing PAMNErS .......oueii e e iii
EXECULIVE SUMIMAIY ... iv
Table OFf CONENTS ....oeiiiiiiiiiieeeeeeee ettt iv
] A =T o] =PRI viii
LISt Of FIQUIES ... ix
Acronyms and abbreviations.................uuiiiiiiiiii Xi
PR 11 o T ¥ T3 1T o T 1
A (e ToTo | A o] o L PP P PP PPPPPPPPPPP 4
2.1. Methodology for information search................ccccciiiiiiiiiiiiis 4
2.2. Management CONSIAEIEA .........uuuuuuiiiiiiiiiiiii bbb enennnee 5
2.3.Variables USEd..........uuuiiiiiiiiiii e 6
2.4, ALY SIS ottt a 6
2.5, CO-DENETIES ... 8
2.6, RESUIES ... e 10
2.7 . DISCUSSION ...ttt n e 23
2.8, INSIGNTS ... e 25
3. Peatlands..........oooo 28
3.1. Methodology for information Search...................uueueiiiiiiiiiiiiiiiii. 28
3.2. Management CONSIAEIEA ..........uuuuuuiiiiiiiiiiiiiieiiiiiiiieiebbbebebebeb bbb eeebeeebeeeeeeennnes 28
3.3. Variables USEA........ooii i 28
34 ANAIYSIS ...ttt 29
I T O 0 T o 1= 0 1= 1 £ PP 29
3.8, RESUIS ... e e 30
A I o U1 o o PP 33
3.8 INSIGNES ... 34
N = o] L= F= T o £ 36
4.1. Methodology for information search..............ccooo 36
4.2. Management CONSIAEIEA .........ccooiiiiieeeee e 37
4.3.Variables USEd..........ooo i 40
A4 ANAIYSIS ... 41
4.5, RESUIS ... 41
4.6. CO-DENETIES ...coiiiiiie e 49
4.7 DISCUSSION .....eiiiii oo 52

Project MARVIC has received funding from the Horizon Europe Vi
Programme under grant agreement no. 101112942




Deliverable 4.1. Evaluating the mitigation potential (and
uncertainties) of carbon farming practices (carbon removal in
soil and biomass, GHG emissions from soil).

N TR g 1= o o =SSP 55
5. Grasslands ... 57
5.1. Methodology for information search...............ccccoeiiiiii e, 57
5.2. Management CONSIAEred .........ccooee i 58
IR Y =T F= o] [T U1 =Y o B RS 60
B4, ANAIYSIS ... e e e e e 60
BB, RESUIS .. 61
5.6, CO-DENETIS ... e 65
ST A I o U 13 o o PP 68
5.8, INSIGNES ... 69
O e £o] (0] £ =T (VPP P PP PPPPPPPPPPPP 71
6.1. Methodology for information search...............cccccciiiiiiiiiiiiis 71
6.2. Management CONSIAEIEA ..........uuuuuuuiiiiiiiiiiiiii e 71
6.3. Variables USEd........cooiiiiiiiii it 73
B.4. ANAIYSIS ... 73
6.5, CO-DENETIES ... 74
B.6. RESUILS ... e 74
B. 7. DISCUSSION ...ttt ettt ettt e e e e e et ettt e e e e e e et etbba e e e e e 77
B.8 INSIGNES e 83
7. MaiN CONCIUSIONS ...t e et e e e e e eeeaeanas 85
8. REFEIENCES ..ot 87
< T I A (o To Lo |V A o] o 1< PP 87
8.2. PeatlandsS ........uuiiii i 93
8.3. Arable [aNAS ... 94
e R ] = 111 F= T Lo [P 98
8.5, AQIOTOrESIIY ... e 101
LS T Y g T2 =T ST 104
9.1, WOOAY CrOPS ...ttt 104
9.2. List of articles found in the search and database of variables......................... 109

Project MARVIC has received funding from the Horizon Europe vii
Programme under grant agreement no. 101112942




Deliverable 4.1. Evaluating the mitigation potential (and
uncertainties) of carbon farming practices (carbon removal in
soil and biomass, GHG emissions from soil).

List of Tables

Table 1. Keywords and connectors used for the search for the vineyard subsystem.....4

MARVIC

MRV for carbon farming

Table 2. Combinations of the analysed soil management systems. ...........ccccccvvvvvnennen. 7

Table 3. SOC content (g/kg) under different management practices and sampling depths.

Table 9. Drivers affecting variability, adaptation, benefits, trade-offs effect on productivity
and reference of the main management practices of woody Crops.........ccccccvvvieneennn. 20

Table 10. Drivers affecting sequestration variability, adaptation, benefits, trade-offs effect
on productivity and reference of the main management practices of arable lands....... 50

Table 11. Drivers affecting variability, adaptation, benefits, trade-offs effect on
productivity and reference of the main management practices of grasslands.............. 66

Table 12. Drivers affecting variability, adaptation, benefits, trade-offs effect on
productivity and reference of the main management practices of agroforestry. ........... 82

Project MARVIC has received funding from the Horizon Europe viii
Programme under grant agreement no. 101112942




Deliverable 4.1. Evaluating the mitigation potential (and
uncertainties) of carbon farming practices (carbon removal in
soil and biomass, GHG emissions from soil).

MARVIC

MRV for carbon farming

List of Figures

Figure 1. Carbon stock in the different components of the vineyards (A) and carbon stock
in the different components of the vineyards as a function of the age of the plantation
(B e 11

Figure 2. Box-plot of carbon content in all sampling depths in different woody crops
(olive, vineyards, fruit and almond trees) and management practices (CC: cover crops,
M/OF: manure/organic fertilisers, NT: no tillage and T: tillage).........ccccoovvviieeiinninnns 12

Figure 3. Box-plot of carbon stock considering all sampling depths in different woody
crops (olive, vineyards, fruit and almond trees) and management practices (CC: cover
crops, M/OF: manure/organic fertilisers, NT: no tillage and T: tillage).. .......ccccccceee.. 16

Figure 4. Relationship between water table (WT) depth and net ecosystem productivity
(NEP) from drained and managed, rewetted and natural peatland sites in Europe.. ... 30

Figure 5. Relationship between water table (WT) depth and net methane flux from

drained and managed, rewetted and natural peatland sites in Europe. ....................... 31
Figure 6. Optimum curve for GHG emissions from organic soils along the gradient of
water table (WT) depth considering fluxes of CO2 and CHa......ooovvvviiiiiiiiiiiiiiciee, 32
Figure 7. Overview of N2O flux data from European sites plotted as a function of WT
................................................................................................................................... 33
Figure 8. Number of arable land studies by year of publication. ................................ 37
Figure 9. Quantified carbon sequestration potential of Catch and Cover crops.. ........ 42
Figure 10. Carbon sequestration potential of catch and cover crops at the different
reported SOIl AEPLNS. ..o 43
Figure 11. Quantified carbon sequestration potential of Crop rotations. ..................... 44

Figure 12. Carbon sequestration potential of Crop rotations at different soil depths. ..44

Figure 13. Quantified carbon sequestration potential of Reduced tillage. ................... 45
Figure 14. Carbon sequestration potential of reduced tillage at the different reported soil
Lo =T o) 1 1= 46
Figure 15. Quantified carbon sequestration potential of zero tillage.. ........................ 47
Figure 16. Carbon sequestration potential of Zero tillage at different soil depths ....... 47
Figure 17. Quantified carbon sequestration potential of Organic amendments and Crop
resSidue MaNAGEMENT. ......ccoeiiiieeeee e 48
Figure 18. Carbon sequestration potential of Organic amendments and Crop residue
management at different soil depths. ... 49
Figure 19. Quantified carbon sequestration potential of the main practices on the arable
= o o SR 56
Figure 20. Number of grassland studies by year of publication. ...............ccccccceeeine 58
Figure 21. Quantified carbon sequestration potential of Maintenance of permanent
GrASSIANG. ..ot 61

’ " Project MARVIC has received funding from the Horizon Europe iX

i Programme under grant agreement no. 101112942



Deliverable 4.1. Evaluating the mitigation potential (and
uncertainties) of carbon farming practices (carbon removal in
soil and biomass, GHG emissions from soil).

MARVIC

MRV for carbon farming

Figure 22. Quantified carbon sequestration potential of Optimising manure application.

References are provided in the legend. ... 62
Figure 23. Carbon sequestration potential of Optimising manure application at different
£ e 1= o 1 1 L= 62
Figure 24. Quantified carbon sequestration potential of Optimising grazing intensity. .
................................................................................................................................... 63
Figure 25. Quantified carbon sequestration potential of Conversion from arable land to
o= 7] F=1 o Lo PSSP 64
Figure 26. Carbon sequestration potential of conversion from arable land to grassland
at different SOil dePths. ... ..o 64
Figure 27. Quantified carbon sequestration potential of the main practices on the
GraSSIANG. .ceiiiiiiiiiiieee ettt 70
Figure 28. Soil carbon sequestration rate of soil layers from Ocm to 200cm, separately
for the type of agroforestry system (AFS)......ccooo oo 75
Figure 29. Soil carbon sequestration rate of silvoarable agroforestry systems. .......... 76

Figure 30. Soil carbon sequestration rates in silvoarable agroforestry systems across
0DSErved SOIl JAYEIS. . ...cooiiiiiiiiiiiiiiiieie e 77

Project MARVIC has received funding from the Horizon Europe X
Programme under grant agreement no. 101112942




Deliverable 4.1. Evaluating the mitigation potential (and
uncertainties) of carbon farming practices (carbon removal in
soil and biomass, GHG emissions from soil).

MARVIC

MRV for carbon farming

Acronyms and Abbreviations

AFS: agroforestry systems

CF: carbon farming

DOC: dissolved organic carbon
GHG: greenhouse gases

GWP: global warming potential
MRV: monitoring, reporting and verification
NEP: net ecosystem productivity
NT: no tillage

SOC: soil organic carbon

SOM: soil organic matter

TOC: total organic carbon

WT: water table

Project MARVIC has received funding from the Horizon Europe Xi
Programme under grant agreement no. 101112942




() MARVIC

MRV for carbon farming

Deliverable 4.1 — Introduction

1. Introduction

This deliverable (D4.1) presents the main outcomes of Task 4.1: State of the art
on mitigation potential of carbon farming practices. It identifies and evaluates the
mitigation potential and uncertainties of carbon farming (CF) practices across five key
agricultural systems: woody crops, peatlands, arable lands, grasslands and agroforestry.
Its goal is to assess these systems' capacities for carbon sequestration, reduction of
greenhouse gas (GHG) emissions, and broader environmental benefits. This work aligns
with the main goal of MARVIC to develop context-specific, harmonised Monitoring,
Reporting, and Verification (MRV) systems for CF, supporting EU Mission Soil objectives
and the Carbon Removal and Carbon Farming Certification (CRCF) Regulation. The
results are discussed in relation to the specific objective of Task 4.1, which were mainly
to:

1- develop a database of relevant and suitable CF practices for arable land,
grassland and perennial crops on mineral soils, organic soils, and agroforestry
(including woody landscape elements).

2- provide an appraisal of the potential of these CF practices in increasing carbon
sequestration in these systems, including a discussion on the uncertainty of these
mitigation potentials.

3- identify the technical and biophysical factors that constrain the theoretical
mitigation potential of each CF practice.

4- detect the main gaps in knowledge on evaluating the actual effectiveness of
these CF practices.

5- compile studies, datasets and situations that might be of relevance to the
development and testing of MRV systems for CF.

6- specify the links among the CF practices and other co-benefits in the provision
of ecosystem services.

The methodologies include a thorough literature review and meta-analysis,
focusing on the diversity of soil types, climatic zones, and land-use practices worldwide.
Where possible, we prioritised the studies with a European focus to ensure the data are
as closely relevant to EU policy-makers. However, for certain systems, the substantial
variability among the reviewed studies, particularly with respect to management
practices and, in some instances, the absence of sufficient or relevant information to
develop a comprehensive understanding of the subject, it was considered necessary to
include all available and pertinent studies globally, where appropriate.

At the global scale, significant differences in climate and edaphic conditions cross
regions such as the United States, broader North America, South America, China, and
Australia greatly influence the implementation and effectiveness of carbon farming
practices compared to those in Europe. For instance, the United States and Australia
often operate under more arid or semi-arid conditions, where large-scale conservation
tilage, rotational grazing, and cover cropping are widely applied and adapted to
extensive land areas with lower soil organic matter. In contrast, tropical and subtropical
regions of South America face challenges related to high decomposition rates and

Project MARVIC has received funding from the Horizon Europe 1
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nutrient-poor soils, leading to the adoption of agroforestry systems and integrated crop-
livestock management to enhance carbon retention. China’s agricultural systems,
shaped by intensive cultivation and diverse climatic zones, have increasingly
incorporated practices like straw incorporation and reduced tillage to mitigate carbon
loss. Meanwhile, Europe’s temperate climate, more fragmented landscapes, and
historically intensive land use demand tailored approaches such as compost application,
diversified crop rotations, and reduced inputs. Excluding studies from outside the
European context would have limited the robustness of the analysis, particularly in light
of existing data constraints and the variability in available literature across regions.

For the reviews, the team capitalised the available results obtained from ongoing
projects such as the EJP SOIL CarboSeq, and data from networks, e.g. the Baltic Sea
Field Observatory Network and national projects. This analysis considered five different
agricultural systems, described as follows.

The first system is woody crops that covers around 8% of the agricultural area of
the EU (EUROSTAT, 2024). Woody crops have been identified as an agricultural system
with high potential for CF due to their life span from decades to centuries, and the
possibility of implementing agronomic practices, like temporary or permanent cover
crops, with a positive effect on CF and other co-benefits (Vicente-Vicente et al., 2016).
Although present in all EU countries, the highest share of woody crops in the EU is
concentrated in the Mediterranean member states (EUROSTAT, 2024).

The second system is peatland. Peatlands are a type of wetland characterised
by the accumulation of organic matter, such as sphagnum moss, which forms peat.
Peatlands cover around 2-3% of the total land area in the European Union (EUROSTAT,
2024) although their distribution varies widely among member states. Countries in
Northern Europe, such as Finland, Sweden, Ireland, and Estonia have the largest
peatland areas.

The third system is field or arable crops. These typically include cereals, such as
wheat and barley, oilseeds (e.g. rapeseed), legumes (e.g. peas) and root crops, such as
potatoes and sugar beets. These crop areas cover about 60-65% of the agricultural land
in the EU (EUROSTAT, 2024) and are well distributed across all the member states.

The fourth system_is grassland, which includes both permanent grassland and
pastures. It is defined as land primarily used for grazing livestock or for hay production.
Grasslands account for approximately 30-35% of the total utilised agricultural area in the
EU, with a higher proportion in the northwestern European countries like Ireland and
France, and some central European countries like Austria, Slovenia or Luxembourg.
Mediterranean countries and some central European countries like Hungary or Poland
have a lower grassland area (EUROSTAT, 2024).

The fifth system covered is agroforestry, which considers all systems integrating
trees and shrubs into agricultural landscapes. It includes various approaches such as
hedgerows, silvopasture, alley cropping, and other forms of tree-based agriculture
(Sonja et al., 2019). Agroforestry covers about 3-5% of the total agricultural area in the
EU, with the extent of agroforestry varying widely across member states. It has a higher

Project MARVIC has received funding from the Horizon Europe 2
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Introduction

extension in southern and western Europe, while it is less used in northern and central
European countries (EUROSTAT, 2024).
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2. Woody crops

Milagros Torrts Castillo’, Jorge Alvaro Fuentes', Laura Martinez Garcia’, José Alfonso Gémez
Calero’.

'Spanish National Research Council (CSIC), Spain

2.1. Methodology for information search.

The bibliographic review of peer-reviewed research studies on woody crops was
carried out using the core Web of Science Core Collection for the period 2000-2023.
Relevant existing papers with experimental information, as well as meta-analyses
studies were compiled. Woody crops were grouped into the following subsystems:
almond trees, vineyards, olive groves and fruit trees. Within the fruit tree subsystem, the
following were considered: citrus orchards (lemon, orange and mandarin orchards),
wolfberry, pomegranate, peach, nectarine, apple, tree nuts and mango orchards.

For each subsystem we used specific keywords and criteria (see Table 1 with the

example for the vineyards subsystem). Annex 1.A. contains the keywords and
connectors used for the search for the other three woody crops subsystems.

Table 1. Keywords and connectors used for the search for the vineyard subsystem.

Carbon sequestration in vineyards OR Carbon sequestration and vineyards
OR
Carbon farming and vineyards OR Carbon farming in vineyards
OR
Nature based climate solutions in vineyards
OR
Agro-environmental practices and organic carbon and vineyards
OR
Carbon sequestration and vineyards and sustainable practices OR Sustainable practices and
carbon sequestration and vineyards OR Organic carbon and sustainable practices and
vineyards OR Sustainable practices and vineyards and carbon OR Sustainable practices and
olive vineyards
OR
Cover crops and carbon sequestration and vineyards OR Cover crops and carbon and
vineyards
Pruning residues and carbon and vineyards OR Pruning residues and carbon sequestration
and vineyards
OR
Compost and carbon sequestration and vineyards OR Compost and carbon and vineyard
OR
Tillage and carbon sequestration and vineyards OR Tillage and carbon and vineyards
OR
Emissions and vineyard and management practices OR Emissions and carbon sequestration
and vineyards OR Warming potential and carbon sequestration and vineyards

* * ok
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The original search resulted in more than 500 articles, which were screened first
by their title and abstract. After this, the selected articles were read to identify those that
contained quantitative data.

Those articles that presented quantitative data on the variables that we
considered key for the analysis were selected. The total number of papers found for the
case of the almond subsystem was 18, of which 13 were retained, since they focused on
the stability of the aggregates, soil properties and economic aspects. The remaining
presented an overview of the advantages of using spontaneous cover crops, but without
reporting quantitative data. In the case of fruit orchard category, 29 papers were found,
however 21 were retained, since they focused on soil properties, especially water content
or enzymatic activities. In the vineyard subsystem, there were 89 papers, of which 48
were retained, since they focused on the analysis of the life cycle, ecosystem services,
soil microbiology, the nutritional aspects of the harvest or economic aspects. Finally, for
the olive groves subsystem there were a total of 92 papers, and 48 were retained, whose
topics focused on the measurement of carbon within soil aggregates or on sociology
without providing experimental data, economic analysis, soil properties or analysis of the
life cycle.

2.2. Management considered

The main management practices identified in the review for each woody crop
subsystem were:

- Almond orchards: intercropping, tillage, reduced tillage, cover crops and green manure.
- FEruit orchards: mulching (pruning residues, straw, grass clover, wood chips and
shredded paper), organic amendment (compost), spontaneous or sowing cover crops,
tillage and no tillage (NT).

- Vineyards: organic fertilisers and manure (biochar, cattle or mushroom compost),
tillage, NT, spontaneous cover crops or sowing cover crops and pruning residues.

- Olive groves: tillage, NT, spontaneous cover crops or sowing cover crops, organic
amendment (olive leaves and “alperujo”, a paste resulting from the extraction of olive oll,
i.e. pomace and olive pomace pastes), livestock-grazing (sheep), pruning residues and
bare soil.

The literature shows that in most cases, different management practices are used
in combination. For instance, in almond orchards tillage was combined with the use of
green manure or in fruit orchards different tillage strategies (from NT to periodic ones).
In vineyards it was also common to combine different tillage strategies with cover crops,
while in olive groves combining tillage with application of organic amendments.

A summary of the most widely reported management practices that influence the
storage of carbon in the soil in woody crop systems are: i) spontaneous cover crops or
sowing cover crops; ii) reduced tillage; iii) the use of amendments or organic fertilisers;
iv) the use of chopped pruning residues as a mulch on the soil; and v) low intensity
grazing by livestock of cover crops.

Project MARVIC has received funding from the Horizon Europe 9]
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To cope with the large number of possible management combinations in the study
cases and the limited number of experimental studies, it was decided for the purpose of
statistical analysis to summarise the management practices in the following groups:
cover crops, manure or organic fertilisers, NT and tillage (used as a reference), and a
combination of these.

2.3. Variables used

Our review ftried to identify the available information on the biogenic carbon
(carbon that is sequestered from the atmosphere during biomass growth) flows in woody
crops. Hence, the variables selected from each article were focused on the soil and the
above- and below-ground crop biomass.

The variables taken into account in the bibliographic search were:

i) soil related category: total organic carbon (TOC), SOC mineralisation rate,
carbon stock, organic carbon concentration, bulk density, soil organic matter
(SOM), soil respiration and soil microbial biomass.

ii) biomass related category: the dry weight of the aboveground biomass (trunk,
leaves, branches, fruit, canes, among others, and including the amount of pruning
residues, spontaneous cover crops or harvest) and the dry weight of the? below-
ground biomass, and the carbon associated with these components.

iii) emissions related categories, the following variables were taken into account:
CO2, N2O, CH4 emissions derived from agricultural activities, carbon footprint and
carbon balance.

Not all variables were present in the articles reviewed. Most focused-on soils,
while few focused on above- and below-ground biomass and the carbon stored in crop
biomass. The same occurred in the case of variables related to GHG emissions or global
warming potential (GWP). Therefore, the information contained in the database was
filtered, and the variables with the greatest representativeness in all systems were
selected. These were:

1) SOC concentration (g C/kg soil).

2) SOC stock (Mg C ha™)

3) For vineyards the carbon that accumulates in above- and below-ground biomass
(Mg C ha™).

2.4. Analysis

Once the information collected in the database, it was filtered by the three
categories noted earlier: i) soil, ii) biomass and iii) emissions, and converted into
homogenous units. In some cases, carbon stock was calculated taking into account the
carbon content, the bulk density and the sampling depth provided in the article.
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The GHG emission and biomass categories, with the exception of vineyards,
were discarded due to the limited number of data available for analysis. Only four out of
21 selected articles on fruit trees contained information on the biomass, while in almond
trees it was two out of 13. Within the olive groves and vineyards, only 4 and 15 of the 48
selected articles, respectively, focused entirely on the carbon accumulated in the above-
and below-ground biomass. Therefore, the carbon accumulated in the different parts of
the vineyards (Mg C ha') was analysed: in their above-ground biomass (stem, branches,
leaves, canes and fruit) and below-ground biomass (roots), as well as in the pruning
wood and cover crops. In turn, the carbon accumulated in the different parts of the crop
was also collected considering the age of the plant (5, 10-15 and 20-35 years).

A large variability in terms of soil characteristics, climate, age of cultivation and
the combination of various management practices, among others, was noted within the
soil category. As aresult, and due to their interacting nature, it was difficult to discriminate
between individual variables (soil characteristics, climate, age, among others). After this
screening a first appraisal was made by analysing the soil carbon stock and soil carbon
content for each subsystem (vineyards, almond trees, fruit orchards and olive groves).
This was done in two steps. First, we considered all the existing data for all sampling
depths, and grouped them by the predominant management practices, namely cover
crops, manure or organic fertilisers, NT and tillage, which was used as control. In this
analysis, all depths and horizons were detected. That is, if the article analysed a variable
considered for depths of 0-5 cm, 5-10 cm, 10-15 cm, 15-20 cm, 20-25 cm up to 100 cm
depth, all data at these depths were considered, not just one value from 0-100 cm. Then,
for each subsystem we analysed the available information by different soil depths: 0-5,
0-15 and 0-30 cm.In the second step, the soil carbon stock and soil carbon content were
analysed considering the combination of various management practices representing
business as usual scenario for all sampling depths. The combination of management
practices considered are described in Table 2.

Table 2. Combinations of the analysed soil management systems.

Tillage
OR
tillage and cover crops
OR
tillage and no cover crops
OR
tillage and cover crops and pruning residues
OR
tilage and no cover crops and pruning residues
OR
non tillage and cover crops
OR
non tillage and no cover crops
OR
non tillage and pruning residues and cover crops
OR
non tillage and pruning residues and no cover crops
OR
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cover crops
OR
cover crops and pruning residues and fertilisers
OR
cover crops and no pruning residues and fertilisers
OR
cover crops mowed
OR
cover crops mowed and pruning
OR
cover crops and herbicides
OR
manure
OR
organic fertilisers

It is important to note that in this first step, all the existing data were considered
in each of the categories using customary classes used in arable crops. For instance, in
the NT category, NT (bare soil) or with the presence of cover crops/pruning residues is
included under the same analysis. In the second step, the management practices were
subdivided into categories that are more in line with the specific situations of woody
crops. Therefore, these were subdivided into NT and cover crops, NT and no cover
crops, NT and pruning residues and cover crops, NT and pruning residues and no cover
crops.

2.5. Co-benefits

The different management practices identified in the review have multiple
environmental co-benefits, which have been revised in different studies, many of them
focusing on olive groves and vineyards (e.g. Montanaro and Goémez, 2024; Gémez,
2017).

Erosion control at the hillslope scale is one of the clearest co-benefits of the use
of cover crops (with or without grazing) or mulch or chopped pruning residues, as
recognised by multiple studies (Prosdocimi et al., 2016, Gomez et al., 2009). Several
experimental and modelling studies (e.g. Bombino et al.; 2021; Bidoccu et al. 2020;
Gomez et al., 2017) have determined that the intensity of this reduction is related to the
duration of the cover crop, the degree of ground cover achieved and the biomass
produced (since it determines the amount of residues to protect the soil surface after the
cover crop). Several studies have noted a large variability in these variables in groves
and vineyards under cover crop management (e.g. Vicente-Vicente et al., 2017; Guzman
et al., 2019).

The impact of cover crops and mulches in the reduction of runoff, although
existing, is smaller than on erosion (Winter et al., 2017; Gomez et al. 2017; Sastre et al.,
2016). This can be explained by the different mechanisms controlling both processes
(e.g. soil saturation and the presence of a C horizon of low permeability close to the soil
surface). This has relevance on the overall impact on improving water balance as
compared to bare soil which has shown, on average, no improvement (Winter et al.,
2017). Although the use of cover crops provides an increase in infiltration due to runoff
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reduction, it has an increase in transpiration by the cover crops as compared to bare soil.
This is one of the main reasons why cover crops in woody crop systems under
Mediterranean conditions are managed as temporary cover crops. In fact, experimental
studies in olives and vines (Gomez et al., 2023; Soriano et al. 2018; Gémez, 2017) show
a decrease in yield aligned with the predictions of simulation studies (Gémez, 2014).

The integration of livestock into the plots has been described as a successful
strategy in areas where there is a tradition of extensive grazing (e.g. sheep grazing in
NW Andalusia, see Alvarez et al., (2007)) or there are the conditions for its introduction.
It is CF practice that also provides a diversification of farm products and income. The
integration of livestock into the farm is a way of managing spontaneous cover crops in
some olive groves.

Available studies show a positive effect on overall soil health (understood as the
combination of physical, chemical and biological properties) of the CF practices
evaluated with the exception of reduced tillage. Several publications note an overall
increase in key soil quality indicators like organic carbon content, aggregate stability,
nutrient content, and soil respiration, among others (Liebhard et al., 2024; Torrus-Castillo
et al.,, 2022; Winter et al., 2017, Gémez-Munoz et al., 2016; Gémez et al. 2014,
Montanaro et al., 2010; Gomez and Soriano, 2009). This improvement of soil quality is
concentrated in approximately 0-10 to 0-20 cm of the soil profile in the lane area, with a
large variability among farms with the same CF practices (Liebhard et al., 2024; Guzman
et al., 2019; Vicente-Vicente et al., 2017). The application of organic amendments or
organic fertilisation has a positive effect in increasing the levels of organic matter and
nutrients in the soil. On a global scale the shift from traditional mineral fertilisation to
organic fertilisation is considered one of the practices with a high potential for carbon
sequestration (Griscom et al., 2017). In the case of woody crops, available studies noted
that the impact (on soil C?) is related to the amount of organic amendments incorporated
(Vicente-Vicente et al., 2017). However, its use requires availability of manure or
compost at an affordable price, which in many instances is not the case.

CF practices based on the use of cover crops have a positive effect on
biodiversity (Martinez-Nufiez et al., 2021; Winter et al., 2017, Castro-Caro et al., 2014),
which tends to be more intense when the cover crop is composed of a mix of different
species (Kratschmer et al., 2019; Gémez et al., 2018), or is mediated by landscape
elements and conditions such as hedgerows and presence of specific birds (Castro-Caro
et al., 2014) or arthropods (Nordrhein-Westfalen et al., 2019). Due to these complex
interactions, the impact of cover crops on increasing the presence of natural enemies for
pests is reported in studies (Alvarez et al., 2021), but with a moderate impact in published
meta-analysis (Winter et al., 2018). The use of cover crops and/or organic amendments
also have a positive effect on soil biodiversity, with its impact mediated by the quality of
implementation of the CF practice. Some studies (Landa et al., 2014) indicate a strong
effect of the soil type on the impact of the CF practices on the improvement of bacterial
communities. Meta-analyses of cover cropping studies show a general positive effect of
cover crops on activity and diversity of the soil microbiome as compared with fallow land
(Kim et al., 2020; Muhammad et al., 2021).

Project MARVIC has received funding from the Horizon Europe 9
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Woody crops

When properly managed, cover crops and mulches also have a positive effect on
controlling weeds that are costly or difficult to manage, thereby reducing the need for
herbicide application (Henry et al., 2015). The elimination, or reduction of tillage reduces
the use of fossil fuels in farm operations, which in turn reduces direct emissions from the
farm (Eskandari Damaneh et al., 2022).

2.6. Results

Carbon accumulated in aboveground and below-ground biomass

Within the olive groves, only 4 of the 48 selected papers contained information
related to above- and below-ground biomass or carbon balance (Annex 1.B). In the paper
by Torrus-Castillo et al. (2023), the annual rate of carbon accumulation in the permanent
structures of trees ranged between 0.21 to 1.24 t C ha'yr, averaging 0.54 t C ha™' yr.
Lopez-Bellido et al. (2017) obtained values similar to the previous ones for the set of 24
olive groves located in Andalusia of different ages, varieties and planting density (0-25 —
1.25t C ha').

In the case of olive groves and vineyards, the articles were more specific in terms
of the analyses of the above- and below-ground biomass or the carbon balance. Only
four, out of twenty-one selected, articles on fruit orchards contained information on the
biomass, while in almond trees it as two out of thirteen (Annex 1.B), the other articles
that were discarded focus more on life cycle analysis. Liguori et al. (2009) obtained that
carbon fixation at tree level in the fruits and in the canopy of orange trees with a traditional
plantation framework (494 trees/ha) was two-fold (10.7 kg C tree’, 5.3t C ha™') compared
to that the intensive system (1000 trees/ha); (5.5 kg C tree™’, 5.5t C ha™). Baldi et al.
(2018) focused on the effect of fertilisation treatment on plant biomass (kg DW tree™)
and yield (kg tree™") at the end of the trial (nectarine orchard). The papers corresponding
to the almond trees hardly focused on the biomass of the permanent structures or roots,
but rather on that corresponding to the cover crop.

In the case of the vineyards, there were a total of fifteen out of forty-eight articles
selected that focused entirely on the carbon accumulated in the above- and below-
ground biomass (Annex 1B). Taking into account the set of articles on vineyards, the
organic carbon content in the cover crops biomass without considering the root biomass
was higher than in the rest of the individual components (1.81 Mg C ha™). This was
followed by the leaves (1.47 Mg C ha™) and branches (1.16 Mg C ha™'), while the trunk
had the lowest carbon content of 0.59 Mg C ha™, although it was roughly 33% of the
above-ground biomass of the vine (Figure 1 (A)). The carbon content in 10-15 year old
plantations was higher (10.15 Mg C ha-1) than those in older ones of 20-35 years (5.62
Mg C ha-1), while the carbon content was lower in younger plantations (3.08 Mg C ha-
1) (Figure 1 (B)).
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Figure 1. Carbon stock in the different components of the vineyards (A) and carbon stock in the
different components of the vineyards as a function of the age of the plantation (B). Bars represent
standard error. Different letters denote significant differences due to management practices. A
confidence level of 95% was considered.

Only a limited number of studies focus on a detailed analysis of the above- and
below-ground biomass of permanent structures, especially in relation to below-ground
biomass, a very important flow that must be considered to make timely decisions in
initiatives such as CF. The limited number of studies also come from different condition
such as in the case of the comparison with age, limiting the possibility of extracting
quantitative conclusions with acceptable uncertainty. The difficulty of measuring biomass
in the field, both above- and below-ground, is understandable due to the cost, time,
difficulty and the lack of concise methodologies. However, this lack of consistent
regarding methodologies leads to over- or under-estimating the carbon that accumulates
in the system. It also represents a barrier to explore strategies that might improve CF
practices, like the use of varieties that as a different distribution of biomass in their
different components (e.g. roots vs above-ground biomass). Hence, depending on the
variety, the above-ground and below-ground biomass could differ and therefore the
carbon that accumulates.

Soil carbon content according to management practices

The overall results of soil carbon content did not show significant differences due
to the management practices carried out (CC; cover crops, M/OF; manure/organic
fertilisers, NT; no tillage and T, tillage) for vineyards, fruit and almond trees. The studies
included all sampling depths, although there were articles that sampled up to 100 cm of
soil. The average depth in the studies was the first 20 cm of soil. However, in olive groves,
the type of management practice led to significant differences (p < 0.05) in carbon
content. These differences were found between manure/organic fertilisers - tillage and
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NT - tillage (Figure 2). It is important to remember that in this case, the NT category does
not refer exclusively to bare soil but also includes NT with spontaneous cover. Hence,
the management practices were disaggregated as shown in table 5 (NT + no cover crops/
NT + cover crops).

The number of studies considered in the analysis with management practices
was lower for fruit trees and almond trees than for olive groves and vineyards. However,
for all woody crops the number of articles was even smaller for manure/organic fertilisers
management practice. For example, in olive groves the number of articles using
manure/organic fertiliser was six out of 61, while this number was 15 out of 119 for
different tillage management practices (Figure 2). The reduced number of articles reflects
the reality of their implementation by farmers, since the number of farms applying organic
amendments is limited due to the economic cost that the application entails, especially
for farms that are far from where the organic amendments are produced. This may limit
the investment for farmers and make it unprofitable.
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Figure 2. Box-plot of carbon content in all sampling depths in different woody crops (olive,
vineyards, fruit and almond trees) and management practices (CC: cover crops, M/OF:
manure/organic fertilisers, NT: no tillage and T: tillage). The numbers below each management
practice indicate the number of articles (in black) and the number of data (in red). The horizontal
black line, the x-shaped cross and the borders of the boxes represent the median, the mean and
the quartiles respectively. Different letters denote significant differences. A confidence level of 95
% was considered.
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As previously mentioned, there were significant differences in soil carbon content
in the case of olive groves between manure/organic fertilisers - tillage and NT - tillage
when all sampling depths were considered. We need to clarify that we used no-tillage as
a class because it is commonly used in other studies on soil management in agricultural
systems although in the case of olives requires further clarification (e.g. Gbmez et al.,
2014), as it will be discussed below (NT in this case does not refer exclusively to bare
soil). SOC content in olive groves was higher with NT (16.2 g/kg) compared to tillage
(10.3 g/kg). Following the NT practice, the application of organic amendments and the
implementation of cover crops resulted in soil carbon content of 15.7 g/kg and 14.9 g/kg,
respectively. In the case of fruit orchards, as in the olive grove, NT resulted in higher soil
carbon content of 14.8 g/kg and 16.2 g/kg, respectively, while tillage showed the lowest
(9.8 g/kg and 10.3 g/kg, respectively). In the case of almond trees and vineyards, cover
crops showed a higher SOC content compared to the rest of the practices, despite
showing no significant differences (Table 3).

Table 3. SOC content (g/kg) under different management practices and sampling depths.
Management practices with higher soil carbon content values are shown in green, while the
opposite situation is shown in red. Different letters denote significant differences. A confidence
level of 95 % was considered.

System Cover crops Manure/Organic Fertilisers No tillage Tillage
Olive groves 14.90 £ 1.10 ab 15.72+1.67b 16.19+1.79b | 10.32+1.28 a
Fruit orchards 1277 £1.57 a 14.81+257a | 9.76+0.60a
Almond orchards | 17.86 £+4.28 a 16.36 £5.98a | 16.64 +4.45a
Vineyards 14.26 £+ 0.60 a 12.35+0.64 a 1411 +0.96a | 13.87+0.97 a
Average * SE 1495+ 1.07 a 14.04 £1.19a 15.36 £0.54a | 1265+ 1.61a

There were no significant differences in SOC content because of the
management practices (CC: cover crops, M/OF: manure/organic fertilisers, NT: no tillage
— this category does not refer exclusively to bare soil and T: tillage) and soil profile depth
(0-5, 0-15 and 0-30 cm) for olive, almond and fruit crops but there were differences in
the case of vineyards (Table 4). These differences were observed at a depth of 0-30 cm,
with higher values of SOC content under tillage (32.4 g/kg), followed by NT (26.9 g/kg)
and cover crops (26.5 g/kg). The trend observed was more organic carbon content in the
soil under cover crops and NT in the first 5 cm of soil. Nevertheless, it is important to
highlight that there was a small number of articles that reported soil carbon content at O-
5 cm depth. Most studies presented data on 0-15 cm and 0-30 cm depths. As shown in
Table 4, the number of articles available for the 0-5 cm range was limited, while most
articles focused on the 0-15 cm range. In the same table, the systems are analysed
independently, but within them. For example, in olive groves, all practices and depths
are analysed together. Therefore, there are no significant differences in cover crops for
the different depths considered, nor with the rest of the management practices at a depth
of 0-5 cm.

Table 4. SOC content (g/kg) under different management practices and sampling depths (0-5,
0-15 and 0-30 cm). Different letters denote significant differences (a confidence level of 95 %
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was considered). The numbers in parentheses indicate the number of articles selected and in
red the number of data used in the analysis.

Manure/Organic

Cover crops Fertilisers No tillage Tillage
05 26.33+3.30 a (2, 14) 23.99+272a(2,18) | 12.01£3.71a (3, 4)
OLIVE
GROVES 0-15 3511+371a(5,22) | 51.30+328a(1,2) | 3545+3.46a(4, 23) | 21.50%5.20a (5,21)
0-30 11.86+190a(1,7) | 12.90+348a(1,4) | 2438+7.22a(2,7) | 13.25+6.01a (6, 7)
05 18.95  4.47 a (1, 4) 18.98 + 3.47 (2, 5) 17.90 £ 6.86 a (2, 3)
FRUIT
ORGHARDS 0-15 9.40+1.70a (2, 6) 2545+7.65a(2,2) | 17.02+6.62a (3, 8)
0-30 17.06 £ 2.31 a (4, 8) 13.47£5.1a (3, 4) 15.68 £ 2.40 a (4, 8)
0-5 12.68+ 1.08 a (1, 3) 14.40a (1, 1) 10.70a (1, 1) 13.67+0.74a (1, 2)
ALMONDS
ORCHARDS 0-15 11.37+3.01a (2, 9) 550+1.14a (2, 5) 14543512 (2, 7)
0-30 7.85+0.33a (1, 4) 7.85+0.33a (1, 4) 8.50£02a(1,2)
05 18.82+ 4.11 ab (3, 11) 22.90 ab (1, 1) 19.32+8.61ab (3,5) | 15.44+3.06ab (3,9)
VINEYARDS 0-15 23.21+1.82 ab (7, 34) i 1?’6?1 a (5, | 17.43+2.34 ab (6, 20)
0-30 | 26.55+1.84b(10,66) | 10.71+0.91a(3, 12) | 26.86+3.51 b (6,25) | 32.41t4.47b (6, 17)

Table 5 disaggregates the combinations of management practices considering all
sampling depths for which our review found data, indicating some differences. In this
case, a distinction is made between non-tillage with spontaneous cover crops (NT +
cover crops) and bare soil without cover crops (NT+ no cover crops). In olive groves, the
combination of NT + application of pruning residues + cover crops presented the highest
values of organic carbon content in the soil (21.57 g/kg), as was noted for fruit trees
(19.03 g/kg). However, the lowest levels were obtained under NT with the absence of
cover crops for the olive grove, known as bare soil (5.91 g/kg). In fruit trees, the lowest
levels were obtained when there was no cover crop in the soil, despite NT and application
of pruning residues (7.55 g/kg). In almond trees, the opposite trend to olive and fruit trees
occurred, since the organic carbon content in the soil is lower when NT, pruning residues
and plant cover are combined. In vineyards, it should be noted that the organic carbon
content in the soil was higher when the soil was tilled, no cover crop is present, and
pruning residues are added (20.10 g/kg). The lowest values are observed when
herbicides are applied to the cover crops (6.67 g/kg).

Overall, for all woody crops analysed, the implementation of cover crops, pruning
residues and the application of organic amendments (manure/organic fertilisers) resulted
in the highest content of organic carbon in the soil, averaging 16.13 g/kg. The elimination
of cover crops using herbicides resulted in the lowest values of organic carbon in the
soil, with an average of 6.52 g/kg. However, considering all the possible combinations of
management practices for each of the woody crops regardless of whether they are more
or less sustainable, resulted in olive groves having an enhanced organic carbon in the
soil, followed by vineyards, with similar values for fruit and almond trees, but without
significant differences (p = 0.61) (Table 5).
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Table 5. SOC content (g/kg) under different management practices and through the soil profile. For each woody crop, the management practice that has the
highest soil carbon content (green) and the lowest (red) are indicated. The average value of SOC for the set of woody crops and a given practice is indicated
(beige), and the average value of organic carbon considering the set of practices for each woody crop is indicated (blue). Different letters denote significant
differences. A confidence level of 95 % was considered.

Management practices Olive groves Fruit orchards Almond orchards Vineyards Average
Tillage + cover crops 9.68 £ 1.57 10.50 £ 0.72 17.13 +1.32 12.44 + 2.04
Tillage + no cover crops 10.15+1.53 8.14 + 1.08 11.00 £1.02 9.12+1.81 9.60 + 0.62
Tillage + cover crops + pruning residues 14.80 + 5.02 9.72 + 0.53 15.15 + 3.22 13.22 + 1.52
Tillage + no cover crops + pruning residues 9.15+2.19 20.10+£4.5 14.62 + 3.87
No tillage + cover crops 17.18 £ 1.36 15.03 £ 2.99 10.28 £ 0.98 14.35+1.01 14.21 £ 1.44
No tillage + no cover crops 7.55 6.73 £ 0.58
No tillage + pruning residues + cover crops 21.57 £ 3.49 19.03 + 7.36 8.15+1.34 14.51 £ 3.39
No tillage + pruning residues + no cover crops 7.55
Cover crops * pruning residues + fertilisers 19.91 +2.25 12.36 £ 0.75 16.13 £ 2.67
Cover crops + no pruning residues + fertilisers
Cover crops mowed 15.63 £ 1.50 13.08 £ 1.98 13.25+1.39 15.79+1.23 14.44 £ 0.74
Cover crops mowed + pruning 21.57 £ 3.49 12.38 £ 2.21 13.25+1.39 9.65+ 1.42 14.21 £ 2.57
Cover crops + herbicides 6.37 £ 1.30

Average * SE 13.81+1.76 a 11.44 +1.29 a 11.57 + 0.67 a 12.90 + 1.54 a
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Carbon stocks of the management practices

Carbon stock (Mg C ha") did not show significant differences among the different
management practices carried out (CC: cover crops, M/OF: manure/organic fertilisers,
NT: no tillage and T: tillage) when considering all sampling depths (although there were
articles that sampled up to 100 cm of soil, the average depth of the studies was the first
20 cm of soil) for vineyards, fruit trees and almond trees. However, in olive groves the
type of management practice led to significant differences (p = 0.01) in carbon stocks
between CC- M/OF and M/OF- NT (Figure 3).

The number of studies and carbon stock data considered in the analysis with
management practices as a variable was lower for fruit and almond trees, compared with
olive groves and vineyards, which had a higher number. However, the number of articles
was reduced further when the data was filtered for manure/organic fertilisers
management practice. In fact, no articles were found for fruit and almond trees with
information relating to manure/organic fertilisers as a management practice (Figure 3).
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Figure 3. Box-plot of carbon stock considering all sampling depths in different woody crops (olive,
vineyards, fruit and almond trees) and management practices (CC: cover crops, M/OF:
manure/organic fertilisers, NT: no tillage and T: tillage). The numbers below each management
practice indicate the number of articles (in black) and the number of carbon stock data (in red).
The horizontal black line, the x-shaped cross and the borders of the boxes represent the median,
the mean and the quartiles. Different letters denote significant differences. A confidence level of
95 % was considered.

There were significant differences (p < 0.05) in carbon stocks in the case of olive
groves between CC- M/OF and M/OF- NT when all sampling depths were considered.
For olive groves the carbon stocks were higher with the application of manure/organic
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fertilisers (47.6 Mg C ha') and lower when NT (24.9 Mg C ha™) was applied. For all
woody crops, the carbon stocks were lower under NT (does not refer exclusively to bare
soil). In the case of almond trees, the highest SOC stocks were observed when cover
crops were applied (17.9 Mg C ha™). For fruit trees and vineyards tillage shows the
highest SOC stocks of 33.7 and 27.3 Mg C ha™, respectively (Table 6). Despite the
absence of significant differences (p = 0.332) when averaging the SOC stocks among all
systems for each management practice, the carbon stock in the soil is higher under
manure application (34.5 Mg C ha™'), followed by tillage (27.3 Mg C ha™') and cover crops
(24.3 Mg C ha'), while NT presents the lowest carbon stock in the soil (20.5 Mg C ha™).

Table 6. Carbon stock (Mg C ha') under different management practices and sampling depths.
Management practices with higher soil carbon content values are shown in green, while the
opposite situation is shown in red. Different letters denote significant differences (a confidence
level of 95 % was considered).

System Cover crops | Manure/Organic Fertilisers No tillage
Olive groves 24.89+2.50a 47.60+7.51b 34.24 +5.01 ab
Fruit orchards 33.21+6.32 a 33.66+7.10a
Almond orchards | 1786 +4.28a 16.64 +4.44 a
Vineyards 21.34+2.09a 2150+4.73a 2483+2.34a

Average * SE 2433+3.29a 34.56+9.23 a 20.55+2.06a| 27.34+4.17 a

When considering the effect of different management practices on various crops,
considering the different sampling depths, there were no significant differences in soil
carbon stock for vineyards. However, significant differences were observed in the case
of olive groves (Table 7). Due to the limited number of articles, the difficulty in grouping
the information by sampling depth, and the multiplicity of management practices, it was
not possible to reliably conduct the analyses for fruit and almond trees. In the systems
with olive groves, it was found that the cover crops influence the carbon stock depending
on the sampling depth (0-5 and 0-30 cm). The trend was higher carbon stock in the first
5 cm of soil under the implementation of cover crops and NT when organic amendments
were not applied and lower values when the soil was tilled.

In the Table 7, the systems are analysed independently, but within them. For
example, in olive groves, all practices and depths are analysed together. Therefore,
when cover crops is analysed, significant differences in carbon stock are observed at 0O-
5 cm and 0-30 cm, but none are observed between 0-5 cm and 0-15 cm. At a depth of
0-15 cm, there are no significant differences in carbon stock depending on the
management practice carried out.

If we analyse all the possible combinations of management practices carried out,
considering all the different sampling depths, we can see that for each woody crop the
soil carbon stock varies depending on the practice (Table 8). In olive groves, the
combination of “tillage, no cover crops and pruning residues” presented the highest
values of carbon stock in the soil. However, it cannot be considered representative since
the value of 105.8 Mg C ha™' corresponds to only one article from a sampling depth of 0-
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100 cm (Fernandez-Romero et al., 2014). Therefore, it is more representative to consider
the combination of “NT, pruning residues and cover crops” as the practice that implies
the highest carbon stock in the soil (59.0 Mg C ha'), since it considered more articles at
different sampling depths (5 articles, 14 data). The lowest levels of C stock were obtained
under “NT, pruning residues and no cover crops” (8.9 Mg C ha') (Table 8). In vineyards,
removing cover crops by mowing and leaving the residues on the ground, followed by
applying pruning residues, resulted in the highest carbon stock in the soil (24 Mg C ha™)
compared to when pruning residues were not applied (15.2 Mg C ha™).

Table 7. Carbon stock (Mg C ha-') under different management practices and sampling depths
(0-5, 0-15 and 0-30 cm). Different letters denote significant differences. The numbers in
parentheses indicate the number of articles selected and in red the number of data used in the
analysis.

System D(grp;]t)h Cover crops Ma:::zﬁlgznic No tillage Tillage
0-5 9.05+0.49a (2, 10) 9.73+1.87ab (1, 3) 8.35ab (1, 1)
GORIE)IxES 0-15 17.86+1.28 ab (2, 10) | 17.53+0.73ab (1,4) | 1469+6.99ab (3,8) | 14.21+2.55ab (4,9)
0-30 37.62+4.39b(7,39) | 51.00+7.31ab(1,4) | 38.81+7.11b(6,23) | 28.60 +2.49 ab (7, 25)
0-5 9.85+0.36a (1, 2) 9.85+0.36a (1, 2) 412a(1,1)
VINEYARDS 0-15 16.63 + 3.08 a (4, 22) 18.20+3.73 a (2, 10) 38.90+0.94a (2, 5)
0-30 3590+5.89a(6,35) | 21.50+4.73a(2,4) | 2543+533a(4,12) | 39.87+16.73a(3,4)

The combination of “tillage, no cover crops and pruning residues resulted in the
highest carbon stock in the soil. However, due to the lack of representativeness, it can
be said that the combination of “no —tillage, pruning residues and cover crops” presented
the highest values, averaging 37.8 Mg C ha' for vineyards and olive groves. The lowest
values were obtained when a combination of NT without cover crops (using herbicides
or in degraded soils without vegetation growth) were used. The combination of “NT,
pruning residues and no cover crops” averaged 8.9 Mg C ha™ for the set of woody crops
studied. Considering all the possible combinations of management practices for each of
the woody crops resulted in olive groves having a higher reported carbon stock in the
soil compared with vineyards (p = 0.031) (Table 8).

Summary of co-benefits of mitigation practices by agricultural systems

Table 9 shows the main drivers affecting variability, adaptation, benefits, trade-
offs effect on productivity and reference of the main management practices for woody
crops.

As can be seen in table 9, the management practices selected present more benefits
than drawbacks. Obviously, depending on the farm and its location, these practices may
be more or less suitable. However, in the Mediterranean countries, it has been shown
that these management practices can be implemented on the farm without too much
complexity. However, of all the practices shown in the table, the least frequent is the use
of organic amendments due to the economic cost that this would entail for the farmer.
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Table 8. Carbon stock (Mg C ha') under different management practices and sampling depths. For each woody crop, the management practice that has the
highest soil carbon content (green) and the lowest (red) are indicated. The average value of SOC for the set of woody crops and a given practice is indicated

(beige), and the average value of organic carbon considering the set of practices for each woody crop is indicated (blue). Different letters denote significant
differences. A confidence level of 95 % was considered.

Management practices Olive groves Vineyards Average
Tillage + cover crops 26,59 + 4.92 23,48 + 1.58 25,04 + 1.56
Tillage + no cover crops 33,25+7.34 18,39 + 6.07 25,82 +7.43
Tillage + cover crops + pruning residues 32,62 + 19.81 22,18 +1.12 27,40 £ 5.21
Tillage + no cover crops + pruning residues 105,80 105,80
No tillage + cover crops 29,02 +5.12 16,49 +1.97 22,76 £ 6.27
No tillage + no cover crops 13,50 + 2.53 13,50
No tillage + pruning residues + cover crops 59,01 + 10.91 16,63 + 2.14 37,82 +21.19
No tillage + pruning residues + no cover crops
Cover crops + pruning residues + fertilisers 32,04 £ 3.61 32,04
Cover crops * no pruning residues + fertilisers 36,00+ 9 36,00
Cover crops mowed 29,49 + 2.28 _ 22,36 +7.13
Cover crops mowed + pruning 30,87 £ 3.07 24,00+ 1.78 27,44 + 343
Cover crops + herbicides 36,73 + 15.41 36,73

Average * SE 36,20 £ 5.46 a 20,16 £1.01b

* %
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Table 9. Drivers affecting variability, adaptation, benefits, trade-offs effect on productivity and reference of the main management practices of woody crops.

Drivers

affecting

Adaptation

Benefits

Trade-offs

Effect on
productivit

Reference

variabilit

soil
crop

Climate,
texture,

Alvarez et al., 2007; 2021;
Biddoccu et al., 2020;

consequent emission of
GHG. On the other hand,
there are studies showing

ftype, mod_el ey | Inpreved sl It favours ant | Without the addition of | In some Ce}stro-Caro CBEl, A
implementing structure, water e . Gomez 2017, 2014, 2017,
R communities or as pest | organic amendments or | cases, cover .
cover crops on | infiltration and . . . . 2018, 2023; Kratschmer et
X . control, reduce soil | pruning residues to the soil, | crops may .
the farm (in the | water holding . . - . al., 2019;
. erosion, in addition to | the carbon content in the | reduce .
streets, under | capacity, pest ; ; : . | Landa et al., 2014;
Cover crops I promoting water | soil would decrease over | available soil . )
the canopy or | resilience, P . Liebhard et al., 2024;
X infiltration and | time. Poor management of | water and , -
covering the | reduce the o Martinez-Nufez et al.,
: . ; availability, entry of | the cover crops can lead to | thus .
entire soil), | erosion and . . . . . 2021;
) ; : carbon into the soil and | limited water for the main | negatively :
FEEBN eS| WEey the retention of nutrients | cro affect yields e G El, 20
livestock, nutrients. P: y " | Soriano et al., 2009, 2018;
fertilisation, Torrus-Castillo et al., 2022;
amonth others. Winter et al:;, 2018
Reduces the amount of
water that infiltrates and
increases the problems
. . . associated with
By reducing soil erosion waterloggingn, mainly in
Climate, soil | Higherresilience | and compaction, NT - )
. o . | areas with steep slopes.
texture, crop | against weather | helps  maintain  soil . i
. . The use of herbicides to | Positive,
type, duration | extremes due to | structure and nutrients, L
. : . . ) .’ | eliminate cover crops leads | may be . A
. since tillage | soil erosion | increases organic . . Dao, 1996; Gomez et al.,
No-tillage . to water pollution. | associated
abandonment, reduction and | matter, reduces GHG . : o 2005
. : e Therefore, no- tillage can | with difficult
pruning/cover soil water | emissions due to lower
. . ; have an unfavorable effect | weed control
crops residues | capacity fuel use, can retain more X :
e . - | due to an increase in water
and fertilisation. | increase water, and promotes soil
biodiversit content and
y hydromorphism with the
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that in an olive grove with
an average slope of 13.4
%, soil losses without
tillage were more than
twice as high as with tillage.

Some increase in pesticide
use. The breakdown of soil

Climatic Soil It _ reduces aggregates_, leads to a »
texture ’ crop erosion and loss _ fjecrease_ in SOC _an(_j an | Positive, _ _
Reduced types, frequency, ofyvaterfrom the Redyce fossil fL_JeI use | increase in COz_em|SS|on_s. may be | Reicosky and Lindstrom,
tillage prunir;g/cover ’ _30|I_, and | and increase soil water | This sho_rt-’germ increase in a§SOC|a_t<?d 1993; Alvaro-Fuentes et al.,
; indirectly retention. CO:2 emissions is due to a | with difficult | 2007
crops residues .
S reduces CO2 physical process, | weed control
and fertilisation. o . )
emissions. generating a release of this
gas stored in the porous
structure of the soil.
They increase the levels
of  organic matter,
nutrients and  even
increase the oil content | Promote N mineralisation
Residue quality, in the fruit ten years after | and potentially enhancing
health of the application, and fromthe | N2O and CH4 emissions.
previous  crop, point of view of GHG | Conflicting goals - retention
proximity to the | Increase soil | emissions, the change | of crop residues for
Organic material to be | fertility, soil | from traditional chemical | increasing SOC versus Bombino et al., 2021;
amendments | added to the soil | moisture fertilisation to organic | using residues for energy Positive Ferndndez Hernandez et
and pruning | and its transport | retention, and | fertilisation is | production must be al.,, 2015; Llorca et al.,
residues cost, frequency | reduce soil | considered one of the | considered. Additional 2004; Repullo et al., 2012
with which the | erosion. practices with the | energy costs required for
pruning residues highest benefit/cost | chopping and incorporating
are applied and ratio. It reduces water | residues or the cost to
soil type. loss through | transport  the  organic
evaporation and | amendments.

decreases temperature
fluctuations in the soil.
On the other hand,
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pruning remains act as a
soil protector in case of
intense rain, it also
protects against erosion,
and in case of heat and
frost it has an insulating
effect. In addition, the
soil structure is
continuously improved,
and as microorganisms
slowly disintegrate these
residues, numerous
nutrients are provided.

Climatic
condition, SOC
content, soil
texture, crop
and farm types,
residue
management
and fertilisation

Livestock

Increase soil
fertility, soil
moisture
retention, and
reduce soil
erosion.

The presence of
livestock serves as an
effective control of
cover crops, thereby
reducing the use of
machinery (reduction in
fuel use), favoring the
diversification of cover
crops species, in
addition to providing an
extra contribution of
organic fertilisation
without the need for
external inputs.

Soil compaction,
potencially enhancing N20
and CH4 emissions.

Positive

Alvarez et al., 2007; Torres
etal., 2016
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2.7. Discussion

Most of the studies include the sowing of cover crops, which is usually carried out
in autumn (except for some study cases that report spring sowing), which offers optimal
conditions for plant establishment. The following cover crop species stand out: Fescue,
Clover, Triticale, Brachypodium, Ryegrass, Oats, Vetch, Barley, Vicia villosa, Medicago
and a mixture of different species. Most of the studies managed the cover crops as a
temporary cover crop, meaning their growth is limited using chemical (herbicides) or
mechanical (weeder) methods at some point in late winter or early spring (February
March). Sometimes, particularly in the case of mechanical control, a second application
or weeder pass is carried out in mid-spring (April-May) if cover crop growth is still high.
Tillage management in the reviewed studies is carried out, in most cases, three times a
year at a depth of approximately 15-20 cm. Usually, the first pass consists of deeper
tillage using a mouldboard plough or disc plough, while the second and third passes are
more superficial using a cultivator, spike harrow or roller. There is some variability among
studies, with some studies using a reduced, and shallower number of tillage passes, e.g.
two cultivator passes a year.

It is important to note that the number of articles is reduced when the sampling
depth is 0-5 cm, while there is a larger number of articles that present data for 0-30 cm
soil depth, which can make decision-making difficult due to the limited information at
other sampling depths. Despite the difficulty of taking soil samples in the field at different
depths or throughout the entire soil profile, it is necessary to conduct studies that include
the greatest number of possible soil depths to better understand the influence of soil
depth on the distribution or content of carbon. The fact that the studies always focused
on the same sampling depths made it difficult to clearly understand the real impact of
these management practices on organic carbon content, and thus on CF.

Another problem is that articles usually provide information on carbon content in
percentage or grams per kilo, but not on carbon stock, so in many cases it must be
calculated from the bulk density, which is sometimes not provided in the articles, or if
information is provided, it is not made clear whether the coarse fragments were removed
or not, which could lead to over- or under-estimating the results. In other cases, it is not
specified whether the samples were taken in the alley or under the canopy, so it was
assumed that in most cases the soil samples were taken in the alley if no further
information was provided. Therefore, due to these types of aspects, it should be
proceeded with caution, since taking samples under or outside the canopy would
influence the organic carbon content, and consequently, the carbon stock of the soil.

Based on the individual analysis of the different articles and their subsequent
processing, it can be concluded that while there is a significant number of studies
focusing on SOC, they are insufficient to provide quantitative information for a reliable
appraisal of the different CF practices with moderate uncertainty. Part of this can be
explained by a myriad of possible combinations of management practices that can be
implemented on a given farm (see Table 2), combined with the lack of consistency in the
soil depth explored in different studies. Also, there are large differences in SOC between
the lane and the under-canopy area. Despite it being a typical feature in woody crops
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like olives know (Gomez et al., 1999, 2014), this difference is not widely studied (Gémez
et al., 2022, 2024). The large variability in edaphoclimatic and agronomic conditions,
which determine differences in biomass productivity of different farms, further increases
the variability even under relatively homogeneous conditions (Gémez et al., 2022; 2023).
Drawing reliable conclusions is therefore difficult. For an appropriate appraisal of CF
practices, it is necessary to take samples that cover deeper soil depths to determine the
distribution of carbon in the soil profile according to the management practice
implemented. In general, the reviewed articles provided a limited explanation of the
specific details of the management practices that were realised. For example, it is often
unclear how long a management practice was implemented for, the different combination
of practices that were carried out on the farm, or the irrigation dose applied, among
others. Also, the bulk density values are not always provided in the articles, and when
they are, it is not clear whether the coarse fragments are taken into account.

Our review highlights the need for establishing clear guidelines on good practices
in experimental studies on SOC, some of which can be easily implemented. These are,
for example:

i) listing the coarse fragment content and bulk density;

ii) a detailed explanation of the management and agronomic practices, the age
of the plantation and the number of years those practices have been
implemented;

iii) sampling of all the relevant soil depths, rather than to the maximum rooting
depth or a standard depth, which might be in the range of 0.8-1.0 m;

iv) sampling soil in two different areas, below canopy and in the lane area, the
latter being the area where most of the CF practices are implemented; and

v) determining the baseline in soil in all the plots at the start of the experiment,
instead of assuming an initial equal value. Another option, it would be the
establishment of a control plot where conventional BAU practices are applied.

These guidelines will help generate reliable experimental data that could assist
in discriminating the effect of other factors, such as climate and soil type, on management
practices. It will also help close the carbon cycle of the system and improve its carbon
footprint, hence allowing for a better understanding of the effect of specific CF practices
in relation to carbon accumulation in above- and belowground biomass of woody crops.

Despite the uncertainties and gaps in knowledge, it can be confirmed that it is
essential to consider the role of cover crops, the permanent structures of woody crops
and some management practices in carbon dynamics. The results show that the amount
of organic carbon in cover crop contains a relevant (significant?) share of the carbon in
the systems, e.g. C in vineyards was higher than in any of the independent components
of the vine biomass (but not as a whole).

For management practices, the trend was towards a higher organic carbon
content and carbon stocks in the soil with no —tillage, combined with cover crops and the
application of organic amendments compared to tillage in all woody crops at all depths.
However, in most cases there were no results on the role of the application of organic
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amendments on soil carbon, since the number of existing studies is limited. This
indicates the importance of this subject for researchers in the field, who are aware of the
difficulty farmers face when it comes to applying organic amendments on their farms.
Some of the obstacles include the availability of organic materials, the associated costs
to buy these, and the costs involved in transporting the material to their farms.

Given the uneven distribution of studies, and the large variability, the
experimental information on the effect of possible combinations of management
practices on the organic carbon changes gave different results for different woody crops.
This is counterintuitive, since the studies come from analogous conditions, and they are
regulated by the same physical, chemical and biological processes. This is, again, a call
for the need for a more standardised way to carry out studies on SOC in woody crops to
generate experimental information that could be integrated in the future in a joint meta-
study.

The general trend was higher carbon levels under NT with application of pruning
residues and use of cover crops, and the lowest values when there was no cover crop
or it was removed with herbicides or pruning residues were not added (“NT and no cover
crops” OR “NT and pruning residues and no cover crops” OR “cover crops and
herbicides. The olive grove was the woody crop that presented the highest carbon stock
in the soil. This could be due to the fact that in olive groves there is a greater diversity of
practices compared to other woody crops.

2.8. Insights

2.8.1. Scientists:

- There is the need to improve the quality of publications on SOC, particularly in woody
crops, standardizing several definitions? to prevent sources of confusion and reduce
variability. The use of different units, lack of key variables (e.g. bulk density) or detail in
the explanation of the management practices carried out in the study and not specifying
the time that these management practices have been implemented make it difficult to
actually interpretate the results

- Reduced experimentation period, single-year studies which does not capture the
dynamic evolution of the systems in biomass or in the soil.

- The variability of factors such as climate and soil type masks the role of management
practices in the carbon content and carbon stock of the soil.

- The variability of the systems in terms of management practices makes it difficult to
compare these in relation to the carbon stock in the soil.

- The depth and location where soil samples are taken may influence the final result.

- More studies and methodologies are needed focused on analysing the carbon that
accumulates in the tree, especially in the roots.
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- Not knowing clearly what the baseline value of carbon content in the soil before applying
management practices makes it impossible to know the mitigation potential (t C ha™' yr

1)_

- It is impossible to calculate the carbon stock if bulk density data is not provided. Not
excluding coarse fragments in determining the bulk density leads to errors in calculating
the soil carbon stock.

- Not indicating the irrigation dose does not allow knowing the possible relationship
between the increase in biomass production and organic carbon.

- Not specifying the planting frame or the age of the trees in the studies makes it difficult
to make assumptions about the mitigation potential (t C ha™ yr').

2.8.2. End-users/Stakeholders:

- The carbon that accumulates in the permanent structures of woody crops will depend
on the age of the plantation and the type of pruning.

- The model of implementation of the cover crops, that is, whether it covers the entire
soil, is in strips or under the canopy of the trees, and the species, will influence the
organic carbon in the soil.

- Cover crops play an essential role in SOC, as do permanent tree structures and roots.

- As for management practices, the trend was towards a higher content of organic carbon
and carbon stock in the soil with no-tillage combined with cover crop and the application
of organic amendments and towards lower in systems with tillage and bare soil in all
crops and depths.

- The application of organic amendments increases the carbon content in the soll
compared to other practices. Therefore, options must be able to apply them in the field
if transport costs allow it.

- The best combination of management practices that results in a higher content of
organic carbon in the soil and carbon stock was “no-tillage and the application of pruning
residues and the existence of cover crops” while the lowest values where when there
was no cover crop (by herbicide or mechanical methods) or pruning residues were not
added.

- The olive grove was the woody crop system that has the highest reported carbon stock
in the soil.

2.8.3. Policy makers:
- Sustainable management practices like cover crops (under different strategies) and the
use of pruning residues increase organic carbon in the soil, albeit available literature

presents a large variability in the quantification of this increase.
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- Literatures on the organic carbon content or carbon stock in the soil present different
results for different woody crops. This might a result of the large variability among

studies, the methodological differences and the reduced number of studies.

- The carbon footprint must take into account the carbon balance of the woody crop and
the emissions produced by the different agricultural practices. Carbon balance is
understood as all the carbon inputs and outputs that occur in the system, that is, the
carbon that accumulates in the tree as well as in the soil, including soil respiration,

decomposition of materials added to the soil or erosion.
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3. Peatlands

Jens Leifeld’ and Milagros Torrts Castillo?
1 Agroscope, Switzerland

2 Spanish National Research Council (CSIC), Spain

3.1. Methodology for information search.

The analysis is mostly based on review studies on GHG emissions from drained
and rewetted peatlands in Europe (Aben et al., 2024; Bianchi et al., 2021; Evans et al.,
2021; Koch et al., 2023; Tiemeyer et al., 2020), plus two studies from individual sites that
were not included (Paul et al., 2021; Paul et al., 2024). Study sites were from Germany,
Denmark, the Netherlands, UK, Switzerland, and Ireland. Site data that were mentioned
more than once (e.g. used in two different review studies) were counted only once.
Gases considered are CO; and CHis. N2O data from the review of European
measurements by Lin et al., (2022) were analysed but not considered, as the relationship
to a change in water table (WT) depth, e.g. rewetting, is less uniform.

In all studies, the CO- balance refers to the net ecosystem productivity (NEP),
which takes into account the CO;, balance measured in the field and the carbon in
harvested export from the field. Studies that did not report NEP or did not measure for at
least one full year were not included. Information on mean groundwater depth was
considered mandatory. In total, 258 full-year measurements for CHs and 240 full-year
measurements for CO, were included.

3.2. Management considered

The key management parameter considered for rewetting is WT depth (WT in
meters below or above the surface). Deep WTs are typically associated with intensive
agriculture, whereas shallow WT can represent non-intensive agriculture, most
commonly grassland or paludiculture, i.e. the wet management of organic soils with
water-tolerant plant species such as reed or typha), as well as natural peatlands. Most
study sites include agricultural uses (cropland, grassland), as well as different forms of
wet systems (restoration to natural conditions, paludiculture, riparian wetlands, and
mires). In some locations reported in Tiemeyer et al., (2020), restored peatlands or mires,
e.g. natural peatlands (bogs, fens), may include trees such as alder or pine. The dataset
was not classified further into different management or land use types. The reasons for
this are that i) Tiemeyer et al. (2020) did not find clear differences between the responses
to WT in different land uses for CO2, and ii) the large variety of systems, especially at
shallow WT, makes any classification arbitrary. As the sites also differ in (former) mire
type (mostly bog or fen) and climate, we do not further subdivide them. In this way,
enough data points are available to also evaluate the effect of partial rewetting, e.g.,
raising the WT by only 10 or 20 cm.

3.3. Variables used

The underlying studies applied two widely used GHG measurement techniques,
namely different forms of static chambers or eddy covariance systems. The carbon
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balance of the fields includes both the CO, balance and the harvest export, hereafter
referred to as NEP. NEP is an indicator of soil carbon balance. Possible carbon losses
in the form of dissolved organic matter are included in the calculation of NEP in some
studies. The NEP of all studies is expressed here as t CO,-C ha™' yr'. Positive numbers
indicate net carbon losses, negative numbers show net gains, i.e. sequestration. The
methane balance is expressed as kg CHs- C ha™' yr'. Positive numbers indicate net CH4
emissions, negative numbers net uptake, i.e. net methane oxidation.

CO2and CH4 data are plotted as a function of WT. WT is given as an annual mean
value in meters below the surface. Negative WT numbers indicate a WT below the
surface, while positive numbers indicate a WT above the surface, i.e. flooding.

3.4. Analysis

All data from the references cited above were compiled in Excel spreadsheets
from the original papers and their supplements, quality checked and, where necessary,
converted to the same units. The data were then plotted together as a function of WT
and a function was sought that best represented the observed variability. For NEP, the
best result was obtained using a sigmoidal relationship with the WT, in accordance with
Koch et al., (2023) and Tiemeyer et al., (2020). Evans et al., (2021) suggested a linear
relationship between NEP and WT. Their data are included here, but the linear fit yielded
a smaller R? than the sigmoidal fit when all data were considered together. For CH4, a
single exponential function fitted the data best, in agreement with Evans et al., (2021),
Koch et al., (2023) and Tiemeyer et al., (2020).

The 95% confidence limits of the regression lines were taken to provide an
estimate of the uncertainty in the comparison between deeply drained and rewetted sites.
The relationship between WT and GHG fluxes was used to find the optimum WT for
minimum GHG emission. This was achieved by converting CHafluxes to CO, equivalents
using a global warming potential GWP100 of 27 for methane (IPCC, 2021). For the
drained counterpart, a WT depth of -0.60 m was chosen, as there is no further increase
in CO_ emissions below this point.

3.5. Co-benefits

Raising the WT of peatlands drained for agriculture typically affects intensive
agricultural use and is associated with reduced income for the farmer. Additionally,
induced land-use change to compensate for lost food or feed production may be an issue
(Willenbockel, 2024). The extent to which products from paludiculture (e.g. wet
management of organic soils) such as fibres or mosses, can replace foregone income
from drained agriculture is highly context-specific and systems are still being developed.
On the other hand, management of organic soils with higher WT, such as paludiculture
or restoration to natural conditions, provides important benefits that are lacking when
these soils are drained. These include a much better GHG balance, improved
biodiversity, water retention and purification, and local cooling (Tanneberger et al., 2024).
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3.6. Results

The results for NEP clearly show a decrease in soil carbon loss with increasing
WT (Figure 4). While at a depth of -0.60 m or below, annual losses are about 8.2t C / ha
lyr, increasing the WT to the surface induces a small sink of 0.4 t C / ha /yr on average.
NEP is particularly sensitive to WT in the range -0.40 to 0.00 m. The NEP-WT relationship
was best described by a sigmoidal function as described in Figure 4.
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Figure 4. Relationship between water table (WT) depth and net ecosystem productivity (NEP)
from drained and managed, rewetted and natural peatland sites in Europe.Curve (solid green
line) shows sigmoidal fit to the data plus its 95% confidence interval (dashed green lines). The
curve follows the function NEP = y0+a * exp(-exp(-(WT-x0)/b)) with yO = -0.44 (0.58); a = 8.72
(0.87); x0 =-0.18 (0.02); b =-0.089 (0.0238) (values in parenthesis are one standard error). R2=
0.48.

For CH4, the previously reported exponential dependence of emissions on WT is
confirmed (Figure 5 and regression equation in figure caption). While deep WT allows
CH4 oxidation in soil or even net uptake from the atmosphere, flooding triggers very high
CH4 emissions. A net CH4 emission can already occur at a WT above -0.44 m.

Project MARVIC has received funding from the Horizon Europe 30
Programme under grant agreement no. 101112942




Deliverable 4.1 — Peatland

1400
A Bianchi et al. 2021
1200 - Koch et al. 2023 *
% Tiemeyer et al. 2020
A Evans et al. 2021
1000 + *
FIT_\
> 800 *
- i
|(U *
=
@)
o 600 -
S
Iﬂ'
O 400 N
200 A
0 -
T T T T T T T
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

water table depth (m)

Figure 5. Relationship between water table (WT) depth and net methane flux from drained and
managed, rewetted and natural peatland sites in Europe. Curve (solid line) shows exponential fit
to the data plus its 95% confidence interval (dashed lines). The curve follows the function CH4 =
y0 + a * exp(b*WT) with yO = -21.25 (27.72); a = 242.97 (36.66); b = 5.52 (1.52) (values in

parenthesis are one standard error). R? = 0.28.

The GHG optimum for average CO, and CHa.fluxes is 4.54 (range -0.12 — +9.00)
t CO2eq. / ha/ yr and is reached at a WT of -0.06 m (Figure 6). For comparison, the
emission at -0.60 m is 29.66 (range 24.6 — 34.8) t CO2-eq. / ha / yr, giving an average
GHG saving potential of 25 t CO2-eq per ha and year with rewetting. It should be noted
that over longer time periods the cumulative CO, savings are closely related to the SOC

stock in the peat.
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Figure 6. Optimum curve for GHG emissions from organic soils along the gradient of water
table (WT) depth considering fluxes of CO2 and CHa.

The overall effect of changes in WT on the NEP and CH4 balances of drained and
wet peatlands is clearly documented in the references used for this analysis and highly
significant (p<0.01). The WT explains 48% of the variability in the data for NEP and 28%
for CHs. It should be recalled that the data sets were not separated by land use or
management as explained above. An important distinction is between fens
(minerotrophic) and bogs (ombrotrophic), as their different pH and nutrient status affect
GHG fluxes. However, the papers reviewed often make this distinction only for semi-
natural systems, whereas for managed systems (e.g. at majority of the sites) only the
land use type is reported, regardless of the underlying peatland type. Therefore, the
regressions presented here do not replace site-specific measurements or estimates but
rather provide a general overview of the mitigation potential of raising the WT.

N2O emissions from managed organic soils is typically several times higher than
from similarly managed mineral soils. In contrast to mineral soils, most of the N.O comes
from decomposing organic matter rather than from fertilisation (Wang et al., 2024). In
general, N2O emissions from organic soils are related to several factors, such as soil C/N
ratio, land use history and drainage, or peatland type (Lin et al., 2022). The latter study
compiled 492 annual N2O flux data from Europe. However, N.O emissions do not follow
WT as closely as CO. or CHs fluxes, although they tend to decrease with increasing WT
(Figure 7). The overall weak relationship with WT prevents us from including N2O in the
overall assessment. However, the data suggest a lower N2O emission at high WT, which
was found to be significant for subsets of the data by Lin et al., (2022). Therefore, omitting
N20O is a conservative approach in the context of rewetting projects in CF.
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Figure 7. Overview of N20 flux data from European sites plotted as a function of WT (Lin et al.,
2022).

Summary of co-benefits of mitigation practices by agricultural systems

In addition to the significant GHG emissions savings, the co-benefits of rewetting
managed organic soils, e.g. former peatlands, to a natural state are thought to include
improved biodiversity with species specific to peatland ecosystems, water retention in
the landscape, water purification (particularly reduced dissolved organic matter leaching)
and local cooling. In regions with few remaining natural peatlands, peatland restoration
could also support recreational values. For rewetting combined with wet management,
e.g. paludiculture for biomass and fibre production, carbon loss savings can be as high
as for rewetting combined with natural restoration. Data in Bianchi et al., (2021) show
that NEP for rewetting combined with natural systems or with paludiculture with
sphagnum cultivation shows similar results (-1.30 £ 0.52 and -1.47 + 0.24 t CO»-C / ha
/yr, respectively).

3.7. Discussion

A key aspect for MRV systems is the need to measure GHG fluxes rather than
SOC stocks in peatland rewetting projects. First, unlike mineral soils, SOC losses or
gains cannot be derived from SOC measurements per se unless the entire peat profile
is repeatedly measured, which is not feasible in many cases given the peat thicknesses
of several meters. Secondly, the role of CH4 at high WT becomes a very important trade-
off that needs to be quantified. Both gases can now be measured with high accuracy
using either chamber or eddy covariance techniques. As for mineral soils, quantification
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of NEP requires measurement of harvest export and, where applicable, import of organic
matter into the field.

A further important aspect is the sparse information on carbon lost through
leachate (dissolved organic carbon, DOC). DOC is often not included in the above
references used to derive NEP-WT relationships. DOC can be a significant proportion of
the total C budget. IPCC (2014) suggests a generic DOC factor of 0.60 t C /ha /yr, which
is higher than the DOC factors for natural systems in the boreal or temperate zone
reported therein. As for N>O, omitting DOC from the overall assessment in rewetting
projects is therefore a rather conservative approach, as rewetting is likely to reduce not
only CO; but also DOC.

3.8. Insights

Peatland rewetting is a measure with a high probability of significantly improving
the GHG balance. In addition, large areas of former peatlands are being drained and
managed, offering significant opportunities to reduce emissions from these soils (UNEP,
2022). In contrast to mineral soils, monitoring and validation is usually not possible with
repeated SOC stock measurements. A reliable WT record is the easiest way to predict
GHG from these systems. However, the proposed generic curves do not replace site-
specific estimation or quantification. While groundwater measurements are necessary,
they only provide an estimate with the uncertainty given above in the corresponding
figures for NEP and CH4. The gold standard would be direct field GHG measurements
to account for site- or region-specific conditions. As an alternative, i) GHG estimates
based on the vegetation have been proposed (Couwenberg et al., 2011). However, such
an approach also requires region-specific calibration against measured GHG fluxes and
expert knowledge. Secondly, GHG fluxes can be estimated using ecosystem models
(e.g., Deng et al., 2015; Silva et al., 2024; Swails et al., 2022). As with vegetation or WT
depth as proxies, calibration and validation procedures are required to obtain reliable
estimates. In addition, the application of models requires considerable expertise. On the
site of research, more specific response curves (WT vs. GHG) that take into account the
effect of important drivers such as different peatland types and peat qualities, nutrient
status, soil pH and climate zones are needed to better understand the large variability in
the fluxes at the same WT.

At the technical or application level of rewetting, important aspects to consider
include soil properties such as hydraulic conductivity, nutrient status, a list of site
selection criteria (e.g. remaining peat deposit to be protected), or availability of water for
rewetting. Drainage systems often extend over more than one field, so an assessment
of the area affected by rewetting must be carried out beforehand. Taken together, the
requirements for technology, expertise and skills are higher than for some of the typical
mineral soil carbon sequestration measures, such as cover crops or improved crop
rotations, which can be implemented by farmers themselves with little or no prior advice.

On the economic side, the loss of income from agricultural production and the
costs of technical implementation needs to be weighed against the benefits of improved
ecosystem services, incentive schemes, elimination of the need for drainage system
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maintenance etc. Possible solutions are site- and context-specific, require economic
assessment, and can only be evaluated and possibly implemented in the context of the
policy framework, which is often national or regional.
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4.1. Methodology for information search.

We performed a systematic search for peer-reviewed meta-review studies on
SOC stock change using SCOPUS, Web of Science, and Google Scholar search
engines in March and April 2024. The focus was on meta-reviews due to our interest in
information on carbon sequestration potentials already applicable in the European Union
and the fact that the national, regional and experimental case studies would require
immense theoretical effort to synthesise many different methodologies, variables and
conditions. Our search was complemented by some empirical and model studies to fill
the shortcomings in information provided by the meta-reviews.

The research queries were developed to include various agricultural practices (i.e., catch
crops, crop rotations, intercropping, zero tillage, reduced tillage, reduced fertiliser and
pesticide use, organic farming, set-aside, organic amendments and crop residue
management, adding legumes, restriction on slopes, grass in orchards and vineyards,
replacing annual with perennial/permanent crops) on arable land and their potential to
sequester carbon (arable* AND "carbon sequestration®™ AND "(selected agricultural
practice)*™). This comprehensive approach aimed to capture a wide range of practices
and insights from existing literature.

We screened the full text of 65 studies (243 entries) from 8 different geographical
zones published during the last 25 years for their potential inclusion in this study (Figure
8).

To ensure quality and relevance, we established several stringent criteria for inclusion.
Specifically, a study had to:

a) Be published in English to ensure accessibility and comprehensibility.

b) Include a statistical analysis with a well-documented methodology to
guarantee the reliability of the findings.

c) Have at least part of the reviewed study conducted within the European Union
or Europe, ensuring the relevance of the data to our geographic focus.

d) Investigate the impact of agricultural practices on SOC stocks, directly
addressing our research objectives.
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We screened the full text of 65 studies (243 entries) from 8 different geographical
zones published during the last 25 years for their potential inclusion in this study (Figure
8).

Through this rigorous selection process, we retained 14 peer-reviewed studies (3
models and 11 meta-reviews) containing five different practices (catch and cover crops;
crop rotations; reduced tillage; zero tillage and organic amendments and crop residue
management).
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Figure 8. Number of arable land studies by year of publication.

The screening process considered several critical factors extracted from each
study: agricultural practices, their impact on SOC, quantified carbon sequestration
potential (expressed in appropriate units), control practice, sampling depth, duration of
the study, and any additional notes deemed relevant.

4.2. Management considered

Catch and cover crops

Catch and cover crops are grown in between cash crops, i.e. between the harvest
of the preceding crop and the establishment of the subsequent crop to prevent soil
erosion. They can directly be a part of the crop stand as under sowing intercropping or
companion crops. Cover crops are mainly fast-growing species with relatively cheap
seeds, which can produce sufficient biomass in a relatively short period to fulfil the
required functions. Whereas in the past the biomass of intercrops was often used for
feeding purposes, today it is usually incorporated into the soil. As a result, the solil is
enriched with high-quality, rapidly decomposable organic matter and, in the case of
legume intercrops, with organic nitrogen obtained through biological fixation.
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Catch and cover crops can be sown as single species or as mixtures. The most
cultivated species include those from the Brassica family, mainly white mustard, oil
radish, and to a limited extent, rape or canola. Crimson clover, creeping clover and
Alexandrian clover are often cultivated, as are vetches, peas and faba beans. Often
grown are also phacelia, buckwheat, from cereals oats or sorghum, and from grasses
mainly ryegrass species.

Catch and cover crops incorporate CO; into their biomass at a time when post-
harvest residues of the main crop are decomposing. They increase the total amount of
biomass produced, increasing the amount of organic matter entering the soil. This is
particularly important for crops with small amounts of post-harvest residues, e.g.
potatoes and vegetables. Fresh intercrop biomass is easily decomposable and is used
as a source of energy and nutrients for the soil community, which transforms this biomass
into more stable forms of organic matter.

Crop rotations

Crop rotation is the practice of growing a series of different types of crops in the
same area across a sequence of growing seasons. The cultivation of annual crops
requires the annual establishment of crop stands. It is then up to the farmer to decide
whether to sow the same crop again (monoculture) or a different crop, i.e. crop rotation.
Whether crops are grown in monoculture or regularly rotated is often based on the
traditions of the farming system. Regular crop rotation became widespread in central and
western Europe during the 18th and 19th centuries when clover and root crops were
introduced in rotation with cereal crops, together with a reduction of fallowing. In recent
decades, the number of crops in rotation has declined and the dominance of the most
economically important crop species has increased, reducing the diversity of crop
rotations.

Crop rotation reduces the negative effects of repeated cultivation of the same
crop species. As a result, higher yields, better crop health and lower weed occurrence
can be achieved. Crop rotation makes it possible to rotate species with shallow root
systems with deep-rooting ones, species with low post-harvest residues with those that
leave sufficient residues on the field. This reduces the negative effect of selected species
on the amount of SOM. A well-designed crop rotation with crops that provide high C input
in the soil or improved crop rotations with cover crops, and crops that increase the C
inputs such as perennial crops increases the amount of organic matter (roots,
aboveground post-harvest residues) entering the soil. Another positive aspect of crop
rotation is the higher diversity of soil organisms - the higher the productivity of the soll
community, the higher is the proportion of SOM.

Reduced tillage

Reduced tillage or conservation tillage is a soil tillage system without intensive
soil reversion. While in a conventional tillage system, the basic tillage operation is
ploughing, in reduced tillage ploughing is omitted altogether and is replaced with
shallower or deeper cultivation without intensive soil reversion. In these systems, there
is no need for the whole surface tillage. Non-inversion tillage systems intensively
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cultivate only the strips used for sowing the crop, while the rest of the field remains
undisturbed. There is also a merging of individual working operations, most often
seedbed preparation and sowing. Omitting ploughing means not only lower tillage costs
but also greater protection of the land against erosion and better conditions for soil fauna.

In a reduced tillage system, post-harvest residues or intercrop biomass are not
incorporated into the soil profile but remain either directly on the soil surface or just below
it. This effectively protects the soil from erosion, reduces rapid mineralisation and thus
provides a more stable source of food and energy for soil fauna. By limiting rapid
mineralisation, organic matter accumulates in the surface layer of the soil, which can
then be more easily converted into more permanent forms of SOM. The higher amount
of SOM is also due to the higher biomass of soil organisms, which are not damaged by
intensive soil cultivation.

Zero tillage

Zero-tillage is the practice of drill-seeding with no prior tillage of soil. Tillage has
been used since the beginnings of agriculture to create suitable conditions for the crops
grown - incorporating post-harvest residues and fertilisers, depositing seed at the
required depth, and removing weed competition. Both conventional and reduced tillage
systems are based on repeated soil cultivation. In the case of conventional ploughing
systems, primary tillage involves turning the topsoil and intensive soil mixing. This is
followed by seedbed preparation before sowing and, if necessary, soil cultivation during
the growing season. Zero tillage systems omit tillage altogether. This means that there
is no soil disturbance, better conditions for soil fauna and a reduced risk of soil erosion.

In a zero-tilage system, post-harvest residues remain on the soil surface,
protecting it from erosion and unproductive evaporation. Leaving a layer of organic
matter on the soil surface is closer to natural ecosystem conditions. As the post-harvest
residues or intercrop biomass are not incorporated into the soil, they are not rapidly
mineralised and thus provide a longer-term food source for soil organisms, which
gradually incorporate the material from the surface deeper into the soil profile
(earthworms). Also, the root system of plants is not subjected to rapid mineralisation,
which contributes to increasing the amount of soil carbon in organic form. However, the
accumulation of organic matter on the soil surface also makes it easier for diseases and
pests to survive, and an increased susceptibility to weed occurrence, which in
conventional agriculture leads to more intensive use of pesticides. It is also important to
recognise that zero tillage slows down soil mineralisation and should be paired with other
agricultural practices that actively sequester carbon to achieve effective carbon
sequestration.

Organic amendments and crop residue management

Intensive agriculture is characterised by low inputs of organic matter into the soil.
Organic matter can be supplied to the soil mainly in the form of post-harvest residues
when additional plant parts are not harvested as the main product but left on the surface
or incorporated in the soil. Other forms of post-harvest residues include catch crop
biomass or organic manures, and biogas plant waste. Mixed farms with livestock can
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return a significant part of their production to the field in the form of manure, while farms
specialising in crop production can address the lack of organic fertiliser by consistently
incorporating post-harvest residues, more frequent planting of catch crops or by
purchasing, for example, composts.

Organic amendments consist of organic materials originating from biomass or living
organisms. Typically, this includes compost, wood chips, biochar, animal manure, straw,
husks, geotextiles, and sewage sludge. These materials are rich in organic matter and
essential macro- and micronutrients, which enhance soil fertility by improving
microclimatic conditions and can also serve as substrates for microbial activity. The use
of mulch on the surface of a dump notably impacts rhizosphere temperature and
moisture levels.

The organic matter in the soil undergoes gradual mineralisation, decreasing
steadily without further inputs. For most crops (except for some vegetables), only part of
the biomass produced by the plant is harvested and the rest remains on the field as post-
harvest residues. In the case of grains, this is the root system and part of the above-
ground biomass, excluding seeds. in the case of root crops, it is the whole above-ground
biomass and part of the root system. Most often, post-harvest residues are incorporated
into the soil where they increase the amount of organic matter and support the biomass
of the soil community as a source of food and energy. Post-harvest residues can be used
as a by-product, for example as feed and bedding on the farm itself, then returned to the
soil as manure. But they can also be sold to other farmers or used for energy purposes
(straw). In this case, only a small part of the biomass produced is returned to the soil. In
extreme cases, post-harvest residues may be burned, but this is not common in
European agricultural practice. When growing crops with less post-harvest residues, it is
advisable to include intercropping.

4.3. Variables used

The screening process considered several critical factors extracted from each
study: agricultural practices, their impact on SOC, quantified carbon sequestration
potential (expressed in appropriate units), control practice, sampling depth, duration of
the study, and any additional notes deemed relevant.

During the systematic analysis of the published studies, the values and units of
SOC storage reported by each study were recorded. The primary focus was on variables
that provide quantifiable measures of carbon sequestration, which are essential for
assessing the impact of different agricultural practices on SOC stocks.
The recorded variables were:

Annual SOC stock change rate (t C/halyr; t CO2/halyr)
SOC concentration (g C/kg soil; %)

To facilitate a coherent and unified analysis, it was necessary to convert all values
from selected studies to a common unit: tons of carbon per hectare per year (t C/halyr).
This allows for direct comparison across different studies and variables by eliminating
the disparity that arises from using different units, thereby ensuring all data points are
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evaluated on the same scale. Moreso, the unit t C/halyr is highly relevant to agricultural
studies, as it provides a direct measure of the amount of carbon sequestered per unit
area over a given time period.

The usage of common and well-known units simplifies the presentation of results,
making it easier for stakeholders, policymakers, and researchers to understand, interpret
and compare the findings.

Almost all carbon sequestration potentials from the selected European studies
were in t C/halyr, except for two studies that used t CO.e/halyr. This was converted using
the following conversion:

1 ton of CO2e emissions = 1 ton x 12/44 = 0.27 tons C emissions

4.4. Analysis

The selected studies provided comprehensive information on the observed
impact of various agricultural practices on carbon storage. Descriptive statistics were
employed to analyse the data. In instances, where a range of values was reported, the
mean value was utilised to ensure consistency and comparability across studies. For
visual comparison and better interpretation of the results, the values were represented
in graphical form using box and scatter plots. These visualisations were created using
the Seaborn library in Python.

Box plots were used to effectively highlight the central tendency, variability, and
the presence of outliers across different studies. The authors of the studies are provided
in the legend for reference. The individual plots represent the lower quartile value (Q1),
and the upper quartile value (Q3), with outliers denoting the minimum data value and
maximum data value.

Scatter plots were used to present the carbon storage at the different soil depth
at which sampling was conducted. Studies were categorised based on these soil depths,
while individual depths represent the studies, with the authors listed in the legend. The
x-axis of the scatter plot indicates the various soil depths (e.g. 0-30 cm, NA — soil depth
information not available), while the y-axis shows the carbon sequestration potential in
t C ha™ year'. This visualisation allows a comparison of carbon storage across different
depths, providing insights into how soil depth influences carbon storage. Additionally, the
scatter plot can help identify patterns or trends that are not immediately evident in tabular
data.

4.5. Results

Figure 9 shows the sequestration potential for catch and cover crops as reported
by each study. Seven studies were selected, two published before 2010, three between
2010-2019 and two after 2020. All studies that met the requirements showed a positive
effect on the SOC annual change rate. Catch/cover crops generally have a positive

Project MARVIC has received funding from the Horizon Europe 41
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Arable lands

impact on SOC storage, with quantified potentials ranging from 0.0837 to 0.35 t C/halyr.
The lowest value, 0.0837 t C/halyr, is reported in the study by Frelih-Larsen et al. (2008),
while the highest, 0.35 t C/halyr, is reported by Jarecki & Lal (2003). The median is set
at 0.24 t C/halyr, while the mean value is 0.23 t C/ha/yr. Studies using a model to quantify
carbon sequestration (Frelih-Larsen et al., 2008 and Lugato et al., 2015) generally report
lower values (0.0837 and 0.18 t C/ha/yr respectively) compared to other catch and cover
crop studies.

Quantified carbon seqguestration potential of Catch and Cover crops
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Figure 9. Quantified carbon sequestration potential of Catch and Cover crops. References are
provided in the legend. The lower quartile value (Q1) and the upper quartile value (Q3) with
outliers denoting the minimum and maximum data values are shown.

The scatter plot that divides the studies according to the soil sampling depth
(Figure 10) shows that the highest mean value of carbon sequestration, 0.31 t C/halyr,
was recorded by studies that were carried out at a depth of 20-25 cm. For depths 0-25
cm and 0-30 cm, respectively, the results varied slightly. In the first case, the value was
0.21 t C/halyr and in the second one, the value was 0.18 t C/halyr. For the studies that
did not report soil depth, large differences between the values can be seen.
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Scatter Plot of carbon sequestration patential (Catch and Cover crops) at different soil depths
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Figure 10. Carbon sequestration potential of catch and cover crops at the different reported soil
depths. The x-axis indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the
carbon sequestration potential in t C/ha/year.

Figure 11 shows the sequestration potential of crop rotations by selected studies.
Six studies were selected, three published before 2010, two between 2011-2019 and
one after 2020. All studies confirm a positive impact on SOC content. Crop rotations are
generally associated with a positive impact on SOC sequestration, with quantified
potentials ranging from 0.0945 to 0.5 t C/halyr. Frelih-Larsen et al. (2008) showed the
lowest annual potentials, specifically 0.0945 t C/ha. At the other end of the spectrum are
the papers by Tiefenbacher et al. (2021) and Smith et al. (2005) with reported potentials
of 0.475 and 0.5 t C/halyr. The median is set at 0.165 t C/ha/yr and the mean at 0.258 t
C/halyr. Studies using a model to quantify carbon sequestration (Frelih-Larsen et al.,
2008; Lugato et al., 2015) report values around minimum and median (0.0945; 0.17 t
C/halyr respectively).
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Quantified carbon sequestration potential of Crop rotations
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Figure 11. Quantified carbon sequestration potential of Crop rotations. References are provided
in the legend. The lower quartile value (Q1) and the upper quartile value (Q3) with outliers
denoting the minimum and maximum data values are shown.

A scatter plot dividing carbon sequestration potentials by soil sampling depth
(Figure 12) shows the difference between depths. The studies in which soil depth was
set at 0-30 cm corresponded with their median (0.165 t C/halyr) to the overall median of
all studies on crop rotations.

Scatter Plot of carbon sequestration potential (Crop rotations) at different soil depths
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Figure 12. Carbon sequestration potential of Crop rotations at different soil depths. The x-axis
indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the carbon sequestration
potential in t C/hal/year.

The results of 10 selected studies for the management option of reduced tillage
that met the set requirements can be found in Figure 13. Four studies are from before
2010, and six are from 2011-2019. The distribution is slightly more even than for crop
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rotations. Reduced tillage is generally associated with positive impacts on SOC
sequestration, with quantified potentials ranging from 0 to 0.4 t C/halyr. The lowest
values of 0 and 0.003 t C/halyr, respectively, come from Minasny et al. (2017) from a
study conducted in Belgium over a 20-year cycle and Martineau et al. (2016) The result
from Minasny et al. (2017) is the only one that does not show a positive effect of reduced
tilage on SOC stocks, suggesting that reduced tillage may not always lead to
measurable increases in SOC under certain conditions. The highest sequestration value
of 0.4 t C/halyr is shown by Freibauer et al. (2004) in the topsoil, i.e. at a depth of 0—30
cm. The median is set at 0.225 t C/ha/yr and the mean at 0.192 t C/ha/yr. Studies using
a model to quantify carbon sequestration (Vleeshouwers & Verhagen, 2002; Frelih-
Larsen et al.,, 2008; Lugato et al., 2015) reported different values. A study by
Vleeshouwers & Verhagen reported values of 0.25 t C/halyr (slightly higher than median),
whereas Frelih-Larsen and Lugato showed 0.0675 and 0.1 t C/ha/yr respectively (lower
than median).

Quantified carbon sequestration potential of Reduced tillage

- Lugato et al, 2015

Freibauer et al., 2004

Smith et al., 2005
Vieeshouwers & Verhagen, 2002
Martineau et al., 2016
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Figure 13. Quantified carbon sequestration potential of Reduced tillage. References are provided

in the legend. The lower quartile value (Q1) and the upper quartile value (Q3) with outliers
denoting the minimum and maximum data values are shown.

When the values are divided by soil sampling depth (Figure 14), studies with a
declared depth of 0 — 30 cm and studies without a specified depth have a relatively wide
range. For the 20 — 30 cm depth, the average value is 0.29 t C/halyr, which is similar to
the value from depth 40 — 52 cm of 0.27 t C/hal/yr. Even so, it is slightly higher than the
median and mean, which were driven down by studies that reported very low annual
carbon gains.
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Scatter Plot of carbon sequestration potential (Reduced tillage) at different soil depths
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Figure 14. Carbon sequestration potential of reduced tillage at the different reported soil depths.
The x-axis indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the carbon
sequestration potential in t C/hal/year.

The carbon sequestration values obtained by zero-tillage are shown in Figure 15.
Five studies are from before 2010, and three studies are from 2011-2019. Zero tillage
appears to be an effective practice for enhancing SOC storage, with quantified potentials
ranging from 0.2 to 0.64 t C/hal/yr. The positive impacts are consistent across various
studies, though the results can differ due to specific conditions and methodologies used
in the research. The study by Minasny et al. (2017), showed the lowest values, with an
annual sequestration rate of 0.2 t C/ha/yr based on 20 years of measurement in France.
On the contrary, the highest values, 0.64 t C/hal/year, were reported by a study from
Spain conducted by Gonzalez-Sanchez et al. (2012) combining no-tillage with crop
rotation. This study is shown as an outlier beyond whiskers. The median and mean are
calculated at 0.4 t C/hal/yr. A study using a model to quantify carbon sequestration
(Frelin-Larsen et al., 2008) reported a generally lower value (0.26 t C/ha/yr) than most of
the other studies.
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Quantified carbon sequestration potential of Zero tillage
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Figure 15. Quantified carbon sequestration potential of zero tillage. References are provided in
the legend. The lower quartile value (Q1) and the upper quartile value (Q3) with outliers denoting

the minimum and maximum data values are shown.

The distribution of values by depth can be seen in Figure 16. The highest value
was recorded, as already mentioned, by Gonzalez - Sanchez et al. (2021) at a depth of
40-52 cm. At the same time, for studies where the depth was not specified, the values
are evenly distributed. The studies without specified depth (mean 0.41 t C/ha/yr) and the
20-25 cm depth with mean carbon sequestration potential of 0.41 t C/ha/yr are closest

to the median and mean values, respectively.

Scatter Plot of carbon sequestration potential (Zero tillage) at different soil depths
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Figure 16. Carbon sequestration potential of Zero tillage at different soil depths. The x-axis
indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the carbon sequestration

potential in t C/hal/year.
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The carbon sequestration values of using organic amendments and
implementing appropriate crop residue management can be seen in Figure 17. Model-
based studies by Frelih-Larsen et al. (2008), Lugato et al. (2015), Vleeshouwers &
Verhagen (2002), and review by Freibauer et al. (2004) report low values between 0.09-
0.20 t C/halyr, while those by Vicente-Vicente et al. (2016), Smith et al. (2005), and
Freibauer et al. (2004) report high values in the range of 0.65-0.7 t C/ha/yr. Thus, the
overall range of values is 0.0945-0.7 t C/halyr, the median is set at 0.18 t C/ha/yr and
the mean at 0.34 t C/halyr.

Quantified carbon sequestration potential of Organic amendments and Crop residue management
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Figure 17. Quantified carbon sequestration potential of Organic amendments and Crop residue
management. References are provided in the legend. The lower quartile value (Q1) and the upper
quartile value (Q3) with outliers denoting the minimum and maximum data values are shown.

The distribution of reported carbon sequestration values for studies that reported
soil sampling depth of 0 —30 cm and those that did not specify soil sampling depth were
widely distributed (Figure 18). The average is 0.28 t C/halyr in the 0—30 cm depth studies
and 0.386 t C/hal/yr in the studies with no specified depth.
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Figure 18. Carbon sequestration potential of Organic amendments and Crop residue
management at different soil depths. The x-axis indicates the various soil depths (e.g., 0-30 cm,
NA). The y-axis shows the carbon sequestration potential in t C/ha/year.

4.6. Co-benefits

Catch and cover crops prevent soil erosion and reduce runoff by covering the soil
in the intercropping period, improving soil structure, thus increasing infiltration and
reducing nitrate leaching by temporal nutrient immobilisation. They can also reduce weed
occurrence on the field and decrease the infestation of following crops by pests and
diseases. They promote the overall biodiversity in agroecosystems, supporting soil biota,
pollinators, and vertebrates (Sharma et al., 2018).

Crop rotations increase SOC, microbial activity and diversity, increase yields, improve
pest control, provide better weed control and soil health, reduce runoff and soil erosion,
increase nutrient availability, and benefit biodiversity and water (Yu et al., 2022).

The benefits of reduced tillage are region-specific. It may improve
productivity via improved moisture retention, as well as reduce fossil fuel use,
increase soil water retention, increase binding of pollutants by soil and favour
biodiversity in the soil (Smith et al., 2008).

A co-benefit of zero tillage can be considered the lower usage of fossil fuels. In dry areas,
zero tillage may improve productivity via improved moisture retention (Holland, 2003;
Kumari et al., 2023).

Organic amendments and crop residue management offer a wide range of benefits, as
reported by scientists, including higher long-term soil fertility, wildlife and biodiversity

promotion (Turmel et al., 2015; Aytenew & Wolancho, 2020).

Summary of co-benefits of mitigation practices by agricultural systems
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Table 10. Drivers affecting sequestration variability, adaptation, benefits, trade-offs effect on productivity and reference of the main management practices of
arable lands.

Drivers affecting variability

Climate benefits — adaptation

Benefits

Type of catch/cover crop; climate and
weather conditions; agricultural practices Improved soil structure, water Catch crops prevent soil erosion, reduce runoff, and
Catch crops used; soil fertility and health; infiltration and water holding improve soil structure, thus increasing infiltration and
geographical and local factors capacity and pest resilience trapping nutrients reducing nitrate leaching
Climatic factorsl, soil properties (sgll Redu.ctlor? of pest ar)d pathogen Increased SOC, microbial activity and diversity,
texture, pH, soil depth), agronomic risks; preservation and . . ; :
. . . . increased yields, improved pest control, higher weed
Crop practices (monoculture crops, rotation improvement of the productive : .
. . X ) L : control and soil health, reduced runoff and soil
rotations crops, rotation cycles, rotation length, capacity of soils; reduction of L ) - ,
; . ; erosion, increased nutrient availability, and benefits
tillage) impacts from flooding and - .
to biodiversity and water
droughts
C"".‘ate’ .SO'l Heriile, Blielp o2, dl_Jrat|on Higher resilience against weather Less fossil fuel is used. Dry areas may improve
since tillage abandonment, residue . . T ) X
. . - extremes due to soil erosion productivity via improved moisture retention.
Zero tillage management, crop rotation, nitrogen : . . . . ! )
L reduction and soil water capacity Benefits water conservation, soil quality and
fertilisation ; o )
increase biodiversity
Climatic condition, SOC content, soll . . . Effects are regionally specific. Dry areas may
. Higher resilience against weather | . o2 . .
texture, crop types, residue . : improve productivity via improved moisture retention.
Reduced . ) extremes due to soil erosion . . . )
. management, crop rotation, nitrogen . . . Reduce fossil fuel use, increase soil water retention,
tillage L reduction and soil water capacity ; . .
fertilisation . increase binding of pollutants by soil and favour
increase 2 o .
biodiversity in the soil
Oraanic Residue quality, health of the previous
g crop, potential susceptibility of the next . Possible better long-term soil fertility/quality, SOC
amendments ; Improved soil structure, water : . . .
crop and management options such as - . . . enhancement, soil moisture retention, nutrient
& crop ; ; ; holding capacity and soil erosion ; ; . :
. cultivar sections, crop rotations, and plant . cycling, and reduced soil erosion. Benefits
residue protection 2 . :
date biodiversity and energy conservation
management
_ Trade-offs Effect on productivity Reference
Catch crops Source of soil GHG emissions (N20, Generally positive (increased Freibauer et al., 2004; Tiefenbacher et al., 2021; Smith
P COz), catch crop cultivation is not crop yield), may not be as and Olesen, 2010;
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always possible. Without adding organic
matter (crop residues, organic fertilisers)
the SOC decreases markedly after 10
years. Some catch crops can lead to a
decrease in N uptake by following
cereals, and increasing soluble P.
Reduced available soil water for cash
crops

productive as high fertiliser
application. In some cases, catch
crops may reduce available soil
water for cash crops and thus
negatively affect yields

Frelih-Larsen et al., 2008

Crop rotations

Possible less available water for
subsequent crops

Positive - Improved productivity in
the medium term

Rosa-Schleich et al., 2019; Abdalla et al., 2016; Frelih-

Larsen et al., 2008

Zero tillage

Some increase in pesticide use. NO2
emissions may increase as soils may
become more anaerobic - more N20O
production from denitrification. In wetter
areas more risk of fungal attack,
reduced emergence and crop failure.
High initial equipment cost

Positive, may be associated with
difficult weed control

Abdalla et al., 2016; Freibauer et al., 2004; Frelih-Larsen

et al., 2008

Reduced
tillage

Effects are regionally specific. Increased
bulk density. Some increase in pesticide
use. NOz emissions may increase as
soils may become more anaerobic -
more N20 production from
denitrification. In wetter areas more risk
of fungal

attack, reduced emergence and crop
failure

Positive, may be associated with
difficult weed control

Abdalla et al., 2016; Freibauer et al., 2004; Smith et al.,

2008; Frelih-Larsen et al., 2008

Organic
amendments &
crop residue
management

Promote N mineralisation and potentially
enhance N20 and CH4 emissions.
Conflicting goals - retention of crop
residues for increasing SOC versus

using residues for energy production
must be considered. Additional energy
costs are required for chopping and

incorporating residues

Positive. Soil fertility is maintained
by returning crop residues and
organic amendments

Freibauer et al., 2004; Tiefenbacher et al., 2021; Kragt &
Robertson, 2014; Smith et al., 2008; Frelih-Larsen et al.,

2008
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4.7 Discussion

4.7.1 Discussion of the results for arable lands

Uncertainty in carbon sequestration studies arises from methodological
differences, varying pedoclimatic conditions (Brombin et al., 2020), and special
experimental factors like soil sampling depth (Olson & Al-Kaisi, 2015) and sequestration
duration (West & Six, 2007).

When it comes to cover crops, different species and varieties have varying
capacities to sequester carbon (Jian et al., 2020; Moukanni et al., 2022; Joshi et al.,
2023), and their effectiveness can differ based on local conditions. The choice of cover
crop species, for instance, can significantly influence the amount of biomass produced
and, consequently, the amount of carbon that is sequestered in the soil. Certain species
might be more effective in specific climates or soil types (Jian et al., 2020; Joshi et al.,
2023), thus making their performance highly context dependent. Carbon sequestration
can also be affected by the duration for which the cover crops are left to grow before
termination (Moukanni et al., 2022; Joshi et al., 2023).

In crop rotations the choice of crops, including their carbon inputs and residue
characteristics, can vary widely, affecting carbon sequestration (Skinuliene et al. 2024).
The length and complexity of the crop rotation also play a significant role, with longer
and more diverse rotations generally being more beneficial for soil carbon levels
(Heikinnen et al., 2022).

The degree of soil disturbance and the frequency of reduced tillage practices can
affect soil carbon sequestration (Krauss et al., 2022). Different soil types respond
differently to reduced tillage, influencing carbon storage capabilities (TobiaSova et al.,
2023). The effect of zero tillage on SOC stocks can be significant, however, over time,
zero tillage can lead to soil compaction (Sarauskis et al., 2014), which might reduce its
effectiveness in sequestering carbon (Brevik et al., 2002). While zero tillage has been
widely promoted for its potential benefits in enhancing soil carbon storage, literature
suggests that when the entire soil profile is considered, there is often no net carbon
sequestration (Haddaway et al., 2017).

The type of organic amendments plays a crucial role, as different amendments
have varying carbon contents and decomposition rates, leading to different sequestration
potentials (Wu et al., 2024). Similarly, different crop residues have different carbon
sequestration potential (Jarecki & Lal, 2003). Additionally, environmental conditions,
such as temperature and moisture, affect the rate at which crop residues decompose
(Huang et al., 2021) and contribute to SOC.

A meta-review of CF systems implemented by 12 private or public companies has
demonstrated the carbon removals from agricultural soils to show that their outcomes
are driven by administrative costs, different monitoring methodologies, and the extent of
standardizing the verification of offsets and that these factors have variability depending
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on the different types of practices implemented and system providers (McDonald et al.
2021a; 2021b).

Soil scientists have alerted us to the intermediate impact that sequestration
practices have on the complex environment of agricultural soils, including plants, fungi
and bacteria. This influence depends on a variety of factors such as soil type, soil depth,
rock fraction and climate. Carbon sequestration takes years to decades, while at the
same time, there is a likelihood of reversal (Hepburn et al. 2019). Furthermore, long-term
changes in soil carbon content over thousands of years in this dynamic environment
could likely outweigh the effects of agricultural practices.

There is ample literature on the sequestration potential of agricultural practices
based on experimental case studies at regional and member-state levels. We focused
on EU-level reviews of sequestration potential in arable soils and we found that there is
a paucity of long-term studies that explore the lasting effects of various agricultural
practices, particularly those published in Europe after 2020. This calls for caution in
predicting the sustainability of carbon sequestration efforts over extended periods.
Additionally, the wide variability in soil types and climatic conditions across arable lands
presents another challenge. Differences in soil texture, organic matter content, and
moisture levels can significantly affect how carbon is stored, while climatic factors like
temperature, precipitation, and seasonal variations influence the effectiveness of
agricultural practices.

Key agricultural practices, including crop rotation, cover cropping, reduced tillage,
and zero tillage, are known to impact soil carbon levels. However, the specific
mechanisms and interactions that determine their effectiveness still require further
investigation. Fertilisation practices, particularly the use of synthetic fertilisers versus
organic amendments, also pose significant knowledge gaps regarding their influence on
carbon sequestration. Moreover, there is a need for more reliable and scalable
techniques to monitor and verify carbon sequestration efforts effectively.

Finally, the ongoing effects of climate change on carbon sequestration in arable
soils are not fully understood. Changes in temperature, precipitation patterns, and
extreme weather events could alter soil carbon dynamics in manifold ways, complicating
efforts to manage and enhance carbon storage in agricultural systems. This aspect will
be further analysed in Task 4.5 of the MARVIC project.

4.7.2 Contextual remarks with regard to CarboSeq and other projects

Compared to our approach focussing on the analysis of meta-reviews with EU
focus, to the EJP SOIL CarboSeq project, an extensive review of European Long-Term
Experiments (LTEs) was conducted to estimate emission factors for various
management practices compared to control scenarios. The study also evaluated
potential implementation areas for each practice and their corresponding annual carbon
sequestration rates, accounting for technical and biophysical constraints.

Emission factors represent the relative change in SOC stocks under a specific
management practice compared to a control scenario, with higher values indicating
greater SOC increases. Based on mean emission factors, in arable systems, zero tillage
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compared to inversion tillage showed notable potential, with emission factors of 1.14
(fixed depth) and 1.11 (equivalent soil mass), exceeding the IPCC range of 1.03—-1.10.
Bai et al. (2018) reported a ratio of 1.2. The incorporation of straw residues left in the
field versus their removal (EF = 1.09) also enhances SOC. Other practices included
increasing forage legumes in rotations (EF = 1.08), using cover crops versus no cover
crops (EF = 1.06), and non-inversion tillage compared to inversion tillage (EF = 1.05
fixed depth; EF = 1.03 equivalent soil mass), consistent with IPCC values (0.98-1.05).
Bai et al. also reported high response ratios for crop rotation versus monoculture (1.25)
and organic amendment addition versus no addition (1.29) in Europe and China.

In a global meta-review by Beillouin et al (2023), addition of organic amendments
compared to mineral fertilisers was the practice with the highest per ha sequestration
potential. Perennial crops and agroforestry showed also high SOC gains, while crop
residue retention and cover crops provided smaller but positive effects. No/reduced
tilage and crop rotation demonstrated slight improvements, while practices like plastic
film mulching, species mixtures, mineral fertilisation, and liming showed minimal or
negligible impact on SOC. Both CarboSeq and Beillouin et al. (2023) put high priority on
biochar, a practice that has not been assessed in our project. However, the potential of
biochar is very much depending on the availability of the biomass, for which there is
strong competition (food, feed, materials, bioenergy, soil improver).

4.7.3 Barriers to the adoption of sequestration practices

The implementation of agricultural mitigation practices aimed at enhancing carbon
sequestration in arable land faces several barriers. These challenges can be categorised
into economic, technical and structural barriers which often interact and compound each
other.

- Economic barriers are often seen as a major obstacle to farmers' ability to
implement new mitigation practices. The most significant economic challenges
include the perceived operating (seeds, labour, new technology, soil testing,
organic amendments) and capital investment (purchase of land, buildings,
construction) costs, as well as the risks (production risks) and uncertainties
associated with adopting new practices. In many areas, there is a lack of
adequate financial incentives, subsidies, or market mechanisms to encourage
the adoption of carbon sequestration practices. Additionally, a short land tenancy
can inhibit the adoption of these mitigation strategies (Buckwell et al., 2022).

- Technical barriers, such as technical know-how, etc. can hinder farmers’ ability to
successfully implement new or innovative practices. Many agricultural practices
need to be tailored to local conditions to maximise their effectiveness.
Additionally, the success of carbon sequestration practices can vary, based on
the conditions, creating a barrier due to a lack of localised information. Another
technical barrier can be a lack of education and training — farm advisory services
are expected to play a crucial role here by providing farmers with tailored
knowledge to help them thrive (Buckwell et al., 2022).

- Structural barriers can constrain farmers within a specific agricultural system,
making it challenging to adopt new practices. These barriers include
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technological dependencies (specialised farms with high yields and a narrower
range of crops), data management issues (with the introduction of precision
farming, farmers can lose the ability to make their own decisions and to repair
their equipment), and the influence of stakeholders throughout the food chain,
including providers, processors, buyers, and retailers. This often leads to a
preference for established cultivation methods and crop varieties (Buckwell et al.,
2022).

4.8. Insights

In a study by Lugato et al. (2015), a business-as-usual situation and three
alternative management scenarios were simulated, and concluded that there is a realistic
potential for mitigation, based on feasible policy-oriented scenarios, of 549-2,141 Mt
COz-eq from 2013 to 2100, which corresponds to 6.3 - 24.6 Mt COz-eq per year. In the
EJP Soil CarboSeq project for the similar practices this potential was estimated at 1801
Mt CO2-eq. Only a part of this can be attributed to soil carbon sequestration, e.g. Roe et
al. (2021) estimate a carbon sequestration potential of 67.5 Mt CO;-eq per year for
cropland, also at EU scale.

Scientists should take into account that there is a wealth of literature available
to document case study estimates of the technical sequestration potentials for individual
practices such as cover and catch crops, crop rotation, and reduced tillage in the case
of arable lands, and optimising manure application. These estimates come from
experimental conditions with controls. Research should continue to consolidate the
technical sequestration potentials of groups of agricultural practices that are crucial for
CF. Specifically, the focus should be on how the sequestration potentials are influenced
by regional variables like soil type and climate across the EU.

The calculated estimates of sequestration potential refer to the technical potential
for sequestering carbon in croplands that could be achieved by fully implementing all
available sequestration practices. On the other hand, for policy makers, it is important
to take into account the "realistic" or "achievable" potential that would take into
consideration various barriers that may limit the adoption of sequestration practices, such
as cost-effectiveness and social, cultural, farm-level, and political constraints. Predicting
both the technical and realistic sequestration capacity of agricultural soils under climate-
friendly management is highly challenging due to the multitude of possible scenarios
resulting from the combination of agricultural practices, their potential areas of
application, and their interactions with other socio-economic factors.

The detailed results, which are important for farmers, end-users, and stakeholders,
are referred to in Figure 19. The Figure 19 indicates that zero tillage practice has the
highest median carbon sequestration potential, while crop rotation practices show the
lowest. It is crucial for farmers to recognise that CF involves a combination of multiple
practices rather than relying on a single approach. Therefore, individual results should
not be overvalued. For example, although zero tillage shows the highest median potential
for carbon sequestration, the wide range of values reported across different studies
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introduces uncertainty. Conversely, the sequestration potential for catch and cover crops
exhibits less variability, suggesting more consistent and reliable outcomes.

It can be concluded that zero tillage practice has the highest median of carbon
sequestration potential, whereas crop rotations practices show the lowest. The detailed
results can be found in the preceding sections. It is crucial to recognise that CF involves
a combination of multiple practices rather than relying on a single approach. Therefore,
individual results should not be overvalued. For instance, while zero tillage shows the
highest median potential for carbon sequestration, the wide range of values reported
across different studies introduces uncertainty. Conversely, the sequestration potential
for catch and cover crops exhibits less variability, suggesting more consistent and
reliable outcomes (Figure 20).

Quantified carbon sequestration potential of the main practices - Arable land
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Figure 19. Quantified carbon sequestration potential of the main practices on the arable land.
The lower quartile value (Q1) and the upper quartile value (Q3) with outliers denoting the minimum
and maximum data values are shown.
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5. Grasslands
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5.1. Methodology for information search

We performed a systematic search for peer-reviewed studies (meta-reviews,
empirical and model studies) on SOC stock change using SCOPUS, Web of Science,
and Google Scholar search engines in March and April 2024. Due to the limited number
of studies dealing with carbon sequestration in grasslands, we extended our search
beyond Europe, complementing it by empirical and model studies to fill the shortcomings
in information provided by meta-reviews. The research queries were developed to
include various agricultural practices, such as optimising manure application,
maintenance of permanent grassland/pasture, optimising grazing intensity, grassland
renewal, and improved manure processing on grassland and their potential to sequester
carbon (grassland* AND "carbon sequestration™ AND "(selected agricultural practice)*").
This comprehensive approach aimed to capture a wide range of data and insights from
existing literature.

We screened the full text of 24 studies (60 entries) from 6 different geographical
zones published during the last 24 years for their potential inclusion in this study (Figure
20).

To ensure the quality and relevance of the studies included, we established
several stringent criteria for selection. Specifically, a study had to:
a) Be published in English to ensure accessibility and comprehensibility.
b) Include a robust statistical analysis with a well-documented methodology to guarantee
the reliability of the findings.
¢) Investigate the impact of agricultural practices on SOC stocks, directly addressing our
research objectives.
We retained 12 peer-reviewed studies (8 meta-reviews, one empirical study, two models
and one book) containing four different practices: maintenance of permanent
grassland/pasture, optimising manure application, optimising grazing intensity, and
conversion from arable land to grassland.
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Figure 20. Number of grassland studies by year of publication.

The screening process was thorough and detailed, considering several critical
factors: farmer practices, their impact on SOC, quantified carbon sequestration potential
(expressed in appropriate units), control, sampling depth, duration of the study, and any
additional notes deemed relevant.

5.2. Management considered

Maintenance of permanent grassland and pasture

Grassland in agriculture is regularly harvested. Harvesting can take various forms
such as grazing, mowing (for fodder and energy purposes) or just cutting/mulching,
where the biomass is crushed and left on the soil surface. These processes also maintain
the character of the plant community. As grassland is not a climax-type community in
most of Europe, the absence of management leads to successional processes, where
desirable species disappear and higher herbaceous and then woody vegetation spreads.
This reduces the productive importance of the habitat.

Regular maintenance of grasslands preserves their character. It allows the
creation of a diverse plant and animal community that is resistant to disturbance.
Degradation due to inappropriate management can lead to a decline in production and
therefore a reduction in the amount of carbon stored in biomass. Long-term lack of
management, on the other hand, leads to the development of woody plants that are
capable of sequestering significant amounts of carbon in above — and below-ground
biomass. This, however, removes the area from the agricultural production process.

Optimising manure application
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By regular harvesting, a certain amount of nutrients is exported from the
grassland, which cannot be fully replaced by natural processes in the short term. The
amount of nutrients in the soil gradually decreases, leading to a shift in species
composition towards less nutrient demanding and less productive species. By
appropriate fertilisation, nutrients can be replenished and grassland production
maintained or increased. Both liquid and solid fertilisers can be applied to grassland.

Appropriate fertilisation supports biomass production, both above and below the
ground. The nutrients contained in the fertiliser are incorporated into plant biomass and
the biomass of soil organisms. The total amount of SOM is thus increased. However, in
the case of high doses of fertiliser, biodiversity is reduced, many of the more sensitive
species gradually disappear and a few nitrophilous species dominate, which also harms
the soil community.

Optimising grazing intensity

The grazing load, determined by the number of livestock units per unit area,
significantly affects both the plant community and the soil at the site. Overgrazing
gradually degrades the plant cover, reduces the above-ground biomass, which is not
able to regenerate, and leads to soil compaction, higher animal excrement loads, loss of
sensitive plant species and an increased risk of soil degradation.

Grazing has a selective effect in that the grazed stand is dominated by species
that can tolerate repeated disturbance, reducing the amount of dead plant matter on the
soil surface, and reducing the height but increasing the density of grazed vegetation.
Appropriate stocking produces species-rich stands of plants to which a diverse
community of other groups of organisms is linked. SOM is enriched by animal
excrements, which are used by specialised coprophages. Balanced grazing by large
herbivores is a key process of the world's grassland biomes to prevent their degradation.

Conversion from arable land to grassland

Arable land represents a more intensive form of agricultural land use. High
productivity is achieved through the cultivation of annual crops and intensive
agrotechniques. However, this also entails a higher risk of soil erosion and other forms
of degradation. While the establishment of grassland on arable land reduces potential
food production, it significantly increases the stability of the agroecosystem. Both
meadows and pastures can be established on arable land. The practice should be,
however limited spatially to zones fragile to erosion to avoid indirect land use change.
Mixtures of forage-valuable grasses and clovers are usually used for sowing. The
specific species are selected according to the soil and climatic conditions of the site.

By replacing annual crops with permanent grassland on arable land, year-round
vegetation cover is achieved. The soil is not tilled, thus reducing the intensity of
mineralisation of SOM. As a result of the continuous fall of dead plant parts and the dense
root system of the grassland, a continuous supply of organic matter is ensured as a
source of food for soil organisms. This, together with the absence of tillage and pesticide
application, also promotes a higher biomass of the soil community.
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5.3. Variables used

The screening process was thorough and detailed, considering several critical
factors: farmer practices, their impact on SOC, quantified carbon sequestration potential
(expressed in appropriate units), control, sampling depth, duration of the study, and any
additional notes deemed relevant.

During the systematic analysis of the published studies, the values and units of SOC
reported by each study were recorded. The primary focus was on variables that provide
quantifiable measures of carbon sequestration, which are essential for assessing the
impact of different agricultural practices on SOC stocks. The recorded units were:

Annual SOC stock change rate (t C/ha/yr; t COz/halyr)
SOC concentration (%)

To create a coherent and unified analysis, it was necessary to convert all values to a
common unit: tons of carbon per hectare per year (t C/halyr). This conversion was done
for several reasons: i) Converting all values to a single unit allows for direct comparison
across different studies and variables. It eliminates the disparity that arises from using
different units of measurement and ensures that all data points are evaluated on the
same scale,

ii) The used unit t C/ha/yr is highly relevant to agricultural studies as it provides a direct
measure of how much carbon is sequestered per unit area over a given time, iii)The
usage of common and well-known units simplifies the presentation of results, making it
easier for stakeholders, policymakers, and researchers to understand, interpret and
compare the findings and iv)Almost all carbon sequestration potentials from chosen
studies were in t C/halyr. If the results were in units of t CO.e/halyr, the following
conversion was used:

1 ton of CO2e emissions = 1 ton x 12/44 = 0.27 tons C emissions

5.4. Analysis

The selected studies provided comprehensive information on the observed
impact of various agricultural practices on carbon sequestration. Descriptive statistics
were employed to analyse the data. In cases where a range of values was reported, the
mean value was utilised to ensure consistency and comparability across studies. For
visual comparison and better interpretation of the results, the values were represented
in graphical form using boxplots and scatter plots. These visualisations were created
using the Python programming language, specifically employing the Seaborn library.

To effectively highlight the central tendency, variability, and the presence of
outliers across different studies, box plots were used. The authors of these studies are
provided in the legend for reference. The individual plots represent the lower quartile
value (Q1) and the upper quartile value (Q3), with outliers denoting the minimum data
value and maximum data value.
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The scatter plots were used to represent the data concerning the soil depth at
which sampling was conducted. Studies were categorised based on these soil depths,
while individual depths represent the studies, with the authors listed in the legend. The
x-axis of the scatter plot indicates the various soil depths (e.g., 0-30 cm, NA — soil depth
information not available), while the y-axis shows the carbon sequestration potential in
t C ha' year. This visualisation allows a comparison of carbon storage across different
depths, providing insights into how soil depth influences carbon storage. Additionally, the
scatter plot can help identify patterns or trends that may not be immediately evident in
tabular data.

5.5. Results

Figure 21 shows the sequestration potential of maintenance of permanent
grassland as reported by selected studies. All studies were published before 2010 and
positively impacted the annual SOC change rate with quantified potentials ranging from
0.175 to 0.59 t C/hal/yr. When maintaining permanent grassland, the management
practices considered are improved grassland management, increased productivity by
irrigation and introduced new species. All studies are considering non-European
grasslands. Conant et al. (2001) provide values from Canada, the USA and Australia.
Hutchinson et al. (2007) and Follett et al. (2001) provide values from North America. The
median value is determined to be 0.23 t C/hal/yr. The study conducted by Conant et al.
(2001) states that the median soil sampling depth was 15 cm.

Quantified carbon sequestration potential of Maintenance of permanent grassland
@ Hutchinsen et al., 2007

Conant et al., 2001
® Follett et al, 2001
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Carbon sequestration potential (t C/hafyr)

Figure 21. Quantified carbon sequestration potential of Maintenance of permanent grassland.
References are provided in the legend. The lower quartile value (Q1) and the upper quartile value
(Q3) with outliers denoting the minimum and maximum data values are shown.

Figure 22 shows the sequestration potential of manure application optimisation
reported by each study. Two studies were published before 2010 and the rest between
2011 and 2019. Not all studies confirm a positive impact on SOC content, for example
empirical study by Cowie et al. (2013) showed no significant differences. However,
studies with a positive impact on SOC quantified potentials ranging from 0.28 to 0.82 t
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C/halyr. The lowest values of 0.28 t C/hal/yr have been reported by Conant et al. (2001).
The median is set at 0.59 t C/ha/yr and the mean at 0.57 t C/ha/yr. Except for the Cowie
et al. (2013) study, other studies are global and in the case of Whitehead et al. (2018)
New Zealand.

Quantified carbon sequestration potential of Optimising manure application

® Smith et al., 2008
Conant et al., 2017

® Whitehead et al., 2018
® Conant et al, 2001
c
[=]
=]
m
M
o
o
]
e
g L] L]
o]
£
(=]
£
A
E
=l
[=N
o
r T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Carbon sequestration potential (t C/ha/yr)

Figure 22. Quantified carbon sequestration potential of Optimising manure application.
References are provided in the legend. The lower quartile value (Q1) and the upper quartile value
(Q3) with outliers denoting the minimum and maximum data values are shown.

Two studies, namely Conant et al. (2017) and Whitehead et al. (2018), reported
information on soil sampling depth of 20 cm (Figure 23). For the 20 cm depth, the
average value is 0.71 t C/ha/yr, whereas for the studies without the mentioned depth, the
average value is set at 0.43 t C/halyr.

Scatter Plot of carbon sequestration potential from Optimising manure application at different soil depths
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Figure 23. Carbon sequestration potential of Optimising manure application at different soil
depths. The x-axis indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the
carbon sequestration potential in t C/ha/year.
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The carbon sequestration potentials when optimising grazing intensity can be
seen in Figure 24. Studies by Hutchinson et al. (2007) and Smith et al. (2008) report low
values of 0.05 and 0.1242 t C/halyr, respectively, with low confidence and feasibility of
the result, while studies by Conant et al. (2001) and Freibauer et al. (2004) report values
in the range of 0.35-0.46 t C/halyr. Thus, the overall range of values is 0.05-0.46 t
C/halyr, the median is set at 0.23 t C/ha/yr and the mean at 0.24 t C/halyr. All four studies
do not provide information about soil sampling depth and have a global range.

Quantified carbon sequestration potential of Optimising grazing intensity
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Figure 24. Quantified carbon sequestration potential of Optimising grazing intensity. References
are provided in the legend. The lower quartile value (Q1) and the upper quartile value (Q3) with
outliers denoting the minimum and maximum data values are shown.

The results of five studies that met the criteria for inclusion requirements can be
found in the figure below (Figure 25). Four studies are from before 2010, and two studies
are from 2011-2019. Conversion from arable land to grassland is generally associated
with positive impacts on SOC sequestration with, in this case, quantified potentials
ranging from 0.45 to 1.9 t C/hal/yr. The lowest values come from authors Freibauer et al.
(2004) (0.45 t C/halyr) and Minasny et al. (2017) (0.49 t C/ha/yr and 0.51 t C/halyr
respectively). The highest sequestration value, 1.9 t C/halyr, is shown by Freibauer et
al., 2004 in 0—30 cm soil depth. The median is set at 1.01 t C/ha/yr and the mean at 1.06
t C/halyr. All studies except Conant et al. (2001) (global) focus on Europe and the
European Union. Two studies using a model to quantify carbon sequestration
(Vleeshouwers & Verhagen, 2002; Lugato et al., 2015) reported different values. A study
by Vleeshouwers & Verhagen reported value of 1.44 t C/hal/yr (above median), whereas
a study by Lugato et al. reported value of 0.6 t C/ha/yr (below median).
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Quantified carbon sequestration potential of Conversion from arable land to grassland
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Figure 25. Quantified carbon sequestration potential of Conversion from arable land to grassland.
References are provided in the legend. The lower quartile value (Q1) and the upper quartile value
(Q3) with outliers denoting the minimum and maximum data values are shown.

A scatter plot dividing the studies according to the soil sampling depth shows that
the highest value of carbon sequestration, 1.44 t C/ha/yr, was recorded by Vleeshouwers
& Verhagen (2002) at a depth of 30 cm. For depths 0-30 cm and 0-23 cm, the results
were different (Figure 26). The median value for 0—30 cm was 0.6 t C/ha/yr (Lugato et
al., 2015), and the mean value was 0.98 t C/ha/yr. Depth 0—23 cm had the lowest
sequestration potential value (0.51 t C/ha/yr). Studies that did not report soil depth had

both median and mean values of 1.38 t C/halyr.

Scatter Plot of carbon sequestration potential from Conversion from arable land to grassland at different soil depths
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Figure 26. Carbon sequestration potential of conversion from arable land to grassland at different
soil depths. The x-axis indicates the various soil depths (e.g., 0-30 cm, NA). The y-axis shows the

carbon sequestration potential in t C/ha/year.
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5.6. Co-benefits

Enhanced maintenance of permanent grassland/pasture may reduce nitrogen
and phosphorus leaching and prevent soil erosion.

Optimising manure application can reduce nitrate leaching and increase SOM,
leading to improved water retention and enhanced soil biodiversity. Additionally, manure
serves as a natural source of nitrogen, potentially reducing the need for chemical
nitrogen fertilisers. At the same time, applying manure to soil can help reduce soil erosion
and nitrate leaching, while also providing benefits to biodiversity (Smith et al., 2008).

The benefits of restoring grassland habitats such as conversion from arable land
can be substantial, depending on the end use and type of habitat restored. This
restoration has the potential to reduce nutrient leaching and enhance biodiversity by
fostering the development of species-rich grasslands (Freibauer et al., 2004).

Project MARVIC has received funding from the Horizon Europe 65
Programme under grant agreement no. 101112942




Deliverable 4.1 — Grasslands

Summary of co-benefits of mitigation practices by agricultural systems
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Table 11. Drivers affecting variability, adaptation, benefits, trade-offs effect on productivity and reference of the main management practices of grasslands.

Optimising manure application

Drivers affecting variability

Manure composition and quality
combined with application rate,
timing, soil characteristics and
manure handling and storage.

Interaction with other agricultural

practices also plays a big role

Climate benefits —
Adaptation

Nitrate leaching reduction;
increased SOM; water
retention

Benefits

Nitrate leaching reduction; manure
application increases SOM in soils with
beneficial impacts for water retention and
soil biodiversity. It is also a source of N,
which can replace chemical N fertiliser

Maintenance of permanent
grassland

Environmental conditions, soil type,

type of practices, grassland species

composition, livestock management,
external inputs and disturbances

Possible increase in water
holding capacity.

Nitrogen and phosphorus leaching reduction,
soil erosion prevention

Optimising grazing intensity

Grazing intensity, grassland species,
composition, grazing strategy,
duration of grazing

Depending on local conditions,
grazing patterns may need to
be adjusted to remain
productive

Reduces soil erosion, reduces nitrate
leaching, and benefits biodiversity

Potentially high benefits depending on end

Conversion from arable land to
grassland

Optimising manure application

Climatic condition, soil texture, site
preparation and management,
vegetation type, land use history, age
since land-use conversion

Trade-offs

Possible trade-offs with ammonia
volatilisation and pollution transfer
from air to soil. Possible significant
transport fuel costs associated with

moving manure and sludge over large

Floods mitigation

Effect on productivity

Positive

use and type of restored grassland habitat.
May reduce leaching; benefits to biodiversity
by developing species-rich grasslands

Reference

Frelih-Larsen et al., 2008; Smith et al., 2008
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distances. Risk of increased pollution
if the manure is not managed properly

Maintenance of permanent

Not identified Positive/negative Conant et al., 2001; Smith et al., 2008
grassland
Higher use of energy for food and
Optimising grazing intensity concentrates. Higher CH4 emissions Positive Frelih-Larsen et al., 2008; Smith et al., 2008

from stored manure

Conversion from arable land to
grassland

Reduced agricultural productivity,
profit loss

Negative — loss of production

Smith et al., 2008; Freibauer et al., 2004
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5.7. Discussion

Variability in reported carbon sequestration potentials arises from methodological
differences, varying pedoclimatic conditions (Brombin et al., 2020), and experimental
factors like sampling depth (Olson & Al-Kaisi, 20155) and sequestration duration (West
& Six, 2007).

Different types of grasslands and pastures have varying capacities for carbon
sequestration due to the species composition, management practices, and soll
conditions (Conant et al., 2017). Carbon sequestration management can be also affected
by variations in grazing management (Bai & Cotrufo, 2022), mowing, fertilisation
practices and inconsistent management practices (Senapati et al., 2014). The carbon
content and nutrient composition of manure vary depending on the source (Sharma et
al., 2022). Variability in application practices, as well as how manure is stored and
handled before application, can influence its carbon content and emissions (Petersen,
2017). Different grazing regimes can result in varying levels of carbon sequestration
(Ding et al., 2024). Uncertainty can be also introduced by different types of forage, plant
species (variability in plant composition) present in grassland (Skinner & Dell, 2016). The
success of establishing and maintaining carbon sequestration on grassland after
conversion from arable depends on factors such as plant species, management
practices (post-conversion management practices including grazing, mowing, and
fertilisation) (Ghosh & Mahanta, 2014), and soil properties (Balasubramanian et al.,
2020). Carbon sequestration in grasslands also follows a saturation curve (gradual
decline in annual sequestration) (Heikkinen et al., 2014). In principle, these types of
conversion should be limited to soils fragile to erosion to avoid indirect land use change
which can impact food production and supply (Smith et al., 2008).

For grasslands, Beillouin et al, (2023) ranked organic amendments as the most
effective for SOC enhancement, followed by biochar. Grazing, particularly intensive
grazing, often led to SOC declines, emphasizing the importance of organic inputs for
SOC enhancement in grassland systems.

A meta-review of CF systems implemented by 12 private or public entities has
shown that carbon removals in grassland soils are influenced by various factors such as
administrative costs, monitoring methodologies, and the standardisation of offset
verification. These factors vary depending on the types of practices implemented and the
system providers (McDonald et al. 2021a; 2021b).

Soil scientists have highlighted the intermediate impact that sequestration
practices have on the complex ecosystems of grassland soils, which include interactions
between plants, fungi, and bacteria. The effectiveness of carbon sequestration in these
environments depends on factors such as soil type, depth, rock fraction, and local
climate. Given that carbon sequestration processes span years to decades, there is also
the potential for carbon re-emission (Hepburn et al., 2019). Moreover, long-term changes
in soil carbon content over thousands of years could potentially outweigh the short-term
effects of current grassland management practices.

Project MARVIC has received funding from the Horizon Europe 68
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Grasslands

One of the most significant challenges in understanding carbon sequestration in
grasslands and pastures is the lack of new long-term data, specifically long-term data
from Europe. This is an important limitation in the analysis, given the climatic and edaphic
differences between Europe and the world regions addressed in the reviewed studies.
Furthermore, most studies focus on short-term effects, which may not fully capture the
long-term impacts of various mitigation practices. This limitation is compounded by the
wide variability in soil types and climate conditions across different grasslands, which
can significantly influence carbon sequestration rates. This variability makes it difficult to
generalise findings from one region to another, adding another layer of uncertainty.

Grazing intensity is known to play a crucial role in carbon sequestration, but the
specific mechanisms and thresholds that govern its impact are still not well understood.
Further research is needed to clarify how different grazing regimes, timing, and intensity
levels affect soil carbon stocks over time. Similarly, the role of plant species composition
and biodiversity in carbon sequestration remains an area where our knowledge is limited.
Different plant species contribute varying amounts of carbon to the soil through their root
structures and growth patterns, and understanding these dynamics is essential for
optimizing carbon storage.

Socio-economic and policy factors further complicate the picture. Land ownership
patterns, agricultural policies, and economic incentives can significantly influence the
adoption and success of carbon sequestration practices. However, these influences are
not well-documented, making it challenging to develop effective and widely applicable
policies.

Monitoring and verifying carbon sequestration at scale also presents significant
challenges. Accurate measurement of soil carbon changes is difficult, and existing
techniques may not detect small but meaningful changes, complicating efforts to validate
the effectiveness of mitigation practices. Lastly, the impact of climate change on carbon
sequestration potential in grasslands and pastures is not fully understood. Variations in
temperature, precipitation patterns, and extreme weather events can alter the carbon
balance in unpredictable ways, making it even more difficult to forecast and manage
carbon sequestration in these ecosystems effectively.

The implementation of agricultural mitigation practices aimed at enhancing
carbon sequestration in grasslands faces several barriers. These challenges can be
categorised into economic, technical and structural barriers which often interact and
compound each other. The details on these barriers are the same as for arable lands —
see section.

5.8. Insights

Scientists should take into account that there is a wealth of literature available
to document case study estimates of the technical sequestration potentials for individual
practices such as the conversion from arable land to grassland and optimising manure
application. These estimates come from experimental conditions with controls.
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Specifically, the focus should be on how the sequestration potentials are influenced by
regional variables like soil type and climate across the EU.

The calculated estimates of sequestration potential refer to the technical potential
for sequestering carbon in grasslands that could be achieved by fully implementing all
available sequestration practices. On the other hand, for policy makers, it is important
to take into account the "realistic" or "achievable" potential that would take into
consideration various barriers that may limit the adoption of sequestration practices, such
as cost-effectiveness and social, cultural, farm-level, and political constraints.

In Figure 27 it is indicated that conversion from arable land to grassland has the
highest median carbon sequestration potential, while maintenance of permanent
grassland shows the lowest. It is crucial for farmers to recognise that CF involves a
combination of multiple practices rather than relying on a single approach.

Figure 27 shows that conversion from arable land to grassland practice has the
highest median of carbon sequestration potential, whereas maintenance of permanent
grassland shows the lowest. The detailed results can be found in the preceding sections.
It is crucial to recognise that CF involves a combination of multiple practices rather than
relying on a single approach. Therefore, individual results should not be overvalued. For
instance, while conversion from arable land to grassland shows the highest median
potential for carbon sequestration, this practice should be spatially limited to zones fragile
to erosion so as to avoid indirect land use change. Further, the wide range of values
reported across different studies introduces uncertainty.

Quantified carbon sequestration potential of the main practices - Grassland

Maintenance of permanent grassland - LR ]
Optimising manure application - 4
i
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[ —
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Figure 27. Quantified carbon sequestration potential of the main practices on the grassland. The
lower quartile value (Q1) and the upper quartile value (Q3) with outliers denoting the minimum
and maximum data values are shown.
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6. Agroforestry
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6.1. Methodology for information search

The literature review was conducted using Google Scholar as the primary search
engine to identify relevant academic publications. The key terms used in the search
included "agroforestry," "agro forestry," and "AFS," in combination with terms such as
"soil carbon," "soil carbon sequestration," "carbon mitigation," "soil carbon stock," and
"carbon mitigation potential." This combination of keywords was chosen to ensure a
comprehensive coverage of the topic and to capture the various dimensions of soil
carbon dynamics and mitigation potentials within agroforestry systems (AFS). The
search resulted in articles published in the period from 2006 to 2022, including both
meta-analyses and experimental studies. We identified 11 articles that aligned with the
variables necessary for comparison, specifically the soil carbon sequestration rate in
Europe. Of these 11 articles, 6 are empirical studies, while 5 are meta-analyses. All the
articles are published in peer-reviewed journals. Using the results from the meta-
analyses in detail, we could gain insights into 327 studies on soil carbon sequestration
potential in AFS. To structure the review, AFS were categorised into two main types:
silvoarable (integrating trees with crops) and silvopastoral (integrating trees with
livestock grazing systems). This division allowed for a detailed examination of the distinct
impacts of each system on soil carbon stocks. The review focused on evaluating the
impact of these systems on SOC stock and the rate of SOC sequestration (expressed
as Cha™yr™).

6.2. Management considered

Agroforestry systems (AFS) are multifunctional land-use practices that integrate
woody perennials like trees and shrubs with agricultural activities. These systems are
primarily classified into two types based on the nature of the agricultural component:
silvoarable and silvopastoral.

Silvoarable systems combine woody crops with agricultural crops. In these
systems, trees and crops coexist on the same land, offering a synergistic relationship
where both components benefit from each other. The trees in silvoarable systems
contribute to soil fertility through nutrient cycling, enhance water retention, and provide
shade, which can reduce the temperature stress on crops. These systems are
particularly effective in regions where soil conservation is critical, as the presence of
trees helps to reduce wind erosion and improve overall land productivity.

Silvopastoral systems integrate woody plants with livestock grazing. In this setup,
trees are combined with pasturelands where livestock graze. The trees provide multiple
benefits to the livestock, including shade, which reduces heat stress, and shelter from
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wind and harsh weather conditions. Additionally, the organic matter from leaf litter and
tree roots improves soil fertility, which can enhance pasture quality and productivity.
Silvopastoral systems are often found in regions where the combination of livestock and
trees can lead to more sustainable land use, promoting both animal welfare and
environmental health.

Woody component of agroforestry systems

In both silvoarable and silvopastoral systems, the woody component plays a crucial role.
The arrangement and type of woody vegetation can vary significantly, but they generally
fall into the following categories: trees and hedges.

In alley cropping systems, trees are planted in linear rows with crops grown in the
spaces between them. This arrangement is common in silvoarable systems, where the
rows of trees help to break the wind, reduce wind erosion, and provide a microclimate
that is beneficial for crop growth. Moreover, trees help improve soil structure, increase
organic matter content, and enhance water retention. In orchard systems, trees could
also be planted in organised orchards or scattered throughout the agricultural land.
These trees can provide fruits, nuts, or timber while also offering shade and contributing
to soil health through organic matter inputs. Hedges are rows of closely planted shrubs
or small trees that can serve multiple purposes. In agroforestry, they often act as natural
boundaries or windbreaks. Hedges can also reduce soil erosion, provide habitats for
wildlife, and in some cases, serve as a source of fodder for livestock. They are important
in silvopastoral systems, where they can separate grazing areas or provide shelter for
animals.

The woody component generally contributes to biodiversity by providing habitats
for various species, and sequestering carbon, which helps mitigate climate change.
These environmental benefits are particularly important in the context of modern
agriculture, where soil degradation, loss of biodiversity, and climate change are pressing
concerns.

Agricultural component of agroforestry systems

Besides the woody component, AFS involve the agricultural component, which
can either be plant cultivation (in silvoarable systems) or livestock management (in
silvopastoral systems). In this report, the primary focus is on silvoarable systems. The
agricultural component in this system consists of crops grown alongside or between the
woody components. The types of crops that can be cultivated vary widely depending on
the climate, soil type, and overall objectives of the land use. Key considerations include
either annual crops, perennial crops or intercropping.

Annual crops include cereals (such as wheat, maize, or barley), legumes (such as beans,
peas, or lentils), and vegetables (such as tomatoes, potatoes, or leafy greens). The
integration of trees with these crops can enhance yields by improving soil moisture
retention and providing a more favourable microclimate.

Perennial crops, such as certain types of herbs, berries, or even certain types of grains
(e.g. perennial wheat), can be grown in a silvoarable system. These crops benefit from
the consistent soil cover provided by the trees, which reduces soil erosion and enhances
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nutrient cycling. Intercropping is a common practice in silvoarable systems, where
multiple crops are grown together within the same field. This can include a mix of annuals
and perennials or even different species that complement each other. The presence of
trees in this system can help reduce competition between crops for sunlight, water, and
nutrients.

By focusing on silvoarable systems, this report addresses the need for sustainable
intensification of agriculture, where productivity is increased without compromising
environmental integrity.

6.3. Variables used

In reviewing the carbon mitigation potential of AFS with a focus on soils, several
key variables are crucial to take into account. The soil carbon sequestration rate, typically
measured in tons of carbon per hectare per year (t C ha™ yr™'), serves as the primary
metric for assessing the effectiveness of these systems in capturing and storing carbon.
To understand the distribution of carbon within the soil, it is essential to consider different
soil layers, as carbon sequestration can vary significantly with depth. The type of AFS—
whether silvoarable or silvopastoral—also plays a critical role in determining the overall
carbon sequestration potential. Within the silvoarable system, a further distinction
between alley cropping and hedgerows must be made, as these subtypes involve
different management practices and structural arrangements, leading to varying impacts
on soil carbon storage. By examining these variables, we can gain a more
comprehensive understanding of the soil-related carbon mitigation benefits of different
AFS approaches.

6.4. Analysis

Trees in silvoarable systems capture and store carbon dioxide from the
atmosphere, contributing to climate change mitigation. The woody biomass and SOM in
these systems can store significant amounts of carbon over time. Trees can modify the
microclimate in agricultural fields by reducing temperatures, lowering wind speeds, and
increasing humidity. This can create a more favourable environment for crop growth and
reduce the impacts of extreme weather events. Nevertheless, if the management of
silvoarable systems involves heavy machinery, there could be emissions related to fuel
use and soil disturbance. Additionally, the initial establishment of such systems may
involve clearing existing vegetation, potentially releasing stored carbon.

We evaluated soil carbon sequestration rates across different AFS, beginning
with a comparison between silvoarable and silvopastoral systems. These two systems
are the most implemented and are considered the foundational elements of agroforestry.
Following this, we conducted an in-depth analysis of the silvoarable system, focusing on
a comparison between the woody components that included trees in alley cropping
systems and hedges. In both systems, cropland is integrated as a secondary practice.
Given the distinct management practices required for trees and hedges, it is essential to
assess the benefits of these silvoarable options in terms of soil carbon sequestration.
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6.5. Co-benefits

Soil health and fertility: The roots of trees and shrubs in silvoarable systems help
to stabilise the soil, reduce erosion, and improve soil structure. This can lead to better
water infiltration and retention, reducing the need for irrigation. Trees contribute to
nutrient cycling through leaf litter and root decay, which enrich the soil with organic matter
and nutrients. This can reduce the need for chemical fertilisers, which are often
associated with soil degradation and pollution. The presence of trees in silvoarable
systems significantly reduces wind and water erosion. The root systems of trees help to
bind the soil, preventing it from being washed away during heavy rains or blown away
by strong winds. If not managed properly, trees and crops may compete for nutrients,
water, and light. This competition can sometimes lead to reduced crop yields, especially
if the tree species are not well-matched to the crops or if they are planted too densely.

Water management: The increased organic matter from tree litter and root
systems improves the soil’s ability to retain water, making the system more resilient to
drought conditions. Trees can reduce surface runoff by improving soil structure and water
infiltration. This helps to minimise the risk of flooding and soil erosion, particularly in
sloped areas. Trees in silvoarable systems can potentially draw large amounts of water,
which may reduce the availability of water for crops, especially in water-scarce regions.
Careful species selection and management are required to mitigate this risk.

Biodiversity enhancement: Silvoarable systems can enhance biodiversity by
providing habitats for a wide range of species, including birds, insects, and other wildlife.
The diversity of plant species in these systems can also lead to increased microbial and
invertebrate diversity in the soil. Trees and shrubs can attract pollinators and natural
predators of pests, which can enhance crop pollination and reduce the need for chemical
pesticides. This contributes to more sustainable agricultural practices. If non-native tree
species are introduced into a silvoarable system, there is a risk that they could become
invasive, outcompeting local flora and fauna and disrupting local ecosystems.

Air quality improvement: Trees act as natural filters for dust and particulates,
improving air quality around agricultural fields. This is particularly beneficial in regions
prone to wind erosion or those close to urban areas where air quality is a concern. By
sequestering carbon and reducing the need for chemical inputs, silvoarable systems can
contribute to lower GHG emissions compared to conventional agriculture.

Land use efficiency: Silvoarable systems make efficient use of land by allowing
the simultaneous growth of trees and crops. This can increase overall land productivity
and support food security while maintaining ecological balance.

6.6. Results

The following results demonstrate varying degrees of carbon mitigation potential
across different AFS, highlighting their distinct contributions to climate change mitigation.
First, we analysed the differences of soil carbon sequestration rates between the
silvoarable and silvopastoral AFS (Figure 28).

Project MARVIC has received funding from the Horizon Europe 74
Programme under grant agreement no. 101112942




N MARVIC

MRV for carbon farming

Deliverable 4.1 — Agroforestry

Silvopastoral

AFS

Silvoarable

0.0 05 1.0 15
Soil carbon sequestration rate (t C ha™' yr™')

Figure 28. Soil carbon sequestration rate of soil layers from 0cm to 200cm, separately for the
type of agroforestry system (AFS).

The soil carbon sequestration rates in the silvopastoral system are clustered
around zero, indicating that the soil carbon sequestration rates for silvopastoral systems
are generally low with a slightly negative rates reported in two studies.. Also, the range
of values is very narrow, suggesting consistent but minimal carbon sequestration across
the observed silvopastoral systems. The data points of the silvoarable system for
silvoarable systems show a wider distribution, suggesting greater variability in the soil
carbon sequestration rates. The interquartile range (represented by the red box) spans
a larger section, indicating that these systems can potentially sequester more carbon
compared to silvopastoral systems, but with a higher degree of variability. There are
outliers extending beyond 1 t C ha™ yr™, though most data points cluster in the
interquartile range of 0.28 and 0.70 t C ha™ yr™. This indicates that silvoarable systems
generally have a positive and higher potential for soil carbon sequestration compared to
silvopastoral systems, albeit with greater variability. This suggests that while silvoarable
systems might offer more significant carbon sequestration benefits, their effectiveness
can vary widely depending on specific conditions or management practices.

The soil carbon sequestration rates (in t C ha™ yr™) of two specific silvoarable
practices within AFS, namely hedgerow and alley cropping, are depicted in Figure 29.
Here, each data point corresponds to a value reported in articles (indicated by the colours
representing different articles). In the hedgerow systems, the data points are spread
across a wide range from just above 0 to over 1.5t C ha™ yr™'. The interquartile range
(represented by the large red box) suggests significant variability in sequestration rates
across different studies, indicating that hedgerow systems can offer substantial carbon
sequestration potential under certain conditions. The majority of data points fall within
the range of approximately 0.25 to 0.75t C ha™ yr™*, with a few outliers showing even
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higher sequestration rates. The alley cropping systems show less variability compared
to hedgerow systems, as indicated by a narrower interquartile range. The sequestration
rates for alley cropping are generally lower, clustering around 0to 0.5t C ha™ yr™. Here,
the variability among studies is less pronounced, suggesting that while alley cropping
might be more consistent, it generally sequesters less carbon compared to hedgerow
systems.

Articles

hedgerow
Biffi et al. 2022
Cardinael et al. 2015
Cardinael et al. 2017

® Cardinael et al. 2018
De Stefano et al. 2018
Drexler et al. 2021

Mayer et al. 2022

Farmer practices - primary

Pardon et al. 2017

alley cropping 8 Pardon et al. 2018

0.0 0.5 1.0 15
Soil carbon sequestration rate (tC ha " yr™")

Figure 29. Soil carbon sequestration rate of silvoarable agroforestry systems.

The hedgerow systems tend to have a higher and more variable soil carbon
sequestration potential compared to alley cropping systems within silvoarable practices.
This variability in hedgerow systems suggests that they could be optimised for greater
carbon sequestration under the right conditions, whereas alley cropping provides more
consistent but typically lower sequestration rates. This highlights the importance of
choosing the appropriate practice based on specific goals and environmental conditions
when aiming to maximise soil carbon sequestration in agricultural systems. Figure 30
illustrates the different soil carbon sequestration rates by soil depth found in the literature
search.
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Figure 30. Soil carbon sequestration rates in silvoarable agroforestry systems across observed
soil layers. The used studies are depicted in the size of the points.

6.7. Discussion

The available experimental information on carbon sequestration in AFS is subject
to several sources of uncertainty. One significant challenge is the lack of data on bulk
density, a critical factor needed to accurately convert soil carbon concentration into
carbon stock, which is often unavailable or inconsistently reported. Additionally,
variations in system age and tree age introduce further uncertainty, as the rates of carbon
sequestration can differ significantly depending on the developmental stage of the
system and the trees within it. These age-related differences can complicate
comparisons across studies and systems. Tree density is another variable that is
frequently underreported or not included in studies, despite its importance in influencing
both aboveground and belowground carbon storage. The absence of this information
can lead to a bias in the estimation of carbon sequestration potentials, contributing to
overall uncertainty in the experimental data.

Nair (2012) already mentioned, that measuring and verifying carbon
sequestration within AFS, is a difficult task and oftentimes, not enough data is available
to retrieve reliable estimates on the realistic carbon sequestration potentials of AFS. To
evaluate changes in SOC stocks and the resulting gains or losses following a land-use
change, several fundamental input variables are necessary to know: the former land use,
SOC stocks or SOC content together with bulk densities for both the prior and current
land uses, the soil depth considered, and the time elapsed since the land-use change.

Climate is a fundamental factor that influences soil carbon dynamics, impacting
key processes such as organic matter decomposition and root activity, which are central
to soil carbon sequestration. Variability in climate, including fluctuations in temperature,
precipitation, and seasonal patterns, can lead to inconsistent sequestration rates. In
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regions with extreme or erratic climate conditions—such as areas prone to droughts,
floods, or temperature extremes—the stability of soil carbon stocks can be unpredictable,
complicating the task of making accurate long-term predictions. Additionally, the ongoing
changes brought about by global climate change add another layer of uncertainty, as
they may alter these conditions in unforeseen ways, affecting the future potential for
carbon sequestration.

Temperature is a key driver of tree growth, directly affecting processes like
photosynthesis, respiration, and biomass accumulation. In regions where temperature is
a limiting factor, an increase in warmth can enhance tree growth and potentially boost
carbon sequestration. However, there is a delicate balance; excessive temperatures can
stress trees, reduce growth, or increase mortality, negatively impacting carbon storage.
Additionally, temperature fluctuations influence soil microbial activity, affecting the
breakdown of organic matter and the stabilisation of carbon within the soil. This
temperature dependency introduces variability in sequestration rates, particularly across
different geographic regions and climatic zones.

The combined effects of climate variability, tree species suitability, and
temperature-driven growth create significant uncertainties in estimating the carbon
mitigation potential of AFS. The complex interactions among these factors make it
challenging to predict how AFS will perform in terms of carbon sequestration over time.
Accurate, long-term estimates require localised, species-specific studies and adaptive
management practices that can respond to changing environmental conditions. This
approach is essential for optimizing carbon sequestration outcomes and effectively
mitigating climate change through agroforestry.

In relation to general statements on the impact of management on carbon
sequestration, silvoarable agroforestry, which combines trees or hedges and arable
crops on the same land, has been proposed as a sustainable agricultural practice with
significant potential for enhancing soil carbon (SOC) sequestration. Some of the reasons
are as follows: AFS, including silvoarable, generally increase SOC stocks compared to
conventional agricultural systems. This increase is observed across various soil depths
and agroforestry practices (see Figure 28, 29 and 30) as well as in multiple peer-
reviewed studies (Abbas et al. 2017, Mutuo et al. 2004, Palma et al. 2007, Shi et al 2018,
De Stefano et al. 2017, Visscher et al. 2023). Transitioning from traditional agriculture
to agroforestry significantly enhances SOC stocks. For instance, SOC stocks increased
by 26% to 40% at different soil depths when land use changed from agriculture to
agroforestry (Baah- Acheamfour et al. 2014, Palma et al. 2007, Peichl et al. 2006, De
Stefano et al. 2017). The highest SOC sequestration rates are often found in the topsoil
(0-20 cm or 0-30 cm), but significant increases are also observed in subsoil layers (20-
100 cm). The effectiveness of silvoarable systems in sequestering carbon can vary
based on regional climate, soil type, and precipitation. For example, silvoarable systems
show greater benefits in arid or tropical climates with sandy soils and lower precipitation
(Visscher et al. 2023). Silvoarable agroforestry has the potential to sequester substantial
amounts of carbon over long periods. For instance, it can increase carbon sequestration
by up to 140 tonnes C ha™ over 60 years (Lopéz-Diaz et al. 2017, Palma et al. 2007).
Beyond carbon sequestration, silvoarable systems also contribute to other ecosystem
services such as erosion control, nutrient provision, and increased biodiversity, which

Project MARVIC has received funding from the Horizon Europe 78
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Agroforestry

further support soil carbon stability (Abbas et al. 2017, Palma et al. 2007, Shi et al. 2018,
Visscher et al. 2023).

Silvoarable agroforestry management significantly enhances soil carbon
sequestration compared to conventional agricultural practices. This increase in soll
carbon stocks is observed across various soil depths and is influenced by regional
climate and soil conditions. Additionally, silvoarable systems provide multiple ecosystem
services that contribute to the overall stability and sustainability of agricultural
landscapes. Implementing silvoarable agroforestry on a larger scale could play a crucial
role in mitigating climate change by sequestering atmospheric carbon dioxide in soils.

To address the gaps in knowledge that limit the quantification and prediction of the
impact of mitigation practices on carbon sequestration in AFS, it's important to consider
several key areas:

- Lack of a unified definition of AFS: The term "Agroforestry Systems" is not
universally defined, leading to inconsistent data and confusion in research. This
lack of a clear definition means that studies may not be directly comparable, as
different systems may be classified under the same umbrella but have vastly
different practices and impacts. Recommendation: Develop a standardised
global framework for defining AFS that includes various sub-categories and
practices, ensuring consistency in classification and reporting.

- Absence of a clear framework for assessment: There is no universally accepted
framework for assessing the impact of AFS on carbon sequestration. Without a
standardised assessment framework, comparisons across studies are difficult,
and the effectiveness of different practices can be challenging to evaluate.
Recommendation: Establish a comprehensive framework that includes key
metrics and methodologies for evaluating carbon sequestration in AFS. This
framework should consider both aboveground and belowground carbon stocks,
as well as temporal and spatial variations.

- High system diversity: The diversity of AFS systems complicates the prediction
of carbon sequestration outcomes. Variability in tree species, management
practices, and environmental conditions leads to a wide range of sequestration
outcomes, making it hard to generalise results. Recommendation: Conduct
research that accounts for system diversity by including a range of tree species,
management practices, and environmental conditions. Develop models that can
accommodate and predict outcomes for different types of AFS.

- Variability in tree species and management practices: Different tree species and
management practices affect carbon sequestration through varying root
structures, litter fall, and overall growth dynamics. The variability in how tree
species influence soil carbon sequestration complicates predictions and
quantifications of their impact. Recommendation: Investigate the specific impacts
of different tree species and management practices on soil carbon sequestration.
Use this data to refine models that predict carbon sequestration based on species
and management practices.
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- Inconsistent research designs: Research designs widely, making it difficult to
compare results. Diverse methodologies can lead to inconsistent results and
hinder the ability to draw general conclusions. Recommendation: Promote the
use of standardised research designs and modeling approaches. Encourage
meta-analyses that use consistent methods to aggregate data and draw more
reliable conclusions.

- Limitations of meta-analyses: Meta-analyses often average out results from
studies with highly variable designs, which can obscure important nuances.
Averaging can mask significant differences between studies and lead to
oversimplified conclusions about carbon sequestration. Recommendation:
Conduct meta-analyses with careful consideration of study design differences.
Where possible, use advanced statistical techniques to account for variability and
provide a more nuanced understanding of carbon sequestration.

By addressing these gaps, researchers and policymakers can develop more
accurate models and strategies for predicting and enhancing the carbon sequestration
potential of AFS.

Integrating trees into agricultural landscapes offers numerous environmental
benefits, such as enhanced biodiversity, improved soil health, and increased carbon
sequestration. Trees can provide shade, reduce soil erosion, and improve water
retention, creating a more resilient and sustainable farming system. Moreover, AFS can
contribute to long-term soil fertility by adding organic matter and fostering beneficial
microorganisms, which can lead to more stable agricultural production over time.
However, the inclusion of trees in these areas also comes with trade-offs. One of the
primary concerns is the reduction in the area available for conventional agricultural
activities. The land occupied by trees is no longer directly available for crop cultivation,
leading to a potential decrease in yield per unit area. This reduction, known as
agricultural extensification, can pose significant challenges, especially in regions where
land availability is already limited or where food production must meet growing demands.
The decrease in yield on existing farmland may drive farmers to compensate by
expanding agricultural activities into previously untouched or pristine areas, such as
forests, wetlands, or grasslands. This expansion could lead to deforestation, habitat
destruction, and the loss of biodiversity, ultimately undermining the environmental
benefits that agroforestry aims to provide. The conversion of these natural ecosystems
into agricultural land also releases large amounts of stored carbon, contributing to
climate change. Thus, while agroforestry presents a sustainable alternative to
conventional farming, careful consideration must be given to its implementation.
Strategies such as selecting optimal tree species, balancing tree density, and integrating
crop systems that complement tree growth can help minimise yield losses. Additionally,
policies that protect pristine areas and promote sustainable land management practices
are essential to prevent the unintended consequence of increased pressure on these
valuable ecosystems. Balancing the benefits of agroforestry with the need to maintain
agricultural productivity and protect natural landscapes is crucial for achieving both food
security and environmental sustainability. The effectiveness of an agroforestry system in
sequestering carbon is heavily dependent on the choice of tree species, which must be
well-suited to the local environment. Tree species differ significantly in their growth rates,
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root structures, biomass production, and the quality of litter they produce—all of which
directly influence the amount of carbon that can be stored in the soil. When tree species
are well-matched to the local climate, soil, and ecosystem, they can thrive, leading to
higher carbon sequestration rates. Conversely, species that are poorly adapted may
suffer from reduced growth or higher mortality rates, leading to less efficient carbon
storage and increased uncertainty in carbon mitigation estimates.

Summary of co-benefits of mitigation practices by agricultural systems

Overall impact of these co-benefits with particular mention to uncertainty of the effects,
and variability among farms, regions.

SOC sequestration. Practicing AFS, particularly silvoarable systems, can lead to
an increase in SOC. Trees in these systems contribute organic matter to the soil through
leaf litter, root turnover, and decomposition processes, which enrich the soil carbon pool.
The rate at which SOC is sequestered varies depending on several factors, including the
climate, the specific type of agroforestry system, the age of the trees, and the type of
soil. For instance, in silvoarable systems, trees with high or exponential growth rates can
enhance carbon sequestration during their early years, as they accumulate biomass
rapidly, leading to higher carbon inputs into the soil.

Climate mitigation through carbon sequestration of trees. Trees in silvoarable
systems not only contribute to SOC but also directly sequester atmospheric carbon
dioxide through their growth. During the initial years, trees with high growth rates can
sequester significant amounts of carbon, which helps in mitigating climate change. This
carbon sequestration is an essential function of silvoarable systems, making them a vital
tool in climate-smart agriculture.

Windbreaks and microclimate regulation. The trees in silvoarable systems can
act as windbreaks, reducing wind speed across agricultural fields. This reduction in wind
speed is beneficial as it lowers evapotranspiration rates from crops, thereby decreasing
the water requirements of the crops. This is particularly advantageous in regions prone
to drought or where water resources are limited.

Crop Yield Considerations. While trees provide numerous benefits, they also cast
shadows that can impact crop yields. Tree shadows reduce the amount of sunlight
reaching the crops, which may lead to lower photosynthesis rates and, consequently,
reduced crop yields. Therefore, in silvoarable systems, the orientation of tree rows is a
critical factor that must be carefully planned to minimise shading effects on crops. Proper
alignment of tree rows can optimise sunlight exposure for crops while maintaining the
benefits provided by the trees.

Silvoarable systems require a careful balance between maximizing
environmental benefits and minimizing potential drawbacks. While the integration of
trees improves soil health, sequesters carbon, and reduces water needs through
windbreaks, careful management is essential to ensure that these benefits do not come
at the cost of reduced crop yields due to shading.
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Table 12. Drivers affecting variability, adaptation, benefits, trade-offs effect on productivity and reference of the main management practices of agroforestry.

Silvoarable

Drivers affecting variability

Adaptation

Benefits

Trade-offs

Effect on productivity

Reference

Alley cropping Climatic factors soil structure Climate change Reduced If high tree density per Staton et al.
soil properties mitigation via carbon crop yield hectare, a extensification 2022, De
agronomic practices water stock in trees, SOC (space and takes place, thus the yield | Stefano and
tree species selection infiltration sequestration, higher soil shade) will be reduced and Jacobson
tree management (pruning) health, reduced runoff pressure on land is 2017,
root pruning water holding and soil erosion, increased Udawatta et
litter collection capacity increased nutrient al. 2019
availability, benefits to
wind biodiversity and water
reduction retention, less pesticides
needed, additional
income by selling timber
or NT products like fruits
or nuts.
Hedges Climatic factors soil structure SOC sequestration, On water Through reduced wind Staton et al.
soil properties Climate change limited sites: | speed, evapotranspiration 2022, De
agronomic practices water mitigation via carbon possible less of crops will be reduced Stefano and
Hedge species selection infiltration stock in hedges, available and crop yield could be Jacobson
Hedge management (pruning) Wind break, higher soil water for increased 2017,
root pruning water holding health, reduced runoff adjacent Udawatta et
litter collection capacity and soil erosion, crops al. 2019
increased nutrient
wind availability, benefits to
reduction biodiversity and water
retention, less pesticides
needed
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6.8. Insights

Scientists: There are methodological challenges, such as estimating carbon
stocks in biomass and soil under varying conditions is complex and often lacks rigor (Nair
et al. 2009, Makundi et Sathaye 2004, Lorenz et Lal 2014). The dispersed nature of
agricultural activities and the need for monitoring, verification, and establishing credible
baselines add to the difficulty (Makundi et Sathaye 2009, De Stefano et Jacobson 2017).
There is a limited information base and fewer tools available for agroforestry compared
to traditional agriculture and forestry, making it harder to build accurate carbon
accounting and modelling tools (Schoeneberger 2008, Montagnini & Nair 2004).
Uncertainty in global land area estimates under AFS further complicates carbon stock
assessments (Nair et al. 2009, Lorenz et al. 2014). Variability in carbon sequestration is
high. The extent of carbon sequestered depends on site-specific factors such as
biological, climatic, soil, and management conditions, which vary widely (Nair et al 2009,
Nath et al. 2020). Different agroforestry practices and land-use changes result in varying
levels of SOC stocks, adding to the complexity of measurement (De Stefano et al. 2017,
Abbas et al 2017). The profitability of carbon sequestration projects is influenced by the
price of carbon in the international market, additional income from agroforestry products,
and the costs related to carbon monitoring (Nair et al. 2009, Makundi et al. 2004).
However, due to recent innovative monitoring techniques and new tools being
developed, the costs should be reduced soon (see the EU HORIZON project digitaf?).
Measuring the carbon mitigation potential of agroforestry is challenging due to
methodological difficulties, data limitations, variability in sequestration rates, and
economic and policy factors. Addressing these challenges requires improved data
collection, standardised methodologies, and greater recognition and support for
agroforestry within agricultural and forestry sectors.

End-users /Stakeholders: The SOC stock and rate increase of silvoarable
agroforestry management compared to conventional agricultural management could
offer interesting financial benefits in terms of carbon certification rewards and or other
economic incentives. Then, agroforestry could lead to a small, positive impact on income,
especially when yields improve or when economic incentives such as biomass
production are provided to offset crop yield reductions (Castle et al. 2021, Quinkenstein
et al. 2009). However, after initialising a silvoarable system, several years should be
taken into account until the SOC sequestration rates are sufficiently high (Quinkenstein
et al. 2011). In Mediterranean areas, farmers perceive silvoarable systems as potentially
increasing farm profitability due to diversified income sources from both crops and trees
(Graves et al. 2009, Palma et al. 2007). Silvoarable systems improve ecosystem services
such as soil fertility, carbon sequestration, and erosion control. These systems also
enhance biodiversity and nutrient provisioning for the crops (Visscher et al. 2023,
Mosquera-Losada et al. 2023, Palma et al. 2007). Also, agroforestry practices can
reduce pest and disease incidence by increasing natural enemy abundance and
reducing pest populations, particularly in perennial crops (Pumarifio et al. 2015, Staton
et al. 2019).

1 https://digitaf.eu/

Project MARVIC has received funding from the Horizon Europe 83
Programme under grant agreement no. 101112942




MARVIC

MRV for carbon farming

Deliverable 4.1 — Agroforestry

Policy makers: Silvoarable agroforestry is a dual-purpose approach which
optimises the land use, making it possible to produce more food and biomass per unit
area. Given the increasing demand for food and the need for sustainable land use,
silvoarable systems offer a viable solution that enhances productivity while maintaining
ecological balance. Moreover, silvoarable systems are adaptable to a wide range of
agricultural settings, from smallholder farms to large-scale agricultural enterprises. This
adaptability makes them a practical and scalable solution for enhancing sustainability in
modern agriculture. The carbon mitigation potential of agroforestry is ambivalent.
Silvopastoral systems are not offering any advantage compared to traditional livestock
management. Interestingly, silvoarable systems are offering a significant carbon
mitigation potential in the soil and in the trees. Focusing on the soil carbon mitigation
potential, SOC stock can be increased in silvoarable AFS compared to conventional
agriculture. Importantly, the SOC sequestration rates are usually increased in silvoarable
AFS, regardless the tree and crop species. A majority of studies found rates from 0.5 to
1.5t C per hectare and year in the topsoil. However, a more precise generic estimate on
the SOC rate is highly uncertain, since the set-up of the AFS, such as soil type, climate,
tree and crop species, tree density, system age and tillage, is greatly influencing the SOC
rate.
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7. Main conclusions

This deliverable provides an extensive evaluation of the carbon sequestration
potential, uncertainties, and co-benefits of CF practices across five key agricultural
systems: woody crops, peatlands, arable lands, grasslands, and agroforestry. The
findings emphasise both the opportunities and challenges in implementing CF practices
effectively.

7.1. Key Findings
The report synthesises findings on CF practices across the five systems:

Woody Crops (e.g., olive groves, vineyards): Practices such as cover crops, no-
tilage, and organic amendments improve soil organic carbon (SOC) and reduce soll
erosion. SOC improvements are higher in olive groves and higher SOC levels were
observed under no-tillage combined with the application of a mulch of pruning residues
and use of cover crops (usually temporary and composed of natural vegetation).

Peatlands: Rewetting and conservation practices reduce CO, emissions and
stabilise organic carbon reserves. Rewetting shows substantial potential to mitigate CO,
emissions, with added benefits for water regulation and biodiversity conservation. The
need for long-term monitoring to confirm carbon stability was highlighted.

Arable Lands: Techniques like no-tillage, improved crop rotations, residue
management and addition of organic amendments, and cover crops enhance SOC.
Among these, zero tillage demonstrated the highest potential for SOC sequestration.
However, this conclusion is primarily based on data derived from topsoil sampling,
highlighting the need for further analysis across deeper soil layers.

Grasslands: Improved grazing management, reseeding, and legume integration
boost carbon sequestration and biodiversity. The conversion of arable lands to
grasslands would be the practice with the highest carbon sequestration.

Agroforestry (hedgerows, silvopasture): Tree integration into farming
landscapes increases long-term carbon storage and ecosystem resilience. Silvoarable
systems generally outperform silvopastoral systems in carbon sequestration, with alley
cropping showing more consistent outcomes and hedgerows exhibiting greater but more
variable potential. Effective management is crucial to maximizing carbon sequestration,
especially in silvoarable systems.

7.2. Cross-Cutting Challenges

Despite substantial research, CF studies share critical limitations that hinder
reliable conclusions:

- Methodological Variability: Differences in sampling depths, bulk density
measurements, and definitions of management practices reduce comparability.

- Insufficient Long-Term Data: Few studies track carbon dynamics over multiple
years under consistent conditions.
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- Data Gaps: Sparse reporting on key management variables like tree density,
plantation age.

- Peatlands Specifics: Challenges in measuring SOC changes in deep peat layers
and balancing CH, trade-offs.

7.3. Recommendations
To enhance the reliability and scalability of CF practices:

1. Standardise Methodologies: Develop global frameworks for SOC measurement and
reporting, addressing soil depths, bulk density, and coarse material content.

2. Expand Long-Term Studies: Conduct site-specific, multi-year research to capture
temporal and spatial variations in carbon dynamics.

3. Promote Comprehensive Monitoring:

- For peatlands: Measure GHG fluxes (CO,, CH,, and N,O) rather than relying
solely on SOC stocks.

- For woody crops: Integrate under-canopy and lane-area sampling.

4. Refine Models: For agroforestry, include impacts of tree species, management
practices, and interactions with local conditions.

5. Policy Support: Create incentives for adopting best practices (e.g., rewetting
peatlands, agroforestry design, and no-tillage) and support farmer training programs.
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10. Annexes

10.1. Woody crops

Annex 1A. Keywords and connectors used for the search for the other three woody crops

subsystems (olive groves, fruit orchards and almond).

Olive groves

Carbon sequestration in olive groves/Carbon sequestration and olive groves

Carbon farming and olive groves/ Carbon farming in olive groves

Nature based climate solutions in olive groves

Agro-environmental practices and organic carbon and olive groves

Carbon sequestration and olive groves and sustainable practices/ Sustainable practices and
carbon sequestration and olive groves/ Organic carbon and sustainable practices and olive
groves/ Sustainable practices and olive groves and carbon/ Sustainable practices and olive
groves

Cover crops and carbon sequestration and olive groves/ Cover crops and carbon and olive groves
Pruning residues and carbon and olive groves/ Pruning residues and carbon sequestration and
olive groves

Compost and carbon sequestration and olive groves/ Compost and carbon and olive groves/
Alperujo and compost and olive groves and carbon/ Alperujo and olive groves and carbon
Tillage and carbon sequestration and olive groves/ Tillage and carbon and olive groves
Emissions and olive groves and management practices/Emissions and carbon sequestration and

olive groves/ Warming potential and carbon sequestration and olive groves
Fruit orchards

Carbon sequestration in fruit orchards/ Carbon sequestration and fruit orchards

Carbon farming and fruit orchards/ Carbon farming in fruit orchards

Nature based climate solutions in fruit orchards

Agro-environmental practices and organic carbon and fruit orchards

Carbon sequestration and fruit orchards and sustainable practices/ Sustainable practices and
carbon sequestration and fruit orchards/ Organic carbon and sustainable practices and fruit
orchards/ Sustainable practices and fruit orchards and carbon/ Sustainable practices and fruit
orchards/ Organic carbon and fruit orchard and sustainable practices

Cover crops and carbon sequestration and fruit orchards/ Cover crops and carbon and fruit

orchards
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Pruning residues and carbon and fruit orchards/ Pruning residues and carbon sequestration and
fruit orchards

Compost and carbon sequestration and fruit orchards/ Compost and carbon and fruit orchards
tillage and carbon sequestration and fruit orchards/ Tillage and carbon and fruit orchards
Emissions and fruit orchards and management practices/ Emissions and carbon sequestration
and fruit orchards/ Warming potential and carbon sequestration and fruit orchards

Citrus orchards and compost and carbon sequestration

Citrus orchards and pruning residues and carbon sequestration

Citrus orchards and cover crops and carbon sequestration

Citrus orchards and tillage and carbon sequestration

Peaches orchards and compost and carbon sequestration

Peaches orchards and pruning residues and carbon sequestration

Peaches orchards and cover crops and carbon sequestration

Peaches orchards and tillage and carbon sequestration

Apple orchards and compost and carbon sequestration

Apple orchards and pruning residues and carbon sequestration

Apple orchards and cover crops and carbon sequestration

Apple orchards and tillage and carbon sequestration

Kiwi orchards and compost and carbon sequestration

Kiwi orchards and pruning residues and carbon sequestration

Kiwi orchards and cover crops and carbon sequestration

Kiwi orchards and tillage and carbon sequestration

Nectarine orchards and compost and carbon sequestration

Nectarine orchards and pruning residues and carbon sequestration

Nectarine orchards and cover crops and carbon sequestration

Nectarine orchards and tillage and carbon sequestration

Carbon sequestration and sustainable practices and kiwi orchards

Carbon sequestration and sustainable practices and citrus orchards

Carbon sequestration and sustainable practices and apple orchards

Carbon sequestration and sustainable practices and nectarine orchards

Carbon sequestration and citrus

Carbon sequestration and peach

Carbon sequestration and apple

Carbon sequestration and nectarine
Almond

Carbon sequestration in almond/ carbon sequestration and almond
Carbon farming and almond/ carbon farming in almond
Nature based climate solutions in almond
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Agro-environmental practices and organic carbon and almond

Carbon sequestration and almond and sustainable practices/ Sustainable practices and carbon
sequestration and almond/ Organic carbon and sustainable practices and almond/ Sustainable
practices and almond and carbon/ Sustainable practices and almond

Cover crops and carbon sequestration and almond/ Cover crops and carbon and almond
Pruning residues and carbon and almond/ Pruning residues and carbon sequestration and
almond

Compost and carbon sequestration and almond/ Compost and carbon and almond

Tillage and carbon sequestration and almond/ Tillage and carbon and almond

Emissions and almond and management practices/ Emissions and carbon sequestration and

almond/ Warming potential and carbon sequestration and almond
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Annex 1B. Existing articles on aboveground and belowground biomass for subsystems (olive
groves, vineyards, almond trees and fruit orchards) and for selected articles. For more
information, the articles listed in the table are in the references section.

Woody
cro

Authors

Title of the article

Lopez-Bellido | Assessment of carbon sequestration and the carbon footprint in
etal., 2016 olive groves in Southern Spain
Proietti et al., | Assessment of carbon balance in intensive and extensive tree
Olive 2016 cultivation systems for oak, olive, poplar and walnut plantation
groves ;(rﬁftt' el Carbon footprint of an olive tree grove
Torras- . I )
. Does olive cultivation sequester carbon?: Carbon balance along a
Castillo et al., C inout aradient
2023 put9
Callesen et Understanding carbon sequestration, allocation, and ecosystem
al., 2023 storage in a grassed vineyard
Wona et al Short-term effects of increasing compost application rates on soil
20239 v C and greenhouse gas (N20 and CO2) emissions in a California
central coast vineyard
Assessing the short-term effects of no-till on crop yield, greenhouse
Lazcano et 2 . .
al. 2022 gas emissions, _and soil C and N pools in a cover-cropped,
- biodynamic mediterranean vineyard
Site characteristics determine the effectiveness of tillage and cover
Zumkeller et ; . S
al. 2022 crops on the net ecosystem carbon balance in California vineyard
" agroecosystems
Litskas et al., | Use of winery and animal waste as fertilisers to achieve climate
2022 neutrality in non-irrigated viticulture
Sharifi and
Hajiaghaei- Biochar-compost mixture and cover crop effects on soil carbon and
Kamrani, nitrogen dynamics, yield, and fruit quality in an irrigated vineyard
2023
Steenwerth . . :
. ) Cover crops enhance soil organic matter, carbon dynamics and
Vineyar | and Belina, icrobioloaical function i ; d t
ds 2008 microbiological function in a vineyard agroecosystem
Song et al., A Simple method using an allometric model to quantify the carbon
2023 sequestration capacity in vineyards
Pitacco and ; L
Meggio, 2015 Carbon budget of the vineyard - A new feature of sustainability
Morandé et From berries to blocks: carbon stock quantification of a California
al., 2017 vineyard.
Wolff et al., Minimum tillage of a cover crop lowers net GWP and sequesters
2018 soil carbon in a California vineyard
Brunori et al., | Sustainable viticulture: The carbon-sink function of the vineyard
2016 agro-ecosystem
Keightley, Applying new methods for estimating in vivo vineyard carbon
2011 storage
Long-Term additions of organic amendments in a Loire Valley
Morlat and : .
vineyard on a calcareous sandy soil. Il. Effects on root system,
Chaussod, . : )
2008 g_rowth, grape vyield, and foliar nutrient status of a cabernet franc
vine
Vendrame et | Study of the carbon budget of a temperate-climate vineyard: Inter-
al., 2019 annual variability of CO2 Flux
. Liguori et al., | Evaluating carbon fluxes in orange orchards in relation to planting
Fruit !
orchard 2009 density
s Baldi et al., Effect of compost application on the dynamics of carbon in a
2018 nectarine orchard ecosystem
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Scandellari et

A survey of carbon sequestration potential of orchards and

al., 2016 vineyards in ltaly
Effects of plantation ages, densities and management strategies
Zhao et al., o .
2015 on carbon sequestration in tropical mango and wax apple orchards
ecosystems
RUb'O'. Effects of cover crops and drip fertigation regime in a young almond
Asensio et agroecosystem
Almond | al., 2022 9 y
trees The potential of reducing tillage frequency and incorporating plant
Almagro et id for cli h P SPTRR iarid
al., 2017 residues as a strategy for climate change mitigation in semiari

Mediterranean agroecosystems
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10.2. List of articles found in the search and database of
variables

In ZENODO (10.5281/zenodo.14408832), different Excel sheets are available for
each system considered, containing lists of articles described in the different sections.
These correspond to the methodology for information search, along with their
quantitative and qualitative details. The databases include all articles with some
quantitative information, regardless of whether they have been used (or not) in result

sections.
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