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Abstract

Mediterranean tree crops provide land-based mitigation services by storing carbon long-term in soil and wood. However,
their mitigation potential has often been overlooked due to the lack of robust, context-specific estimates. This limits the
development of targeted policies to support farmers involved in “carbon farming”—the use of agricultural practices to
enhance CO, absorption. This study presents a model-based carbon accounting framework for assessing the climatic and
economic benefits of agriculture-based mitigation in Mediterranean tree crop ecosystems. The approach does not rely on
extensive field monitoring as its primary data source; however, it is calibrated and validated against targeted field measure-
ments and experimental datasets generated within the LIFE CLIMATREE project, which constitute the validation basis of
the analysis. The framework quantifies carbon removals and emissions under three management scenarios, ranging from
business-as-usual practices to mitigation-rich management. Across representative Mediterranean countries and tree crops,
mitigation-rich practices result in additional removals of approximately 1-2.5 t CO- ha™! yr™!, with considerable variation
across crop types and regions. These additional removals translate into meaningful economic values when assessed using
indicative carbon prices, highlighting the potential contribution of tree crop management to climate action and agricultural
sustainability. The findings support the development of carbon markets, eco-labeling, and agri-environmental schemes
under the new Common Agricultural Policy. They also contribute to improving the accuracy of national GHG inventories
in the LULUCEF sector, which currently do not differentiate between orchard species or management practices. This evi-
dence base is essential for shaping more effective climate policies and incentivizing sustainable land use.

Keywords Land-based mitigation - Carbon farming - Common Agricultural Policy - Carbon sequestration - Climate
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Introduction

Land-based ecosystems such as orchards, forests and agri-
cultural land are key contributors to the sequestration of
atmospheric CO,. Activities within the Agriculture, For-
estry and other Land Use (AFOLU) sector were responsible
for approximately 13% of CO:, 44% of CH,, and 82% of
N:0 emissions attributable to human activities from 2007 to
2016. Overall, this corresponds to around 23% (12.0+3.0 Gt
CO: eq yr'!) of total anthropogenic greenhouse gas (GHG)
emissions worldwide (IPCC 2023). As part of the AFOLU
sector, cultivation activities act as both sources and sinks for
GHG, highlighting their dual contribution to global warm-
ing and mitigation. Sustainable agricultural ecosystems,
which occupy nearly 40% of the Earth’s terrestrial surface
(Smith 2012; IPCC 2022), can sequester substantial carbon
in biomass, litter, and soil pools (Nair et al. 2009). Several
agricultural management practices, such as no-tillage, cover
cropping, use of organic fertilizers, and mulching of pruning
residues, enhance sequestration while reducing emissions,
thus forming mitigation-rich practices (Bithas and Lati-
nopoulos 2021; Fiore et al. 2015; Montanaro et al. 2017).
Given the extensive cropland in Mediterranean regions,
these practices could be decisive in achieving low-carbon
agricultural transitions.

Tree crops, and orchards in particular, may play an impor-
tant role due to their perennial character, which enables
long-term carbon storage in both soils and woody biomass
(Filipovic et al. 2025). Empirical evidence further suggests
that perennial agricultural and agroforestry systems tend to
achieve higher levels of carbon sequestration compared to
other types of farming systems, reaching rates similar to or
greater than those observed in forests (Hammad et al. 2020;
Montagnini and Nair 2004; Nair et al. 2010; Schoeneberger
2009; Proietti et al. 2016; Toensmeier 2017). However, esti-
mates vary widely due to differences in carbon accounting
methodologies and GHG inventory assumptions within the
Land Use, Land Use Change and Forestry (LULUCF) sec-
tor (Montanaro et al. 2021; Wu et al. 2012; Zanotelli et al.
2015). Reported sequestration rates range from 2.4 to 12.5
t C ha™' yr! in orchards (Demestihas et al. 2017), approxi-
mately 3 t C ha™! yr' in mature apple orchards (Zanotelli
et al. 2018), 6.3-6.5 t C ha™! yr! in orange orchards (Con-
soli et al. 2013) and 11.6-13.45 t C ha! yr! in Mediterra-
nean olive orchards (Nardino et al. 2013). In Chinese apple
orchards, net sequestration from 1990 to 2010 accounted
for 4.5% of China’s total terrestrial carbon sink (Wu et al.
2012). Beyond their climatic benefits, orchards deliver mul-
tiple ecosystem services—including fruit provisioning, soil
fertility, water regulation, pest control, and pollination—
supporting local economies and sustainable development,
especially in Mediterranean countries where tree crops
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occupy a large share of cultivated land (Asbjornsen et al.
2014; Demestihas et al. 2017, 2019; Pardo et al. 2017).

Yet, despite their potential, tree crops remain underrepre-
sented in GHG inventories (Montanaro et al. 2021; Valentini
2015; Zomer et al. 2016). This is partly related to the cur-
rent architecture of the GHG accounting frameworks, which
split the C fluxes of agriculture-related activities into differ-
ent sectors and categories. Within the AFOLU sector, the
LULUCF domain accounts for emissions and removals by
land-use category, considering biological components such
as living biomass, deadwood, litter, and soil organic carbon.
However, short-lived biogenic elements (e.g., fruit, leaves,
twigs) are excluded, while emissions from farm-level prac-
tices—such as fertilizer use, residue burning, or livestock
management—are reported separately under “Agriculture.”
Likewise, fuel combustion on farms is classified under the
Energy sector. This fragmented accounting structure pre-
vents a comprehensive CO: balance for tree crops, limiting
the development of effective carbon farming instruments.
As a result, the actual CO: balance of tree cultivations can-
not be evaluated within a scientifically robust framework.
This inhibits the design of appropriate instruments to sup-
port the realization of relevant mitigation potential (carbon
farming) (Toudert et al. 2018; Bellassen et al. 2022). Fig-
ure | illustrates the schematic of the AFOLU sector.

Furthermore, the absence of financial incentives dis-
courages farmers from adopting carbon farming practices,
despite their environmental benefits. Establishing a com-
prehensive reward system for CO: removals is therefore
essential to strengthen the contribution of agriculture to a
carbon-neutral economy (Rodriguez-Entrena et al. 2012).
Developing such mechanisms requires monetizing the posi-
tive externality of CO: sequestration. However, only a lim-
ited number of studies have assessed the economic value
of carbon sequestration in agricultural and agroforestry sys-
tems (Aertsens et al. 2013; Bithas and Latinopoulos 2021;
Sanchez et al. 2016; Rodriguez-Entrena et al. 2012; Glenk
and Colombo 2011; Granado-Diaz et al. 2019; Roesch-
McNally and Rabotyagov 2016; Burnett et al. 2024).

To address these gaps, this study develops a methodol-
ogy to evaluate the full carbon balance of tree crops, try-
ing to facilitate the identification of differences in orchard
species, climatic and geophysical conditions, as well as
agronomic practices. The novelty lies in the functional inte-
gration of elements derived from biogenic processes (as
reflected in IPCC 2006) with elements of the Life Cycle
Assessment capturing the impacts of management practices
(ISO 14067). This integration is operationalized through the
“CO2 Removal Capacity Algorithm” (CO,RCA), a unified
and practice-oriented framework tailored to Mediterranean
perennial cropping systems. Rather than treating biogenic
removals and management-related emissions as parallel or
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Fig.1 Schematic representation of the various components of the Agri-
culture, Forestry and Other Land Use (AFOLU) sector and the green-
house gas associated with the various categories of the Agriculture and
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Table 1 Cultivation statistics of olives, oranges, apples, peaches and almonds in Spain, Italy and Greece for the years 2012 to 2016

Olive Orange
YD (tha) PD (trees ha™!) S (Ha) YD (tha) PD (trees ha™') S (ha)
Spain 2.64 460 2,429,222 23.81 416 137,009
Italy 2.45 156 1,128,634 20.87 240 84,421
Greece 4.19 173 815,073 23.15 446 33,886
Apple Peach
YD (tha') PD (trees ha™!) S (Ha) YD (tha') PD (trees ha™') S (ha)
Spain 19.11 495 28,664 26.14 500 44,582
Italy 45.18 1,350 52,362 20.84 650 68,226
Greece 22.62 739 11,168 15.70 439 39,283
Almond
YD (tha') PD (trees ha™!) S (Ha)
Spain 0.39 238 495,924
Ttaly 1.36 270 28,155
Greece 2.31 279 13,300
Apple Peach
YD (tha) PD (trees ha™!) S (Ha) YD (tha) PD (trees ha™') S (ha)
Spain 19.11 495 28,664 26.14 500 44,582
Italy 45.18 1,350 52,362 20.84 650 68,226
Greece 22.62 739 11,168 15.70 439 39,283
Almond
YD (tha™) PD (trees ha™!) S (Ha)
Spain 0.39 238 495,924
Italy 1.36 270 28,155
Greece 2.31 279 13,300

disconnected assessments—as is common in the existing
literature—CO:RCA links biological carbon processes and
agronomic management decisions at a common spatial and
analytical scale, enabling consistent comparison of mitiga-
tion-rich practices across crops, regions, and scenarios. This
allows the analysis to move beyond plot-scale accounting or
carbon stock estimates and instead facilitate policy-relevant
evaluation of carbon farming practices at a regional scale.

The analysis was performed at the regional (NUTS-3)
scale and focuses on five representative Mediterranean tree
crops - olive, orange, peach, apple, and almond - in Greece,
Italy, and Spain. It quantifies both the net CO: balance
per management scenario and the additional CO- removal
potential induced by mitigation-rich practices, together
with their economic valuation as an ecosystem service.
By revealing spatial variation in mitigation potential and

@ Springer
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associated economic values, the analysis provides insights
relevant for the design of agricultural-climate policies, eco-
schemes, and voluntary carbon market incentives, and helps
identify priority regions where targeted incentives may
accelerate the adoption of carbon farming practices. In this
way, the study supports the EU’s 2030 climate targets and
advances the integration of carbon farming into evidence-
based regional planning.

Methods
Conceptual framework
Selection of representative tree crops

This study proposes a novel methodology to estimate the
CO: balance of orchards and thereby quantify their con-
tribution to climate change mitigation. The initial step
involved identifying representative tree crops across Medi-
terranean countries. Selection was based on three primary
criteria: (a) total cultivated area (ha); (b) average lifespan
of tree crop (Years); and (c) annual yield levels (Tons per
Hectare). Based on these criteria, we identified five domi-
nant tree-crop cultivations in selected countries (Greece,
Italy, Spain): olives; oranges; peaches; apples; and almonds.

In 2017, olive groves covered approximately 4.59 mil-
lion hectares within the EU, with the majority of this area

Table 2 Sources of data and coefficients used in the CO,RCA algo-
rithm

Cultivation per-
formance (e.g.,
yield, planting
density, culti-
vated surface)
Wood biomass Derived from field experiments conducted by
data the Agricultural University of Athens during the
Life project Climatree

Values from Green (1987), Audsley et al. (2009)
and Lal (2004)

Obtained from the Greenhouse Gas Protocol
Tool for Mobile Combustion (GHG Emissions
Calculation Tool, Version 2.6) developed by the
World Resources Institute

Official national statistical data for each country
covering five consecutive years (2012-2016)

Fertilizers and
pesticides data
Fossil fuels use

Electricity data ~ Sourced from (a) the European Environment
Agency, b) the International Energy Agency,
“Global Energy & CO, Status Report, The latest
trends in energy and emissions in 2018, 2019”
Information collected and analyzed by the Agri-
cultural University of Athens through a ques-
tionnaire survey administered to more than 300
Greek farmers during the Life project Climatree.

Agricultural
practices data

Climatological Monthly averages for temperature, rainfall and
data open pan evaporation (2008-2012).
Soil LUCAS 2009, TOPSOIL dataset (Orgiazzi et al.

characteristics

2018; Toth et al. 2013)

@ Springer

located in Mediterranean regions. Spain accounted for
55% of this area, Italy 23% and Greece 15%. Spain, Italy
and Greece are also the EU’s largest citrus fruit (oranges,
small citrus fruits and lemons) producing countries. Cit-
rus plantations covered 455,000 ha across the EU in 2017,
with Spain accounting for 60%, Italy 27% and Greece 9%.
Orange groves accounted for just over half (56%) of the
citrus fruit plantations in the EU. Peach orchards (includ-
ing nectarines) covered 190,500 ha in the EU in 2017, with
Spain accounting for two-fifths (41%) of the EU total, with
Italy and Greece having the next largest peach orchards.
Apple orchards in the EU covered 473,500 ha in 2017, of
which Spain accounted for 5.8%. Moreover, apple orchards
expanded by 23,900 ha between 2012 and 2017, of which
3,600 ha were in Italy. Finally, almond orchards across the
EU covered 743,000 ha in 2017 (22.5% of the total EU fruit
growing area), of which Spain accounted for the largest area
(85.2% of the EU total) (Eurostat 2019).

Integration of data and methodological elements for CO,
balance estimation

Using national statistics for 2012 to 2016, the mean values
of yield density (YD, t ha™!), planting density (PD, trees
ha™!) and cultivated surface (S, ha) are presented in Table 2
for the case countries. The study focused on the develop-
ment of a methodology which simultaneously accounts for
biogenic carbon removals and anthropogenic emissions.
This was achieved by integrating IPCC (2006) elements that
reflect the biological cycle of trees with Life Cycle Assess-
ment (LCA) principles (ISO 14067) capturing management-
related impacts. The objective is to estimate the actual CO:
balance at the orchard (farm) level. The methodology draws
on: (a) international literature (peer-reviewed and grey liter-
ature, including reports); (b) expert interviews; and (c) field
experiments and measurements.

Based on this integration, the CO, Removal Capacity
Algorithm (CORCA) was developed to calculate the annual
CO, balance of tree crops. A key innovation of this Algo-
rithm is that it provides crop-specific results for different
permanent tree crops. To date, the official reporting of CO,
(National Inventory Reports) makes no distinction between
different types of permanent crops or their specific man-
agement practices. The resulted outputs were subsequently
integrated into a GIS environment in order to estimate the
aggregate mitigation potential of tree cultivations at the
regional level (NUTS3 level). After estimating mitigation
potential, we assigned a monetary value to these removals.
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IPCC and LCA methodology
IPCC-based methodological elements

Guidelines were provided by the Intergovernmental Panel
on Climate Change (IPCC 2015) for estimating and report-
ing greenhouse gas emissions and removals. The Land Use,
Land-Use Change and Forestry (LULUCF) sector includes
orchards within its cropland component. The IPCC-based
framework examines the CO, pools induced by the eco-
logical-biological function of trees (the biological cycle of
orchards), and how human activities influence these pools.
Tree biology is linked with three key carbon pools: biomass,
soil carbon, and dead organic matter (litter). GHG Invento-
ries classify carbon pool estimation methods in three tiers—
Tier 1, Tier 2, and Tier 3—reflecting progressively higher
levels of precision (i.e. increased data requirements) and
methodological sophistication. As the IPCC-based method-
ology is designed for aggregating CO, reporting objectives,
it is not suitable for evaluating different cultivation-manage-
ment practices based on their effect on CO, balance (Mon-
tanaro et al. 2017).

LCA-based methodological elements

Hence, the IPCC-based methodology cannot facilitate the
assessment of cultivation practices at the individual farm
level. For this reason, the methodology proposed in the
present study incorporates Life Cycle Assessment (LCA),
enabling the evaluation of the actual environmental impact
of agricultural management practices at farm level (Pergola
et al. 2017). When conducting an LCA analysis, the com-
plete crop lifespan cycle of orchards is considered, encom-
passing all stages from planting the trees to the disposal of
the crop system at the end of its cycle.

While adopting crucial elements of the LCA, this study
does not comply with all LCA standards in full. The analy-
sis can be viewed as a Life Cycle Assessment (LCA)-based
framework, which is centered around three primary pillars:
the utilization of natural resources (such as water and soil);
the application of materials and substances (including irriga-
tion systems, compost, pesticides, fertilizers, etc.); and the
use of agricultural machinery (such as tractors and plows)
for cultivation activities (Aguilera et al. 2015). System
boundaries were established at the farm gate, encompassing
all the processes related to material and energy inputs and
outputs for the selected system. This also includes processes
associated with the complete removal of the orchard at the
end of its life cycle.

Estimating the carbon balance at the farm level

Development and input parameters of the CO, removal
capacity algorithm (CO,RCA)

Merging the necessary elements of two relevant method-
ologies (i.e., the biogenic carbon removal process, adopted
by IPCC 17 and the LCA), an algorithm — referred to as
CO,RCA (CO, Removal Capacity Algorithm) — was devel-
oped. It calculates the annual CO, balance of the selected
tree crops in three Mediterranean countries, systematically
accounting for CO, removals and emissions. The Algorithm
estimates biomass and soil components by accounting for
the balance between two processes: (1) the CO, removed
from the atmosphere associated with the formation of new
woody biomass, including below-ground biomass; and (2)
the CO, emitted to atmosphere due to the applied cultiva-
tion practices. Greenhouse gas emissions were expressed
as CO,-equivalent mass and are calculated for each input
material and energy source required for orchard establish-
ment, management, protection, and harvesting activities.

To this end, the CO,RCA algorithm incorporated the fol-
lowing factors: (i) Orchard tree planting density, (ii) crop
yield, (iii) total orchard surface area, (iv) the development
phase of the trees, (v) Amount of pruning residues and asso-
ciated management operations (tillage, trimming, spraying,
irrigation), (vi) Annual amount and specific categories of
fertilizers and agrochemicals applied, (vii) Annual energy
consumption in terms of fossil fuels and electricity, as well
as (viii) Soil characteristics (clay content on topsoil) and cli-
matic conditions (monthly rainfall, open pan evaporation,
and average air temperature), based on the geographical
location of each cultivated plot.

CO,RCA can assess the feasibility of implementing vari-
ous alternative cultivation practices, helping to prioritize
those with the highest mitigation potential. Mitigation rich
agricultural practices which are evaluated by the CO,RCA
algorithm (Aguilera et al. 2015; Spanos et al. 2021; Vicente-
Vicente et al. 2016), are the following:

e Implementation of cover crops, including the use of le-
guminous species,

e Application of mulching practices,
Application of fertilizers through fertigation systems,
Application of insect monitoring techniques and/or
mass trapping methods,

e Utilization of pruning residues as solid fuel, substituting
diesel consumption,

e Integration of renewable energy sources.

@ Springer
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Structure and functional components of the CO,RCA
algorithm

To support the calculation of the CO: balance for various
tree crops under different cultivation scenarios, an electronic
tool was developed based on the CO. Removal Capacity
Algorithm (CO:RCA). This tool (available here) translates
the algorithm into an accessible, structured format, allow-
ing users to estimate carbon removals and emissions associ-
ated with cultivation practices. It is organized into four main
components—CO: Removal, CO: Storage, CO. Emissions,
and CO: Gain—each corresponding to a distinct aspect of
the carbon balance. These are described in detail below.

i CO,Removal: This section calculates the amount of CO,
removed from the atmosphere through the formation of
new biomass. This removal reflects changes associated
with the production of fruits and the development of
trunk, branches, and roots.

ii CO, Storage: Here, the algorithm determines the
amount of CO, stored in the soil beneath and around
the trees. The dynamics of carbon in soil are based on
the RothC model (Coleman and Jenkinson 1996; Cole-
man et al. 1997), and the algorithm uses monthly steps
to calculate the organic soil carbon. The incoming car-
bon in our case is fruit from thinning processes, leaves,
and the pruning residue left on the field, while the Soil
Organic Carbon (SOC) is modeled on four active con-
nected pools and an inner organic matter pool (IOM).
Each pool decomposes according to first-order process
at a characteristic rate.

iii CO, Emissions: Through LCA, this section measures the
CO, emissions released into the atmosphere resulting
from the current cultivation practices being employed.

iv CO, Gain: The contribution of cultivation practices
(carbon farming) to CO, emission reduction.

By incorporating these four sections, the CO,RCA algo-
rithm provides a comprehensive analysis of CO, fluxes,
including removal, storage, emissions, and potential gains
resulting from different cultivation practices. In this frame-
work, the Annual CO, Removal Capacity (ARC) is defined
as follows (all variables in this equation are expressed in t
COzyr ).

ARC = ARB + ASS — TAE + TAG (1)

where ARB is the annual CO, removal resulting from the
changes in tree biomass, ASS is the annual CO, storage in
soil, TAE represents the CO, total annual emissions and
TAG represents the CO, total annual gain.

@ Springer

The development of the algorithm

Biomass and soil carbon balance within the CO,RCA
algorithm

The core objective of the algorithm is to provide an effi-
cient and accurate estimation of the capacity of tree crops
to remove CO, from the atmosphere. This is achieved by
estimating the CO, balance between atmospheric removal
associated with the formation of new biomass, carbon stored
in soil, and emissions released to the atmosphere through
applied agricultural practices. The algorithm evaluates the
annual removal capacity (ARC) according to Eq. 1. The
CO, removal component linked to the new biomass produc-
tion, captures changes in biomass (ARB), as a result of: (a)
the production of fruits (4R, ); and (b) the development of
the trunk, branches and roots of the tree (4R,,). Thus:

ARB = AR; + AR, )

More specifically, the fruit biomass is calculated as a func-
tion of the total yield of the farm, the density of the tree
crops cultivated and the relevant surface of the farm. The
yield might also be increased through the application of
alternative agricultural practices, and this is included as a
coefficient in the calculation. The wood biomass on the other
hand, which includes new trunks, branches, and roots, and
quantifies the CO, that is annually absorbed by the tree, is
evaluated as a function of planting density, the surface of the
tree crops cultivated and the annual rate of biomass growth.
This growth rate varies according to the age of the tree. So,
in our approach, two development periods are considered,
the Juvenile phase and the Mature phase, each one of which
defines a different constant development rate (i.e., linear
increase). We consider the Juvenile phase as the initial stage
of planting the tree, and until it reaches the full production
period. It then moves into the Mature phase with a slower
development rate. The biomass changes described are cor-
rected by the amount of annual pruning residue which can
be left on the field (contributing carbon to the soil input),
can be burnt (returning the CO, to the atmosphere), or has
another use.

Modeling soil organic carbon dynamics (RothC approach)

The dynamics of carbon in soil are simulated using the
RothC model (version 26.3) and by using monthly steps
to calculate soil organic carbon. In the RothC framework
(Coleman and Jenkinson 1996; Coleman et al. 1997), the
Soil organic carbon (SOC) is modeled by four active con-
nected pools and an inner organic matter pool (IOM). The
four pools are the Decomposable Plant Material (DPM),
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the Resistant Plant Material (RPM), the Microbial Bio-
mass (BIO) and the Humified Organic Matter (HUM). The
amount in each pool decomposes according to first-order
kinetics at its own rate. So, the incoming carbon (in our
case, fruit from thinning processes, leaves, and pruning left
on the field) is split between DPM and RPM based on the
DPM/RPM ratio. All the incoming carbon passes through
these polls only once. Then, DPM and RPM decompose to
CO,, BIO and HUM. The proportion of DPM and RPM that
goes to CO, and to BIO+HUM depends on the soil char-
acteristics (for example, clay content). Finally, BIO HUM
further decomposes to CO,, BIO and HUM and so on. The
overall decomposition rate on the active pools is a function
of temperature, moisture, and a constant decomposition rate
specific to each pool. The data required to set the param-
eters of the model are the climatological data and the soil
characteristics.

Estimation of emissions and mitigation gains

The cultivation practices contribute to the emissions (TAE)
in three dimensions. The first is the use of fertilizers, the
second is the use of pesticides, and finally the consumption
of fossil fuels (gasoline and diesel) and electricity. These
represent the use of mechanical equipment and machinery
— powered by internal combustion engines or electricity —
across a range of cultivation activities (tillage, trimming,
spraying, irrigation, harvesting, etc.). The calculation of
emissions associated with fertilizers (and pesticides) is
influenced by the chemical composition and the quantity
used, as well as an emission factor that accounts for car-
bon-equivalent emissions generated during the production,
transportation, storage, and application of each component.
A similar approach is adopted for gasoline, diesel and elec-
tricity where each emission is based on: annual consump-
tion, an emission factor regarding greenhouse gas emissions
due to production and combustion (in the case of gasoline
and diesel), and the surface of the tree crops. Detailed for-
mulations of emission components and mitigation gains
from specific practices (including parameter definitions and
numerical examples) are provided in Appendix B.

Operationalization, data sources and measurement
methods

The calculation boundaries and the relevant timeframe are
confined to the tree and the tree-crop land of the farm. The
time span considered is a full calendar year, as it encom-
passes the complete productive cycle of the tree crop within
this period. The CO,RCA is integrated into a web-based
e-tool, named the “Tree Crops CO, Removal Capacity Cal-
culation Tool (CO,RCCT)”, available at https://climatree.u

ehr.gr, designed to accommodate users with varying levels
of knowledge and information. To support its functionality,
an extensive database has been incorporated, containing rel-
evant data and coefficients suitable for use in the CO,RCA
equations, as summarized in Table 2. The tool also offers
flexibility for users to input custom variables when more
specific or locally verified data are available, enhancing
adaptability across diverse contexts. To ensure method-
ological consistency, all emission factors and coefficients
adopted in the CO:RCA are aligned with [IPCC Tier-1 meth-
odologies and compatible with the most recent European
reporting frameworks (IPCC, 2019; EEA, 2024). Older
LCA-based references (Green, 1987; Audsley et al. 2009)
were retained where their values remain broadly consistent
with current [IPCC uncertainty factors.

To ensure accurate calibration and transparency, field
data were collected within the LIFE ClimaTree project to
support validation of the CO:RCA algorithm. Field mea-
surements were undertaken in representative orchards in
Basilicata (Italy), complemented by field experiments con-
ducted by the Agricultural University of Athens (AUA) in
Central Greece. These campaigns covered the five studied
tree crops (olive, orange, peach, apple, and almond), focus-
ing on biomass sampling of fruits, leaves, branches, weeds,
and roots to estimate above- and below-ground carbon
stocks. Soil samples were collected from the top 0-30 cm
layer for determining organic carbon concentration, follow-
ing IPCC (2006) guidance, and were used to parameterize
the RothC 26.3 soil carbon model together with regional cli-
matic data (2008—2012). Emission data were compiled from
on-farm records of fertilizer, pesticide, fuel, and electricity
use, and converted to COz-equivalents using Greenhouse
Gas Protocol (2015) factors. These measured observations,
combined with national statistics and literature sources, pro-
vided the empirical basis for validating the algorithm across
Greece, Italy, and Spain, thereby enhancing the scientific
transparency of the CO: balance assessment.

Additionally, national statistical data have been used for
the yield, plant density, and cultivated areas, whose values
are defined as the average value for the years 2012-2016.
These values, as well as all the other characteristics noted
on the above table, can be updated through the back-end
of the e-tool. The annual rate of tree biomass development
is defined for both the juvenile and mature growth phases,
while fruit production levels and pruning amount are derived
from state-of-the-art literature and calibrated and verified
through extended field measurements for the first five tree
crops in three countries. The climatological historical data
which are used include monthly rainfall, open pan evapora-
tion, and average air temperature. The soil characteristics
refer to the clay content on topsoil and it is adopted from the
LUCAS TOPSOIL dataset.
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Management scenarios for cultivation practices

To estimate the impact of various cultivation practices on
the carbon balance of tree crops, three distinct manage-
ment scenarios were developed: Business as Usual (BAU),
Medium, and Mitigation-Rich Practices (MRP). These sce-
narios reflect increasing levels of adoption of sustainable
practices and allow for a comparative assessment of their
CO: removal potential. Each scenario consists of a feasible
and internally consistent set of agronomic techniques, vary-
ing in their expected effects on inputs such as fertilizers,
water, pesticides, and fuel. Table 3 provides an overview of
the core practices characterizing each scenario.

The quantitative assumptions underpinning the Medium
and Mitigation-Rich Practices (MRP) scenarios are based
on the analytical review conducted within the LIFE CLI-
MATREE project (Best Available Practices Guide for Tree-
Crops Carbon, 2019). This review synthesised experimental
data from a wide range of Mediterranean orchard studies
for the tree species and countries considered in the pres-
ent analysis. Specifically, fertigation practices were found to
reduce nitrogen fertilizer inputs by approximately 15% and
diesel consumption by 5-20%, while mulching improved
soil moisture retention and decreased irrigation water and

Table 3 Description of the three scenarios involving different manage-
ment practices

Scenarios Management Brief Description
practices
1=BAU - Conventional Application of fertilizers and
fertilizer and pesticides in the selected tree
pesticide use crops without the adoption of
alternative management practices
2=Medium - Use of cover This scenario simulates the
crops insertion of cover crops and the
- Implementation application
of fertigation of fertigation to all tree crops.
Fertigation is expected to reduce
the quantity of fertilizers used on
average by 15% and diesel con-
sumption ranging from 5 to 20%.
The use of cover crops is likely
to reduce pesticide and fertilizer
consumption.
3=MRP - Use of Legumi- Mulching can achieve a 30%
nosae cover crops reduction on the consumption of
- Application of  irrigation
mulching water and therefore the same
- Application of  reduction on electricity demands.

insect monitor-
ing and mass
trapping
- Utilization of
pruning residues
as a solid fuel
substitute for
diesel.

BAU= Business as Usual; MRP=Mitigation-Rich Practices

Pruning management can reduce
diesel consumption.

@ Springer

electricity use by about 30%. The use of leguminous cover
crops was associated with 10-20% lower synthetic nitrogen
requirements and pruning residue valorisation was shown
to substitute part of the diesel energy consumption through
solid biofuel production. These harmonized percentage
modifiers were applied consistently across all study coun-
tries to maintain comparability, acknowledging that local
agro-climatic factors may lead to slight differences in prac-
tice efficiency.

Regional mitigation potentials and their economic
benefits

The CO,RCA algorithm was then used to calculate the aggre-
gate CO, removals on an annual base for the selected tree
crops across the NUTS 3 regions in Italy, Greece and Spain.
These results can also be aggregated at broader territorial
levels, namely NUTS2 and NUTS1. The estimates reflect
both CO, balance under the current cultivation practices,
as well as the additional CO: removal potential induced by
the selected management practices. In this context, removal
potential is defined as the additional CO: removal capac-
ity, calculated as the difference between mitigation-medium
(Scenario 2) and mitigation-rich (Scenario 3) practices and
the business-as-usual baseline (Scenario 1).

These estimates were integrated into a Geographic Infor-
mation System (GIS) environment to generate comprehen-
sive maps showcasing the aggregated mitigation potential
of tree cultivations at a regional level for different manage-
ment practice scenarios. These maps are likely to provide
valuable insights into the geographic distribution and mag-
nitude of the mitigation potential, supporting the design of
geographically targeted mitigation policies and incorporat-
ing it into regional planning. Finally, a simple and practical
method was employed for estimating the economic value of
CO, sequestration (i.e., to assign monetary value reflecting
the social welfare generated by this ecosystem service) by
utilizing the prevailing market prices for traded CO,. This
approach was adopted to facilitate comparisons of potential
economic benefits from carbon sequestration across differ-
ent regions (and countries).

Sensitivity analysis

To provide a quantitative indication of the robustness of
the estimated mitigation potential, a one-factor-at-a-time
(OFAT) sensitivity test was conducted using the disag-
gregated emission components available in the LIFE CLI-
MATREE CO:RCCT dataset. For three representative
crop—country pairs (Greek olive, Spanish orange and Italian
almond), we applied a+ 10% perturbation to (i) the fertilizer-
related emissions (as defined in Eq. B1 in the Appendix), (ii)
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the emissions from other agrochemical inputs, and (iii) the
emissions from fuel and electricity use, while keeping all
other parameters constant. The resulting percentage change
in total emissions for each perturbation was then propagated
to the annual CO, Removal Capacity potential (induced by
the application of mitigation-rich practices) to quantify the
effect on net mitigation outcomes. The full procedure and
detailed results are provided in Appendix B (Table B2).
This sensitivity analysis aims to test the robustness of com-
parative mitigation outcomes across crops, countries and
management scenarios under plausible parameter variation,
rather than providing a full uncertainty propagation of the
CO: balance. Although uncertainty in individual emission
factors is an inherent limitation of carbon accounting exer-
cises, the results suggest that reasonable variations in key
input parameters do not affect the relative magnitude or
ranking of mitigation effects.

Results

Additional removal capacity under alternative
management practices

To assess the effect of different cultivation strategies on car-
bon sequestration, the CO: balance was estimated under the
three management scenarios described in Table 3: Business
as Usual (BAU), Medium, and Mitigation-Rich Practices
(MRP). These scenarios were developed in the Meth-
ods section to reflect increasing levels of sustainability in
orchard management. The calculations of carbon balance
and absorption in the three scenarios were implemented
with the CO, Removal Capacity Algorithm (CO,RCA).
Data has been drawn from national statistics, extensive liter-
ature review, and extended field measurements in the three
countries studied. The mitigation potential is presented in

3 Medium scenario Mitigaton rich practices

2,5

il MMﬂ

Greece Spain Italy

[y

tCO,ha "yr'

Greece Spain Italy

@Orange MApple MOlive OPeach MWAlmond

Fig. 2 Summary of the results in Table A1 (Appendix). Specifically,
depicting the additional removal capacity (in t COz ha™! yr') of Sce-
narios 2 and 3, as compared to the business-as-usual scenario (Sce-
nario 1)

Table Al in the Appendix, which reports the net annual
CO: balance (removals minus emissions) per crop and per
management scenario, expressed in t CO2 ha™ yr'. These
values therefore represent per-scenario net stock change,
expressed in t COz ha™ yr.

Figure 2 illustrates the additional CO, removal capac-
ity, calculated as the difference between the mitigation-
rich (Scenario 3) or medium (Scenario 2) scenario and the
business-as-usual baseline (Scenario 1). It is evident that
the efficiency of carbon sequestration varies among tree
crops and agricultural management systems, and that dis-
tinctive patterns exist across the Mediterranean countries.
As shown in Fig. 2, the implementation of mitigation prac-
tices results in an additional annual removal capacity rang-
ing from approximately 1 t CO: ha™ yr! (medium scenario,
S2-S1) up to 2 t CO2 ha™ yr!' (mitigation rich practices,
S3-S1). Based on these findings, and considering the data
constraints of this study, almond and orange crops exhibit
the highest additional removal capacity compared with the
other crops. The aggregate annual additional CO2 removals
(S3-S1), aggregated at the national level and disaggregated
by tree crop, are presented in Figure Al (Appendix A).

The robustness of these scenario-based estimates was
examined through a simple one-factor-at-a-time sensitiv-
ity test (Appendix B, Table B2). A+10% variation in the
underlying emission components (fertilizers, agrochemical
inputs, fuel and electricity use) resulted in relatively small
changes in additional removals: approximately 3—4% for
olive and orange orchards, and 2—5% for almond orchards.
These modest deviations indicate that the comparative out-
comes across crops and countries are not sensitive to plau-
sible parameter uncertainty and that the relative ranking of
mitigation performance of Fig. 2 remains unchanged.

Regional mitigation potential of tree cultivations

The results were spatially integrated within a GIS frame-
work to quantify aggregated additional CO: removal (t CO2
yr') at the NUTS-3 regional scale resulting from the adop-
tion of mitigation-intensive practices. Maps were created
using QGIS 3.34.3 (https://qgis.org/download/) under the
ETRS89 / LAEA Europe projection (EPSG: 3035), con-
sistent with Eurostat’s regional data framework. Regional
boundaries were obtained from the Eurostat GISCO/Euro-
Geographics NUTS 2021 shapefile, and crop-specific area
data were derived from Eurostat Agricultural Statistics for
orchard cultivations (2019). Olive tree cultivation consti-
tutes the most extensive and socio-economically significant
permanent tree crop in the Mediterranean region, particu-
larly within the 3 countries examined. Therefore, spatially
explicit results have been generated and illustrated for: (i)
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olive trees; and (i) the other 4 tree crops, namely almond,
apple, orange and peach.

Figure 3a illustrates the spatial pattern (per NUTS3
region) of the enhanced carbon absorption potential,
expressed as additional CO: removals (S3-S1), for olive
crops under mitigation-rich management practice. While
the annual additional removal per hectare is broadly simi-
lar across the three countries (approximately 1 t COz ha™
yr '), substantial spatial variation is observed in the aggre-
gate additional CO: removal at the regional level. These
differences are mainly driven by the total area devoted to
olive cultivation in each region rather than by per-hectare
performance.

Across all three countries, northern areas characterized
by fewer or smaller olive groves exhibit relatively mod-
erate carbon sequestration potential and lower net benefit
estimates than southern regions. The higher aggregated esti-
mates observed for Spain can be attributed to the substan-
tially larger average size of its NUTS 3 regions relative to
those in Greece and Italy. At the national (NUTS1) scale,
the additional aggregate CO, removal capacity is estimated
at 810,000 t for Greece, 2,456,159 t for Spain and 1,133,821
t for Italy.

Fig. 3 Annual additional removal
capacity (in t CO, yr ) of
orchards per NUTS3 region

Carbon sequestration
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Figure 3b displays the spatial distribution of the annual
additional removal capacity resulting from the potential
implementation of mitigation-rich practices (Scenario 3) in
the four remaining tree crop cultivations. Their spatial pat-
terns of CO, removal indicate that eastern regions of Spain
show the greatest divergence from the baseline scenario,
exhibiting a higher sequestration potential. Importantly,
several central and northern regions in Italy and Greece—
where olive cultivation exhibits limited carbon sequestra-
tion potential under current conditions (Fig. 3a) due to less
favorable climatic suitability — may still gain substantial
ecosystem benefits by adopting climate-mitigating cultiva-
tion practices for these tree crops.

Regional economic benefits from applying
mitigation rich practices in tree crops and country-
level comparisons

To estimate the monetary value of the mitigation potential in
tree crops, we first calculated the additional removal capacity
gained by adopting mitigation-rich practices. Specifically,
we determined the difference in annual CO, sequestration
potential per hectare between the baseline scenario (Scenario
1) and the optimal scenario with best practices (Scenario

{b) Other trees (almond, apple, orange, peach) per NUTS3 region

@ Springer



Euro-Mediterranean Journal for Environmental Integration

(2026) 11:148

Page 11 0of 17 148

Fig.4 Economic value of carbon
removal at the NUTS3 level: (a)
per hectare value associated with
adopting mitigation-rich practices,
and (b) aggregate regional value
based on existing tree-crop cultiva-
tion areas. Maps were created
using QGIS 3.34.3 software tool (h
ttps://qgis.org/download/)
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(b) Aggregate economic value of carbon removal induced by mitigation-rich practices (S3),

3). We then converted this (S3-S1) sequestration gain into
monetary terms by applying an indicative carbon price of
€30 t' COz, consistent with EU Emissions Trading Sys-
tem (EU-ETS) allowance prices around the time of project
implementation (January 2021). Indicative allowance prices
for EU ETS emission permits (EUA) were obtained from
publicly available historical price series (e.g., TradingEco-
nomics, ICAP, etc.), which show that prices have increased
from approximately €30 t™! CO-, during the reference period
to over €80 t! CO2, in more recent years. The €30 t* CO:
price is used to provide an order-of-magnitude valuation
and to illustrate regional differences in economic outcomes
and does not imply eligibility for compliance markets or
pre-empt requirements related to additionality or monitor-
ing, reporting and verification. For the purpose of this valu-
ation, current land uses and prevailing cultivation practices
were assumed to remained unchanged. This allowed us:

(a) to estimate the additional sequestration per hectare for
each crop j and (NUTS3) region i, representing the differ-
ence in sequestration potential between Scenarios 3 and 1:

AS; ; = ASbestpract; ; — ASbaseline; ; 3)
(b) to convert this sequestration gain into monetary value by
multiplying it by the CO, price (€30 t ' CO,):

MASV;‘,J‘ = ASi’j x 30 (4)
(c) to aggregate the regional monetary value of CO, seques-

tration by considering the total area of each tree crop j
within a region i:

based on existing tree-crop land use, at the NUTS3 level.

RASV; =Y MASV; ; x X, ; (5)

where: A4Si;; is the (S3-S1) additional sequestration per
hectare for crop j in region i (t CO, ha™ ! yr™ '), MAS V,; rep-
resents the corresponding per-hectare monetary value (€
ha '), X; ;18 the total area (ha) covered by crop j in region
i and RASV; is the total regional economic value of CO,
sequestration (€ yr ).

Maps were once again created using QGIS 3.34.3 soft-
ware tool (https://qgis.org/download/). Figure 4a presents
the spatial variation (ranging from 18€ ha™! yr ! up to 24.5€
ha ! yr'!) of the annual per hectare value-added estimates
from adopting the best mitigation practices. Therefore, this
map represents the spatial variation of the average addi-
tional economic value (per hectare of tree-crop area) that
can be generated annually by adopting Scenario 3.

To determine the aggregate regional economic value
(i.e., the total positive externality) of adopting the mitiga-
tion-rich practices, we multiplied the per-hectare addition
sequestration value of each tree-crop by its corresponding
cultivated area in each region, and the resulting values were
then summed across crops (see Eq. 5). Figure 4b depicts the
resulting aggregate value-added per region associated with
the adoption of the best practices (Scenario 3).

According to Fig. 4a, the highest benefits (24.08-24.54 €
ha ') are concentrated in specific regions of Northern Spain,
Northern Italy, and some central and northern parts of
Greece. On the other hand, Central and Southern regions of
Spain and Italy generally show moderate benefits, reflecting
varying levels of sequestration potential or adoption of best
practices. These findings emphasize the importance of geo-
graphic and climatic factors in determining the economic
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value of sustainable practices, suggesting that regions with
lower benefits may require targeted support mechanisms,
such as eco-schemes, to encourage the adoption of such
practices. The aggregate benefits map (Fig. 4b) highlights
that Southern Spain, Southern Italy, and parts of Central
and Southern Greece achieve the largest regional economic
gains, with values ranging from €7.4 million to €35.7 mil-
lion per NUTS3 region. This pattern suggests that extensive
land use in these areas, combined with moderate per-hectare
benefits, drives higher aggregate values. In contrast, North-
ern regions with high per-hectare benefits do not necessarily
show corresponding aggregate gains, which is likely due to
smaller cultivation areas.

Using a carbon price of approximately 30 €t™' CO,,
the adoption of best management practices is estimated
to generate an aggregate additional CO, removal value of
€2,176 million. However, it should be noted that CO, price
assumptions vary markedly (Tang et al. 2016; de Souza et
al. 2025; Schneider and McCarl 2006), while associated co-
benefits are omitted. Our 30€ t ! estimate is very conserva-
tive, notably lower than the EU-ETS average (= €70 t! CO,
in 2024) and subject to market fluctuations (e.g. the EU-
ETS price surpassed €100 t ' CO,in February 2023 and was
trading around €90 t ! CO, as of May 2023). This suggests
that the actual value of this ecosystem service—the posi-
tive externality of tree crops—could be nearly two or even
three times higher than the value indicated on the two maps
(Fig. 4a and b). On the other hand, the economic estimates
also assume full transfer of carbon value to land managers,
whereas transaction costs and incentive design may reduce
the share of benefits effectively realized in practice.

The economic valuation presented herein is intentionally
indicative and policy-oriented, aiming to illustrate the order
of magnitude of potential mitigation benefits. The aim is not
to provide a full market feasibility assessment. Besides, car-
bon prices, certification requirements, transaction costs, and
incentive design vary substantially across schemes and over
time, introducing uncertainty in the net value effectively
captured by farmers, the explicit modelling of which lies
beyond the scope of the present analysis.

Discussion

Agriculture represents a significant source of greenhouse
gas emissions, with implications for both environmental
systems and society. Emissions generated within the farm
gate rose by approximately 10% between 1990 and 2019,
from 6.6 to 7.2 Gt CO,eq (FAO 2021). In 2018, agricultural
activities within the farm gate — when land use and land use
change are also taken into account — generated an estimated
9.3 billion tons of CO, equivalent worldwide (CO,eq) (FAO
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2021). Without changes in current policies and considering
current trends, agricultural GHG emissions are projected to
grow by 4% between 2020 and 2030 (OECD/FAO 2021).
Nevertheless, the LULUCF domain could play a support-
ive role in enabling the EU to achieve its net-zero emissions
target and fulfill the climate stabilization objectives outlined
in the Paris Agreement. However, achieving these goals
requires: (a) countries to strengthen their strategies (Perissi
2025), and (b) a reversal of the current declining trend in
the EU’s carbon sink (EC, 2024). Luo et al. (2024) report
that Greece, Italy and Spain (among other EU countries),
outline relevant policies but provide limited information
on implementation mechanisms, impact quantification, and
monitoring, resulting in uncertain pathways towards meet-
ing the 2030 LULUCEF targets. On the other side, projec-
tions from the European Environment Agency (EEA) for
the period 2021-2030, the Mediterranean countries will
continue along the same trajectory and may not succeed in
reversing the trend (refer to Table A2 in the Appendix).
Considering the escalating emissions at the farm gate, it
becomes imperative to adopt alternative agricultural man-
agement practices that not only reduce emissions but also
enhance carbon removal. The implementation of carbon
farming schemes, particularly in Europe and the Mediterra-
nean region, holds significant potential as a long-term solu-
tion to address this challenge (Borrelli et al. 2016; Borovics
et al. 2025). These schemes are designed to increase carbon
sequestration and storage in agricultural landscapes while
promoting sustainable farming practices and fostering sus-
tainable land use practices. The forthcoming Common Agri-
cultural Policy (CAP) can play an important role in this.
The crucial issue in this context is establishing a frame-
work to facilitate agriculture-based mitigation. This
framework involves two integral elements. Firstly, actual
mitigation through scientifically validated methods must
be accurately documented. Secondly, new incentives must
be created to encourage farmers to explore the mitiga-
tion potentials of tree cultivation. Although the new CAP
includes carbon farming in supported eco-schemes, sig-
nificant gaps still exist. Recent contributions highlight the
economic advantages of carbon sequestration, laying the
groundwork for designing financial support mechanisms.
Beyond policy-driven support mechanisms, this empiri-
cal evidence also suggests that market-based incentives
may also play a complementary role. In particular, studies
focusing on Mediterranean agri-food systems indicate that
consumers may be willing to pay a premium for products
with certified low carbon footprints, such as extra virgin
olive oil, thereby creating additional economic incentives
for the adoption of carbon farming practices (Bithas and
Latinopoulos 2021; Regni et al. 2025). These findings high-
light the potential relevance of consumer-driven demand in
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reinforcing policy objectives, although the explicit quanti-
fication of such mechanisms lies beyond the scope of the
present regional-scale assessment.

In this context, the present study has developed a novel
methodology that enables accurate accounting of the CO,
balance of tree cultivations. The methodology evaluates,
ranks, and demonstrates sustainable management prac-
tices in Southern Europe, with a focus on enhancing car-
bon sequestration and achieving a favorable CO, balance.
It does so by highlighting the strong connection between
the adoption of sustainable agricultural practices and CO,
sequestration. The results of this study may support the
design of a Monitoring, Reporting and Verification sys-
tem as envisaged by the EU’s Carbon Removal Certifica-
tion Framework (CRCF) Regulation (EU/2024/3012). This
framework establishes EU quality criteria and lays down
monitoring and reporting processes to provide appropriate
incentives to farmers (Holzleitner et al. 2024) and thus to
facilitate investment in innovative carbon removal tech-
nologies and sustainable carbon farming solutions, while
avoiding greenwashing.

Since the permanent biological nature of orchards
resembles that of forests, orchards may offer significant
carbon storage potential when properly managed (Sharma
et al. 2021; Plénet et al. 2022). The perennial structure of
orchards creates conditions for a more favorable net carbon
balance, compared to annual crops, whose mitigation poten-
tial is limited to emission reductions. At the same time, the
interpretation of carbon storage outcomes involves uncer-
tainty, particularly with respect to the duration of carbon
retention across different pools. The CO:RCA framework
estimates annual CO: balance and allocates carbon to pools
with different retention characteristics. While carbon associ-
ated with woody biomass and soil organic matter is repre-
sented as longer-term storage within the annual accounting
framework, it is not interpreted as permanent removal, as
retention depends on management conditions and decom-
position dynamics.

Given the strong influence of agricultural practices on
orchard carbon balance, mitigation-rich management prac-
tices can enhance both carbon removal and storage capacity.
Furthermore, these practices can generate additional posi-
tive effects on ecosystem services by enriching biodiver-
sity, enhancing soil water retention and soil formation, and
thereby strengthening the overall resilience of the agroeco-
system (Lardo et al. 2018; Zanotelli et al. 2015; Prudhomme
et al. 2020). Beyond ecological gains, agricultural-based
mitigation also generates significant co-benefits for both
society and the economy (Roe et al. 2021; McGuire et al.
2022; Demozzi et al. 2024; Holzleitner et al. 2024). Miti-
gation-rich cultivation practices use sustainable agronomic
practices with lower chemical inputs, and less energy usage

and provide yields of higher organic quality approaching
the standards of organic farming. Consequently, this results
in lower production costs and higher yield prices. Over the
long term, these socioeconomic effects support the sus-
tainable management of agricultural ecosystems, thereby
enhancing the overall sustainability of rural areas.

Carbon farming is a knowledge-intensive process,
requiring continuous exchange among farmers, scientists,
and technicians, as well as the development of effective
decision-support systems to guide implementation (Andrés
et al. 2025). In this context, the methodology developed and
embedded in the CO:RCA operational algorithm serves as
a practical decision-support tool for assessing how differ-
ent management practices influence the CO- balance of tree
crops. By quantifying both biogenic removals and man-
agement-related emissions within a unified framework, the
approach enables consistent, practice-specific comparison
of mitigation outcomes at the farm level and supports spa-
tial aggregation of mitigation potential at the regional scale.
These quantified impacts help to demonstrate the benefits of
sustainable and mitigation-rich practices, thereby fostering
behavioral change among land managers and informing the
design of support mechanisms and incentive schemes.

Assessing the economic benefits associated with CO,
sequestration offers a proxy valuation of this ecosystem
service, which can facilitate its integration into operational
policy frameworks. Consequently, financial instruments
such as eco-schemes, introduced under the new Common
Agricultural Policy, can be designed to incentivize farm-
ers to implement farm-based mitigation measures. Recent
analyses underline that the effectiveness of carbon farming
schemes depends on a shift from activity-based measures,
which reward the adoption of predefined practices, to result-
based approaches, which compensate verified climate out-
comes and incentivize measurable emission reductions (EC
2020; Thorsee et al. 2025). This distinction underscores the
relevance of tools such as CO.RCA, which provide quan-
tifiable, practice-specific estimates of carbon sequestration
across farms, regions, and management scenarios, thereby
aligning scientific assessment with emerging result-based
policy frameworks.

Recent research demonstrates the critical role of geo-
graphical dimensions in carbon farming policy design and
implementation (Colombo et al. 2024; Rosa et al. 2025),
while EU recognizes that region-specific approaches are
essential for effective carbon farming implementation by
2030 (Bumbiere et al. 2022). In this context, the geographi-
cal dimension of our findings is expected to be particularly
relevant by: (a) informing national authorities in the design
of suitable eco-schemes; and (b) setting environmental per-
formance targets for priority regions where policy interven-
tions should concentrate on enhancing the impacts of various
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cultivation practices. Specifically, the spatial disparities of
potential economic benefits underline the need for tailored
policy approaches. Policymakers could focus on regions
with extensive land use for scaling up sustainable practices
while leveraging the success of high-per-hectare benefit
regions as models for best practices. Moreover, since these
estimates are sensitive to EU-ETS prices, higher carbon
pricing would significantly enhance the economic attrac-
tiveness of sustainable practices, potentially doubling or
tripling current values. Addressing barriers such as upfront
costs and lack of awareness in lower-benefit areas will be
crucial for realizing the full potential of these practices.

Future research should explore how socio-economic
factors and complementary ecosystem services, such as
biodiversity, can further enhance the impact of sustainable
agricultural practices. Future research should also focus
on refining economic parameters and incorporating more
comprehensive uncertainty and scenario-based analyses,
in order to further enhance the robustness and policy rel-
evance of carbon farming assessments. Emerging methods
using UAV, LiDAR, and high-resolution satellite imagery
show promise for improved tree biomass and carbon stor-
age estimation (Brigante et al. 2025; Calisti et al. 2025) and
could inform future enhancements of the CO.RCA frame-
work. Finally, the findings of our study may contribute to
the upgrading of National Inventories concerning LULUCF
sectors, a much-needed development that can support the
design of accurate and informed climate policies.

Conclusions

This study introduces an operational methodology for
assessing the CO: balance of Mediterranean tree crops, inte-
grating biogenic removals, soil carbon storage, and man-
agement-related emissions through the novel CO> Removal
Capacity Algorithm (CO:RCA). By linking empirical data,
spatial information, and emission factors, the approach
offers clear and practice-specific assessments of mitigation
outcomes. The results indicate that orchards managed under
mitigation-rich practices, can deliver substantial carbon
sequestration while providing co-benefits for biodiversity,
soil quality, and rural sustainability. These findings high-
light the role of perennial crops in supporting agricultural
decarbonization and contributing to the EU’s 2030 climate
neutrality goals.

Beyond quantifying sequestration potential, the study
provides a practical tool for integrating carbon farming into
evidence-based regional planning and policy design. The
spatial and economic outputs can guide CAP eco-schemes
and result-based carbon farming incentives, ensuring that
financial support mechanisms are linked to measurable

@ Springer

outcomes rather than nominal practice adoption. Although
some uncertainties remain - particularly regarding carbon
pricing and benefit transfer assumptions - the proposed
approach offers a replicable model for regional-scale valu-
ation and for enhancing national LULUCF inventories.
Future research could further strengthen carbon farming
assessments by refining economic parameters, expanding
the analysis to a broader range of crop types, and incorporat-
ing sensitivity and scenario analyses to further enhance the
robustness and policy impact of carbon farming assessments.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s41207-0
26-01102-2.

Acknowledgements Part of this work has been published in the 18th
International Conference on Environmental Science and Technology
(CEST2023), under the title “Exploring the mitigation potential of tree
crops ecosystems in the Mediterranean region”, while the key aspects
of the CO,RCA algorithm were presented at the 12th and 13th EFITA
(European Federation for Information Technology in Agriculture,
Food and the Environment) Conferences that took place on 27-29 June
2019 and 25-26 May 2021 respectively.

Author contributions K.B.: conceptualization, methodology, inves-
tigation, writing, research supervision, project administration, D.L.:
methodology, writing, visualization, review and editing, I.S.: method-
ology, investigation, writing review and editing, A.S.: methodology,
investigation, writing review, S.H.: methodology, investigation, writ-
ing review, P.R.: data collection and analysis, methodology, writing
review and editing, G.M.: methodology, conceptualization, investiga-
tion, writing, E.E.: formal analysis, writing review, D.I.: methodology,
conceptualization, investigation, writing review, A.M.: formal analy-
sis and investigation, R-E.S.: formal analysis and investigation, E.T:
formal analysis and investigation, K.P.: data collection and analysis,
visualization, T.C.: reviewed methodology.

Funding Open access funding provided by HEAL-Link Greece. Part
of this research was co-financed by the European Commission, within
the framework of the Programme LIFE Climate Change Mitigation
and Greek national funds (Green Fund of the Hellenic Ministry of
Environment and Energy) through the LIFE CLIMATREE project
‘A novel approach for accounting & monitoring carbon sequestration
of tree crops and their potential as carbon sink areas’ (LIFE14 CCM/
GR/0 0 0635). The funders had no role in the study design, data col-
lection and analysis, the decision to publish, or the preparation of the
manuscript.

Data availability The data that support the findings of this study
are available from the Institute of Urban Environment and Human
Resources (Panteion University), but restrictions apply to the avail-
ability of these data, so they are not publicly available. The data are,
however, available from the authors upon reasonable request to the
first author (Kostas Bithas).

Declarations

Competing interests The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.


https://doi.org/10.1007/s41207-026-01102-2
https://doi.org/10.1007/s41207-026-01102-2

Euro-Mediterranean Journal for Environmental Integration

(2026) 11:148

Page 150f 17 148

Disclosure statement No potential conflict of interest was reported by
the authors.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Aertsens J, de Nocker L, Gobin A (2013) Valuing the carbon sequestra-
tion potential for European agriculture. Land Use Policy 31:584—
594. https://doi.org/10.1016/j.landusepol.2012.09.003

Aguilera E, Guzman G, Alonso A (2015) Greenhouse gas emissions
from conventional and organic cropping systems in Spain. II.
Fruit tree orchards. Agron Sustain Dev 35:725-737. https://doi.
org/10.1007/s13593-014-0265-y

Andrés A, Delgado, Doblas-Miranda E, Berk B (2025) Carbon farm-
ing, crop yield and biodiversity in Mediterranean Europe: the
dose makes the poison? Plant Soil. https://doi.org/10.1007/s111
04-025-07636-8

Asbjornsen H, Hernandez-Santana V, Liebman M, Bayala J, Chen J,
Helmers M, Ong CK, Schulte LA (2014) Targeting perennial veg-
etation in agricultural landscapes for enhancing ecosystem ser-
vices. Renewable Agric Food Syst 29:101-125. https://doi.org/10
.1017/S1742170512000385

Bellassen V, Angers D, Kowalczewski T, Olesen A (2022) Soil carbon
is the blind spot of European national GHG inventories. Nat Clim
Change 12(4):324-331. https://doi.org/10.1038/s41558-022-013
21-9

Bithas K, Latinopoulos D (2021) Managing tree-crops for climate mit-
igation. An economic evaluation trading-off carbon sequestration
with market goods. Sustainable Prod Consum 27:667-678. https:
//doi.org/10.1016/j.spc.2021.01.033

Borovics A, Abri T, Benke A, 1llés G, Kiraly E, Kovacs Z, Schiberna
E, Keserli Z (2025) Carbon credit revenue assessment for four
shelterbelt projects following EU CRCF protocols. Agroforest
Syst 99:214. https://doi.org/10.1007/s10457-025-01322-5

Borrelli P, Paustian K, Panagos P, Jones A, Schiitt B, Lugato E (2016)
Effect of Good Agricultural and Environmental Conditions on
erosion and soil organic carbon balance: A national case study.
Land Use Policy 50:408-421. https://doi.org/10.1016/j.1andusep
01.2015.09.033

Brigante R, Baiocchi V, Calisti R, Marconi L, Proiett P, Radicioni
F, Regn L, Vinci A (2025) GIS-Based Approach for Estimating
Olive Tree Heights Using High-Resolution Satellite Imagery and
Shadow Analysis. Appl Sci 15(6):3066. https://doi.org/10.3390/
app15063066

Bumbiere K, Sanchez FA, Pubule J, Blumberga D (2022) Develop-
ment and assessment of carbon farming solutions. Environ Clim
Technol 26(1):898-916. https://doi.org/10.2478/rtuect-2022-006
8

Burnett JW, Sichko C, Gramig BM, Bowman M, O’Hara J (2024) How
could payments for US climate-smart farming practices change
the regional adoption of conservation practices? Environ Res

Commun 6(12):125007. https://doi.org/10.1088/2515-7620/ad9
141

Calisti R, Regni L, Brigante R, Marconi L, Vinci A, Radicioni F, Proi-
etti P (2025) Estimating carbon storage in an old olive tree grove:
A comparison of UAV, LiDAR, and manual surveys. Remote
Sens Applications: Soc Environ 101825. https://doi.org/10.1016
/j.rsase.2025.101825

Coleman K, Jenkinson D (1996) Rothc-26.3 - a model for the turnover
of carbon in soil. In Powlson D, Smith P, Smith J (eds.) Evalua-
tion of Soil Organic Matter Models, vol. 38 of NATO ASI Series
(Series I: Global Environmental Change) (Springer, Berlin, Hei-
delberg, 1996). https://doi.org/10.1007/978-3-642-61094-3 14

Coleman K, Jenkinson DS, Crocker GJ, Grace PR, Klir J, Korschens
M, Poulton PR, Richter DD (1997) Simulating trends in soil
organic carbon in long-term experiments using RothC-26.3. Geo-
derma 81(1-2):29-44. https://doi.org/10.1016/S0016-7061(97)0
0079-7

Colombo S, Castro-Rodriguez J, Perez-Perez D, Almagro M (2024)
Analysis of the environmental and economic performance of
common agricultural policy eco-schemes in soil organic carbon
sequestration. Ecol Econ 220:108183. https://doi.org/10.1016/j.e
colecon.2024.108183

Consoli S, Facini O, Motisi A, Nardino M, Papa R, Rossi F, Barbagallo
S (2013) Carbon balance and energy fluxes of a Mediterranean
crop. J Agricultural Eng 44(s2). https://doi.org/10.4081/jae.2013
247

Demestihas C, Plénet D, Génard M, Raynal C, Lescourret F (2017)
Ecosystem services in orchards. A review. Agron Sustain Dev 37.
https://doi.org/10.1007/s13593-017-0422-1

Demestihas C, Plénet D, Génard M, Raynal C, Lescourret F (2019) A
simulation study of synergies and tradeoffs between multiple eco-
system services in apple orchards. J Environ Manage 236:1-16. h
ttps://doi.org/10.1016/j.jenvman.2019.01.073

Demozzi T, Ober¢ BP, Prieto Lopez A, Larbodiére L, Borges MA
(2024) Sustainable agriculture and Nature-based Solutions.
Arroyo Schnell, A. (ed.). IUCN Common Ground on Food and
Agricultural Systems Series No. 1 Gland, Switzerland: IUCN. htt
ps://doi.org/10.2305/EZVW9195

de Souza T, Paim FA, Nogueira LR, Ronquim CC, Cavalcante Filho
PG (2025) Carbon pricing in agriculture: a systematic literature
review. Revista de Economia e Sociologia Rural 63:¢288293. htt
ps://doi.org/10.1590/1806-9479.2025.288293

EC (2020) A Farm to Fork Strategy: for a fair, healthy and environ-
mentally friendly food system. European Commission, Brussels,
Belgium

EC (2024) Progress Report 2024. Climate Action. Leading the way:
from plans to implementation for a green and competitive Europe,
Luxembourg: Publications Office of the European Union, 2024

EEA (2024) Annual European Union greenhouse gas inventory 1990—
2022 and inventory document 2024. EEA/PUBL/2024/046. 13
December 2024

EUROSTAT (2019) Agricultural production - orchards. Statistics
Explained. https://ec.europa.eu/eurostat/statistics-explained/inde
x.php?title=Agricultural _production - orchards

FAO (2021) Emissions from agriculture and forest land. Global,
regional and country trends 1990-2019. Tech. Rep., FAOSTAT
Analytical Brief Series No 25

Filipovi¢ A, Mandi¢ A, Banozi¢ M (2025) Perennial Crops and Their
Role in Mitigating Climate Change Through Carbon Seques-
tration. Agroforestry for Monetising Carbon Credits. Springer
Nature Switzerland, Cham, pp 395-432. https://doi.org/10.1007
/978-3-031-97151-8 15.

Fiore A, Dichio B, Celano G, Modarelli A, Palese AM, Quinto G, Per-
gola MT, Xiloyannis C (2015) A more comprehensive greenhouse
gas accounting methodology for peach productive chain: Toward

@ Springer


https://doi.org/10.1088/2515-7620/ad9141
https://doi.org/10.1088/2515-7620/ad9141
https://doi.org/10.1016/j.rsase.2025.101825
https://doi.org/10.1016/j.rsase.2025.101825
https://doi.org/10.1007/978-3-642-61094-3_14
https://doi.org/10.1016/S0016-7061(97)00079-7
https://doi.org/10.1016/S0016-7061(97)00079-7
https://doi.org/10.1016/j.ecolecon.2024.108183
https://doi.org/10.1016/j.ecolecon.2024.108183
https://doi.org/10.4081/jae.2013.247
https://doi.org/10.4081/jae.2013.247
https://doi.org/10.1007/s13593-017-0422-1
https://doi.org/10.1007/s13593-017-0422-1
https://doi.org/10.1016/j.jenvman.2019.01.073
https://doi.org/10.1016/j.jenvman.2019.01.073
https://doi.org/10.2305/EZVW9195
https://doi.org/10.2305/EZVW9195
https://doi.org/10.1590/1806-9479.2025.288293
https://doi.org/10.1590/1806-9479.2025.288293
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agricultural_production_-_orchards
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agricultural_production_-_orchards
https://doi.org/10.1007/978-3-031-97151-8_15
https://doi.org/10.1007/978-3-031-97151-8_15
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.landusepol.2012.09.003
https://doi.org/10.1007/s13593-014-0265-y
https://doi.org/10.1007/s13593-014-0265-y
https://doi.org/10.1007/s11104-025-07636-8
https://doi.org/10.1007/s11104-025-07636-8
https://doi.org/10.1017/S1742170512000385
https://doi.org/10.1017/S1742170512000385
https://doi.org/10.1038/s41558-022-01321-9
https://doi.org/10.1038/s41558-022-01321-9
https://doi.org/10.1016/j.spc.2021.01.033
https://doi.org/10.1016/j.spc.2021.01.033
https://doi.org/10.1007/s10457-025-01322-5
https://doi.org/10.1016/j.landusepol.2015.09.033
https://doi.org/10.1016/j.landusepol.2015.09.033
https://doi.org/10.3390/app15063066
https://doi.org/10.3390/app15063066
https://doi.org/10.2478/rtuect-2022-0068
https://doi.org/10.2478/rtuect-2022-0068

148 Page 16 of 17

Euro-Mediterranean Journal for Environmental Integration

(2026) 11:148

a certification of low-carbon fruits. Acta Hort 1084:539-548. http
s://doi.org/10.17660/ActaHortic.2015.1084.73

Glenk K, Colombo S (2011) Designing policies to mitigate the agri-
cultural contribution to climate change: an assessment of soil-
based carbon sequestration and its ancillary effects. Clim Change
105:43-66. https://doi.org/10.1007/s10584-010-9885-7

Granado-Diaz R, Gomez-Limoén JA, Rodriguez-Entrena M, Villan-
ueva AJ (2019) Spatial analysis of demand for sparsely located
ecosystem services using alternative index approaches. Eur Rev
Agric Econ. https://doi.org/10.1093/erae/jbz036. jbz036

Hammad HM, Nauman HMF, Abbas F, Ahmad A, Bakhat HF, Saeed S,
Cerda A (2020) Carbon sequestration potential and soil character-
istics of various land use systems in arid region. J Environ Man-
age 264:110254. https://doi.org/10.1016/j.jenvman.2020.110254

Holzleitner C, Runge-Metzger A, Aktas S (2024) Removals and Emis-
sions from Agriculture and Forestry. Delivering a Climate Neutral
Europe. Routledge, pp 198-213. https://doi.org/10.4324/9781003
493730.

IPCC (2006) IPCC guidelines for national greenhouse gas inventories.
ISBN 4-88788-032-4

IPCC (2015) Agriculture, forestry and other land use (AFOLU). Cli-
mate Change 2014: Mitigation of Climate Change: Working
group III Contribution to the IPCC Fifth Assessment Report.
Cambridge University Press, pp 811-922. https://doi.org/10.1017
/CB0O9781107415416.017.

IPCC (2019) 2019 Refinement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories. Published: IPCC, Swit-
zerland. ISBN 978-4-88788-232-4

IPCC (2022) Global warming of 1.5°C. IPCC Special Report on
Impacts of Global Warming of 1.5°C above Pre-Industrial Levels
in Context of Strengthening Response to Climate Change, Sus-
tainable Development, and Efforts to Eradicate Poverty. Cam-
bridge University Press; 2022. https://doi.org/10.1017/9781009
157940

IPCC (2023) Climate Change 2021 — The Physical Science Basis:
Working Group I Contribution to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
University Press. https://doi.org/10.1017/9781009157896

Lal R (2004) Carbon emission from farm operations. Environ Int
30(7):981-990. https://doi.org/10.1016/j.envint.2004.03.005

Lardo E, Fiore A, Quinto GA, Dichio B, Xiloyannis C (2018) Climate
change mitigation role of orchard agroecosystems: Case studies
in southern Italy. Acta Hort 1216:13—18. https://doi.org/10.17660
/ActaHortic.2018.1216.2

LIFE CLIMATREE (2019) Best Available Practices Guide for Tree-
Crops Carbon. Deliverable Report, LIFE14 CCM/GR/000635,
European Commission LIFE Programme. https://www.lifeclima
tree.eu/english/results/project-deliverables/

Luo C, Li S, Hua E, Forsell N, Chen M (2024) Synthesizing Mitiga-
tion Ambitions and Implementation of the Agriculture, Forestry,
and Other Land Use (AFOLU) Sector. Ecosyst Health Sustain
10:0217. https://doi.org/10.34133/ehs.0217

McGuire R, Williams PN, Smith P, McGrath SP, Curry D, Donnison I,
Emmet B, Scollan N (2022) Potential Co-benefits and trade-offs
between improved soil management, climate change mitigation
and agri-food productivity. Food Energy Secur 11(2):e352. https:
//doi.org/10.1002/fes3.352

Montagnini F, Nair PR (2004) Carbon sequestration: an underex-
ploited environmental benefit of agroforestry systems. New Vis-
tas in Agroforestry: A Compendium for 1st World Congress of
Agroforestry, 2004. Springer Netherlands, pp 281-295. https://do
i.org/10.1007/978-94-017-2424-1 20.

Montanaro G, Amato D, Briglia N, Russo C, Nuzzo V (2021) Car-
bon fluxes in sustainable tree crops: Field, ecosystem and global
dimension. Sustainability 13(16):8750. https://doi.org/10.3390/s
ul3168750

@ Springer

Montanaro G, Tuzio AC, Xylogiannis E, Kolimenakis A, Dichio B
(2017) Carbon budget in a mediterranean peach orchard under
different management practices. Agric Ecosyst Environ 238:104—
113. https://doi.org/10.1016/j.agee.2016.05.031

Nair PKR, Kumar BM, Nair VD (2009) Agroforestry as a strategy for
carbon sequestration. J Plant Nutr Soil Sci 172:10-23. https://doi
.org/10.1002/jpIn.200800030

Nair PR, Nair VD, Kumar BM, Showalter JM (2010) Carbon seques-
tration in agroforestry systems. Adv Agron 108:237-307. https://
doi.org/10.1016/S0065-2113(10)08005-3

Nardino M, Pernice F, Rossi F, Georgiadis T, Facini O, Motisi A,
Drago A (2013) Annual and monthly carbon balance in an inten-
sively managed mediterranean olive orchard. Photosynthetica
51:63-74. https://doi.org/10.1007/s11099-012-0079-6

OECD/FAO (2021) OECD-FAO Agricultural Outlook 2021-2030.
OECD Publishing, Paris. https://doi.org/10.1787/19428846-en

Orgiazzi A, Ballabio C, Panagos P, Jones A, Fernandez-Ugalde O
(2018) LUCAS Soil, the largest expandable soil dataset for
Europe: a review. Eur J Soil Sci 69(1):140-153. https://doi.org/
10.1111/ejss.12499

Pardo G, Del Prado A, Martinez-Mena M, Bustamante MA, Martin
JR, Alvaro-Fuentes J, Moral R (2017) Orchard and horticulture
systems in Spanish Mediterranean coastal areas: Is there a real
possibility to contribute to C sequestration? Agriculture, Ecosys-
tems & Environment, 238: 153—-67. https://doi.org/10.1016/j.ag
ee.2016.09.034

Pergola M, Persiani A, Pastore V, Palese AM, Arous A, Celano G
(2017) A comprehensive life cycle assessment (LCA) of three
apricot orchard systems located in Metapontino area (Southern
Italy). J Clean Prod 142:4059—4071. https://doi.org/10.1016/j.jc
lepro.2016.10.030

Perissi I (2025) Assessing the EU27 Potential to Meet the Nature Res-
toration Law Targets. Environ Manage 75(4):711-729. https://do
1.0rg/10.1007/500267-024-02107-9

Plénet D, Borg J, Barra Q, Bussi C, Gomez L, Memah MM, Lescour-
ret F, Vercambre G (2022) Net primary production and carbon
budget in peach orchards under conventional and low input man-
agement systems. Eur J Agron 140:126578. https://doi.org/10.10
16/j.€ja.2022.126578

Proietti P, Sdringola P, Brunori A, Ilarioni L, Nasini L, Regni L, Pelleri
F, Desideri U, Proietti S (2016) Assessment of carbon balance in
intensive and extensive tree cultivation systems for oak, olive,
poplar and walnut plantation. J Clean Prod 112(4):2613-2624. ht
tps://doi.org/10.1016/j.jclepro.2015.10.009

Prudhomme R, Palma A, Dumas P, Gonzalez R, Leadley P, Levrel H,
Purvis A, Brunelle T (2020) Combining mitigation strategies to
increase co-benefits for biodiversity and food security. Environ
Res Lett 15(11):114005. https://doi.org/10.1088/1748-9326/abb
10a

Regni L, Sdringola P, Torquati B, Evangelisti N, Chiorri M, Arcioni
L, Proietti P (2025) A multidimensional approach to the decar-
bonization of the olive oil sector: methodology proposal and case
study. Sci Total Environ 979:179460. https://doi.org/10.1016/j.sc
itotenv.2025.179460

Rodriguez-Entrena M, Barreiro-Hurlé J, Gomez-Limoén JA, Espinosa-
Goded M, Castro-Rodriguez J (2012) Evaluating the demand for
carbon sequestration in olive grove soils as a strategy toward
mitigating climate change. J Environ Manage 112:368-376. https
://doi.org/10.1016/j.jenvman.2012.08.004

Roesch-McNally GE, Rabotyagov SS (2016) Paying for forest eco-
system services: voluntary versus mandatory payments. Environ
Manage 57:585-600. https://doi.org/10.1007/s00267-015-0641-7

Roe S, Streck C, Beach R, Busch J, Chapman M, Daioglou V, Dep-
permann A, Doelman J, Emmet-Booth J, Engelmann J, Fricko O
(2021) Land-based measures to mitigate climate change: Potential


https://doi.org/10.1016/j.agee.2016.05.031
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1016/S0065-2113(10)08005-3
https://doi.org/10.1016/S0065-2113(10)08005-3
https://doi.org/10.1007/s11099-012-0079-6
https://doi.org/10.1787/19428846-en
https://doi.org/10.1111/ejss.12499
https://doi.org/10.1111/ejss.12499
https://doi.org/10.1016/j.agee.2016.09.034
https://doi.org/10.1016/j.agee.2016.09.034
https://doi.org/10.1016/j.jclepro.2016.10.030
https://doi.org/10.1016/j.jclepro.2016.10.030
https://doi.org/10.1007/s00267-024-02107-9
https://doi.org/10.1007/s00267-024-02107-9
https://doi.org/10.1016/j.eja.2022.126578
https://doi.org/10.1016/j.eja.2022.126578
https://doi.org/10.1016/j.jclepro.2015.10.009
https://doi.org/10.1016/j.jclepro.2015.10.009
https://doi.org/10.1088/1748-9326/abb10a
https://doi.org/10.1088/1748-9326/abb10a
https://doi.org/10.1016/j.scitotenv.2025.179460
https://doi.org/10.1016/j.scitotenv.2025.179460
https://doi.org/10.1016/j.jenvman.2012.08.004
https://doi.org/10.1016/j.jenvman.2012.08.004
https://doi.org/10.1007/s00267-015-0641-7
https://doi.org/10.17660/ActaHortic.2015.1084.73
https://doi.org/10.17660/ActaHortic.2015.1084.73
https://doi.org/10.1007/s10584-010-9885-7
https://doi.org/10.1093/erae/jbz036
https://doi.org/10.1016/j.jenvman.2020.110254
https://doi.org/10.4324/9781003493730
https://doi.org/10.4324/9781003493730
https://doi.org/10.1017/CBO9781107415416.017
https://doi.org/10.1017/CBO9781107415416.017
https://doi.org/10.1017/9781009157940
https://doi.org/10.1017/9781009157940
https://doi.org/10.1017/9781009157896
https://doi.org/10.1016/j.envint.2004.03.005
https://doi.org/10.17660/ActaHortic.2018.1216.2
https://doi.org/10.17660/ActaHortic.2018.1216.2
https://www.lifeclimatree.eu/english/results/project-deliverables/
https://www.lifeclimatree.eu/english/results/project-deliverables/
https://doi.org/10.34133/ehs.0217
https://doi.org/10.1002/fes3.352
https://doi.org/10.1002/fes3.352
https://doi.org/10.1007/978-94-017-2424-1_20
https://doi.org/10.1007/978-94-017-2424-1_20
https://doi.org/10.3390/su13168750
https://doi.org/10.3390/su13168750

Euro-Mediterranean Journal for Environmental Integration

(2026) 11:148

Page 17 of 17 148

and feasibility by country. Glob Change Biol 27(23):6025-6058.
https://doi.org/10.1111/gcb.15873

Rosa A, Pawlowska A, Dudek M (2025) Eco-Scheme—Carbon Farm-
ing and Nutrient Management—A New Tool to Support Sustain-
able Agriculture in Poland. Sustainability 17(11):5067. https://do
i.0rg/10.3390/sul 7115067

Schneider UA, McCarl BA (2006) Appraising agricultural greenhouse
gas mitigation potentials: effects of alternative assumptions.
Agric Econ 35(3):277-287. https://doi.org/10.1111/j.1574-0862.
2006.00162.x

Schoeneberger MM (2009) Agroforestry: working trees for sequester-
ing carbon on agricultural lands. Agroforest Syst 75:27-37. https
://doi.org/10.1007/s10457-008-9123-8

Sharma S, Rana VS, Prasad H, Lakra J, Sharma U (2021) Appraisal of
carbon capture, storage, and utilization through fruit crops. Front
Environ Sci 29(9):700768. https://doi.org/10.3389/fenvs.2021.70
0768

Smith P (2012) Agricultural greenhouse gas mitigation potential glob-
ally, in Europe and in the UK: What have we learnt in the last 20
years? Glob Change Biol 18:35-43. https://doi.org/10.1111/j.136
5-2486.2011.02517.x

Sanchez B, Iglesias A, McVittie A, Alvaro-Fuentes J, Ingram J, Mills
J, Lesschen JP, Kuikman PJ (2016) Management of agricultural
soils for greenhouse gas mitigation: Learning from a case study
in NE Spain. J Environ Manage 170:37—49. https://doi.org/10.10
16/j.jenvman.2016.01.003

Spanos I, Sotiropoulos A, Haroutounian S, Roussos P, Evergetis E,
Mimis A (2021) Calculating the tree crops’ CO, removal capac-
ity - a tool with multiple potentials. In 13th EFITA International
Conference (web-conference)

Tang K, Kragt ME, Hailu A, Ma C (2016) Carbon farming economics:
what have we learned? J Environ Manage 172:49-57. https://doi.
org/10.1016/j.jenvman.2016.02.008

Thorsee MH, Facq E, Criscuoli I, Martinez-Garcia LB, Heidecke C,
Gallardo LA, Martelli A, Hagemann N, Smit B, van der Kolk
J, Galioto F (2025) Carbon farming: The foundation for carbon
farming schemes—lessons learned from 160 European schemes.
Land Use Policy 158:107747. https://doi.org/10.1016/j.landusep
01.2025.107747

Toensmeier E (2017) Perennial Staple Crops and Agroforestry for Cli-
mate Change Mitigation. In: Montagnini F (ed) Integrating Land-
scapes: Agroforestry for Biodiversity Conservation and Food
Sovereignty. Advances in Agroforestry, vol 12. Springer, Cham.
https://doi.org/10.1007/978-3-319-69371-2 18.

Toudert A, Braimoh A, Bernoux M, St-Louis M, Abdelmagied M,
Bockel L, Ignaciuk A, Zhao Y (2018) Carbon accounting tools
for sustainable land management. World Bank, Washington DC.
https://hdl.handle.net/10986/31062 06-12-2018

To6th G, Jones A, Montanarella L (2013) The LUCAS topsoil database
and derived information on the regional variability of cropland
topsoil properties in the European Union. Environmental moni-
toring and assessment 185(9):7409-7425. https://doi.org/10.100
7/s10661-013-3109-3

Valentini R, Miglietta F (eds) (2015) The Greenhouse Gas Balance of
Italy. An Insight on Managed and Natural Terrestrial Ecosystems.
Environmental Science and Engineering. Springer, Berlin, Hei-
delberg. https://doi.org/10.1007/978-3-642-32424-6

Vicente-Vicente JL, Garcia-Ruiz R, Francaviglia R, Aguilera E, Smith
P (2016) Soil carbon sequestration rates under mediterranean
woody crops using recommended management practices: A meta-
analysis. Agric Ecosyst Environ 235:204-214. https://doi.org/10.
1016/j.agee.2016.10.024

Wu T, Wang Y, Yu C, Chiarawipa R, Zhang X, Han Z, Wu L (2012)
Carbon sequestration by fruit trees - Chinese apple orchards as
an example. PLoS ONE 7:1-13. https://doi.org/10.1371/journal
.pone.0038883

Zanotelli D, Montagnani L, Manca G, Scandellari F, Tagliavini M
(2015) Net ecosystem carbon balance of an apple orchard. Eur J
Agron 63:97-104. https://doi.org/10.1016/j.eja.2014.12.002

Zanotelli D, Vendrame N, Lopez-Bernal A, Caruso G (2018) Carbon
sequestration in orchards and vineyards. Italus Hortus 25:13-28.
https://doi.org/10.26353/j.itahort/2018.3.1328

Zomer RJ, Neufeldt H, Xu J, Ahrends A, Bossio D, Trabucco A, Van
Noordwijk M, Wang M (2016) Global tree cover and biomass
carbon on agricultural land: The contribution of agroforestry to
global and national carbon budgets. Sci Rep 6:1-12. https://doi.o
1rg/10.1038/srep29987

@ Springer


https://doi.org/10.1007/978-3-319-69371-2_18
https://doi.org/10.1007/978-3-319-69371-2_18
https://hdl.handle.net/10986/31062
https://hdl.handle.net/10986/31062
https://doi.org/10.1007/s10661-013-3109-3
https://doi.org/10.1007/s10661-013-3109-3
https://doi.org/10.1007/978-3-642-32424-6
https://doi.org/10.1016/j.agee.2016.10.024
https://doi.org/10.1016/j.agee.2016.10.024
https://doi.org/10.1371/journal.pone.0038883
https://doi.org/10.1371/journal.pone.0038883
https://doi.org/10.1016/j.eja.2014.12.002
https://doi.org/10.26353/j.itahort/2018.3.1328
https://doi.org/10.26353/j.itahort/2018.3.1328
https://doi.org/10.1038/srep29987
https://doi.org/10.1038/srep29987
https://doi.org/10.1111/gcb.15873
https://doi.org/10.1111/gcb.15873
https://doi.org/10.3390/su17115067
https://doi.org/10.3390/su17115067
https://doi.org/10.1111/j.1574-0862.2006.00162.x
https://doi.org/10.1111/j.1574-0862.2006.00162.x
https://doi.org/10.1007/s10457-008-9123-8
https://doi.org/10.1007/s10457-008-9123-8
https://doi.org/10.3389/fenvs.2021.700768
https://doi.org/10.3389/fenvs.2021.700768
https://doi.org/10.1111/j.1365-2486.2011.02517.x
https://doi.org/10.1111/j.1365-2486.2011.02517.x
https://doi.org/10.1016/j.jenvman.2016.01.003
https://doi.org/10.1016/j.jenvman.2016.01.003
https://doi.org/10.1016/j.jenvman.2016.02.008
https://doi.org/10.1016/j.jenvman.2016.02.008
https://doi.org/10.1016/j.landusepol.2025.107747
https://doi.org/10.1016/j.landusepol.2025.107747

	﻿Climatic and economic benefits of agriculture-based mitigation in Mediterranean tree crop ecosystems
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Conceptual framework
	﻿Selection of representative tree crops
	﻿Integration of data and methodological elements for CO₂ balance estimation


	﻿IPCC and LCA methodology
	﻿IPCC-based methodological elements
	﻿LCA-based methodological elements

	﻿Estimating the carbon balance at the farm level
	﻿Development and input parameters of the CO﻿2﻿ removal capacity algorithm (CO﻿2﻿RCA)
	﻿Structure and functional components of the CO₂RCA algorithm

	﻿The development of the algorithm
	﻿Biomass and soil carbon balance within the CO₂RCA algorithm
	﻿Modeling soil organic carbon dynamics (RothC approach)
	﻿Estimation of emissions and mitigation gains
	﻿Operationalization, data sources and measurement methods

	﻿Management scenarios for cultivation practices
	﻿Regional mitigation potentials and their economic benefits
	﻿Sensitivity analysis
	﻿Results
	﻿Additional removal capacity under alternative management practices
	﻿Regional mitigation potential of tree cultivations
	﻿Regional economic benefits from applying mitigation rich practices in tree crops and country-level comparisons

	﻿Discussion
	﻿Conclusions
	﻿References


