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Abstract

Agriculture contributes to greenhouse gas emissions while also offering potential as a carbon

sink. However, the capacity of Mediterranean olive groves to offset their emissions remains poorly
quantified, particularly as different cultivation models may vary substantially in their contribu-
tions to carbon sequestration and emissions, highlighting the need for comparative assessment to
inform sustainable management and climate mitigation. This study assessed the carbon balance
and footprint of six olive groves in Alentejo, Portugal, managed under integrated, organic, and
biodynamic-organic systems. The groves were classified as low or high carbon input systems based
on annual soil carbon inputs. Results showed that soil organic matter was more strongly influenced
by carbon inputs than by the management system. High-input groves consistently exhibited a pos-
itive carbon balance (around +1.0 Mg C ha™! yr—!), whereas low-input groves showed more vari-
able results, with values ranging from net carbon losses to modest gains. CO- emissions from agri-
cultural operations were similar across systems (approximately 3200-3400 kg CO2 eq ha™! yr™1),
but net emissions were substantially lower in high-input groves (~140 kg CO2 eq ha™! yr™!) com-
pared to low-input groves (~1650 kg CO2 eq ha™! yr™!). These findings highlight that increas-
ing annual carbon inputs is more effective than changing management type for enhancing carbon
sequestration and reducing net CO: emissions in olive groves, supporting carbon farming as a key
strategy for climate change mitigation in Mediterranean agricultural systems.

1. Introduction

In recent decades, agriculture has been increasingly recognized as both a source of greenhouse gas emis-
sions and a potential carbon sink, due to its capacity to capture and store carbon in soils. This dual
role has been widely studied, highlighting the potential of agricultural systems to contribute to climate
change mitigation (Lal 2004, Smith et al 2008, Plaza-Bonilla et al 2015, Pareja-Sénchez et al 2020). In
Mediterranean regions, olive groves dominate agricultural landscapes and may play a particularly relev-
ant role as carbon sinks when managed under practices that enhance soil organic carbon (SOC) (Castro
et al 2008, Torrus-Castillo et al 2022).

Portugal, with approximately 400 000 hectares of olive cultivation, concentrates most of its produc-
tion in the Alentejo region, which accounts for 51% of the country’s olive-growing area (INE 2024).
Over the last two decades, this semi-arid region has undergone rapid agricultural intensification, largely
driven by irrigation expansion enabled by the Alqueva reservoir (Rodriguez Sousa et al 2021). This trans-
formation has led to increased productivity but has also raised important environmental concerns,
including soil degradation, erosion, and biodiversity loss (de Graaff et al 2010). These characteristics
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make Alentejo a key region for assessing carbon dynamics in olive groves under intensified agricultural
conditions.

In this context, carbon farming has emerged as a central strategy for climate change mitigation, pro-
moting practices that enhance soil carbon sequestration and reduce greenhouse gas emissions (Smith
et al 2008, Griscom et al 2017). In olive groves, these practices include cover cropping, incorporation
of shredded pruning residues, application of olive mill compost (a by-product of the olive oil produc-
tion process), and the use of organic fertilizers (Sdnchez-Monedero et al 2008, Garcfa-Ruiz et al 2012).
These practices not only increase SOC but also improve soil structure, reduce erosion, and enhance
water retention, which is particularly relevant in Mediterranean environments. However, it is important
to distinguish between carbon sequestration and carbon redistribution, as some practices involve internal
carbon transfers rather than net atmospheric CO: removal (Chenu et al 2019, Don et al 2023).

Different cropping systems, including integrated, organic, and biodynamic-organic systems, represent
contrasting approaches to soil and nutrient management. Integrated systems typically combine conven-
tional practices with optimized input use, including synthetic fertilizers and mechanized management.
Organic systems avoid synthetic inputs and rely on organic amendments and ecological processes to
maintain soil fertility. Biodynamic-organic systems further incorporate holistic management practices,
including compost preparations and enhanced biological interactions within the farm. These systems are
often associated with improvements in soil health and environmental performance, although their effects
on carbon sequestration and productivity remain context-dependent. Therefore, comparing these systems
under real field conditions is essential to determine whether differences in certification schemes translate
into meaningful differences in carbon balance.

Although intensification has improved yields, intensive systems are often associated with reduced soil
carbon retention due to soil disturbance and limited ground cover (Gémez et al 2022). However, sustain-
able management practices such as reduced tillage can mitigate these effects and enhance carbon sequest-
ration potential (Metzidakis et al 2008).

At the policy level, the European Union has set the objective of achieving climate neutrality by
2050, promoting carbon farming practices through initiatives such as the Green Deal and the Fit for 55
packages (European Commission 2021, Bickstrand 2022). In this context, a ‘carbon neutral” system is
defined as one in which net CO: emissions are fully balanced by carbon sequestration within the system
boundaries. These frameworks aim to incentivize carbon sequestration in agricultural soils and support
the development of carbon markets, including potential carbon credits for farmers. In regions such as
Alentejo, these policies may facilitate the transition toward more sustainable olive production systems.

In this context, understanding how carbon inputs translate into carbon balance requires an integrated
assessment of carbon inputs and outputs at the farm level. The carbon balance of olive groves results
from the interaction between carbon inputs and outputs, requiring an integrated assessment of both car-
bon accumulation and emissions. Carbon inputs include biomass production and organic amendments,
while outputs involve soil respiration, decomposition, erosion, and emissions associated with agricultural
operations (Ferndndez-Lobato et al 2021). Furthermore, soil carbon accumulation is not indefinite but
reaches equilibrium over time, highlighting the importance of considering both short-term sequestration
and long-term carbon dynamics (Chenu et al 2019).

However, despite the growing interest in carbon farming practices, there is still limited evidence on
how different levels of annual carbon inputs influence both carbon balance and carbon footprint in
Mediterranean olive groves. Most existing studies have focused either on soil carbon sequestration or on
specific management systems, without integrating both perspectives. In particular, the relative import-
ance of annual carbon inputs compared to management type in determining carbon balance remains
insufficiently understood.

The main objective of this study is to evaluate the carbon balance of olive groves under different
management systems (integrated, organic, and biodynamic-organic) and contrasting levels of carbon
inputs. The specific objectives of this study are: (i) to evaluate differences in carbon inputs (e.g. biomass
fixation, organic amendments) and outputs (e.g. respiration, harvest export, erosion) across olive groves;
(ii) to quantify the annual biogenic carbon balance, assessing the carbon accumulated in tree biomass,
in the soil system and the entire farm (tree + soil); and (iii) to determine the carbon footprint of these
farms, evaluating to what extent carbon inputs offset CO, emissions derived from specific agricultural
management activities (e.g. fertilization, irrigation, machinery use).
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2. Materials and methods

The methodological approach was designed to assess differences in carbon balance and carbon footprint
among olive groves under contrasting management systems and levels of annual carbon inputs.

2.1. Study sites and experimental design
Six olive groves were selected in the provinces of Evora (L1, H1, H2) and Beja (L2, L3, H3), both situ-
ated in the Alentejo region of Portugal (figure 1). These olive groves were selected to represent the range
of management systems and annual carbon input levels in the region, enabling a comparative analysis
under real farming conditions. The region is characterized by a Mediterranean climate with rainy mild
winters and dry and warm summers (Csa in the Koppen classification), with an average annual temper-
ature of between 15 and 25 °C across the region. During 2021-2022, rainfall was 423 mm (Evora) and
465 mm (Beja), while mean values varied between 587 mm and 555 mm, respectively, showing signific-
ant variability. All measurements and data collection were conducted over one agronomic year (2021-
2022), ensuring consistency across all carbon flux estimations. The average annual potential evapotran-
spiration is 809 and 835 mm for Evora and Beja, respectively (IPMA 2024). The olive groves are pre-
dominantly established on soils derived from igneous rocks, such as granite, and metamorphic rocks like
schist. These soils exhibit textures ranging from clay to loam (Rodriguez Sousa et al 2021, Muifioz-Rojas
etal 2024).

Six experimental olive groves were selected based on a gradient of carbon inputs into the soil,
categorized as follows: 0-3 Mg C ha™! yr~! (hereafter referred to as farms L1, L2, and L3) and
>3 Mg C ha~! yr~! (H1, H2, and H3). These systems include super-intensive integrated plantations
(L1), intensive plantations (H1), irrigated systems (L2, H2), and organic-biodynamic systems (L3, H3).
Over the past eight years (except for farm L1, which has been cultivated for only two years), farmers
have implemented a range of agronomic management practices based on agroecological approaches
(De Luca et al 2023). All these practices contributed to increasing SOC inputs through varying degrees
of spontaneous cover crop growth, manure application, livestock integration, and the incorporation of
shredded olive pruning residues (table 1).

2.2. Assessment of the biogenic carbon inputs

For the evaluation of annual carbon inputs in olive groves, several key carbon fluxes are considered
that contribute to carbon accumulation in different components of the olive groves. Below is a detailed
description of these fluxes, which are expressed in Mg of carbon per hectare and year:

—  Ciree; Annual rate of carbon accumulation within the permanent structures of the tree;

—  Ciitterfa; Annual carbon input to the soil from leaf and flower litterfall. These were estimated from the
annual rate of olive leaves and flowers falling from the olive tree to the soil;

—  Chrunings Annual atmospheric CO; converted into organic carbon in the olive tree pruning residues;

—  Cirewood; Annual atmospheric CO, which is converted into organic carbon within firewood produced
from the olive trees;

—  Ceovers Annual atmospheric CO, which is converted into organic carbon within the aerial and root
biomass of spontaneous cover crops;

—  Cleav-harv; Annual atmospheric CO, which is converted into organic carbon in the ligneous material
and leaves harvested along with the fruit during harvest;

— Chuirs Annual atmospheric CO, which is converted into organic carbon within the harvested olive
fruits;

— Corg fertilizers Annual carbon input from the application of organic fertilizers including manure.

We assumed that Cirees Ciitterfall> Cleave-harvs Cpruning> Chirewood, Ceover, and Cgyi are derived from organic
carbon captured from atmospheric CO: at the olive grove level.

For our analysis, annual managed C-inputs are defined as those carbon sources that farmers can
directly control (Cprunings Crirewood> Ceovers Cleay-hary a0d Corg ferilizer) (Ruiz-Carrasco et al 2026). The
second to last category specifically refers to leaves collected during the olive harvest that are subsequently
returned to the field without any additional processing, a process that we found to take place in three of
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Figure 1. Location of Central Southern Alentejo (Portugal) and the study olive groves. Codes: low C-inputs: L1, L2, L3; high
C-input farms: H1, H2, H3.

the studied olive groves. These manageable C-inputs represent carbon fluxes that can be directly influ-
enced by farmers’ management decisions and were used to evaluate the effect of agricultural practices on
carbon balance.

Annual soil carbon inputs were estimated as the sum of all organic carbon fluxes entering the soil
system, including litterfall (Ciierfanl), pruning residues returned to the soil (Cpruning)> Spontaneous cover
crop biomass (Ceover), and external organic amendments (Corg fertilizer)- These inputs were quantified
through a combination of direct field measurements (e.g. biomass sampling, litter collection), laborat-
ory analyses of carbon content using a CHNS elemental analyzer, and farmer-reported management data
(e.g. pruning frequency, manure application rates).

Carbon inputs associated with harvested products (Ceuit> Cleay-harvs Chirewood) Were not considered as
soil inputs when removed from the system, but were included in the overall farm carbon balance. This
approach allowed for a consistent estimation of soil carbon inputs across different management systems
and carbon input levels.




Table 1. Basic agronomic characteristics of the experimental olive groves. Abbreviations: spontaneous cover crops (%), percentage of the surface covered by spontaneous cover crops; SOM, soil organic matter; SOC content, soil
organic carbon stock; C, chemical fertilization; O, organic fertilization; M, manure.

SOC content

Tree density Irrigation (Mg SOC ha™! Spontaneous cover
Farm Management (treesha™!) Age (years) (Yes/No) SOM (%) top 30 cm) Clay content (%)  Fertilization (C/O/M)  Tillage (Yes/No) Herbicides (Yes/No)  crops (%) Livestock (Yes/No)
L1 Integ 1925 2 Yes 2.20 25.95 21.89 C No Yes 18.7% No
L2 Org 339 17 Yes 3.02 28.65 21.90 M No (cutting) No 24.1% Yes (sheep)
L3 Org-biodyn. 104 100 No 2.18 23.21 23.3 No No No 100% Yes (cow)
H1 Integ 272 13 Yes 2.31 24.89 21.11 C No Yes 19.3% No
H2 Org 284 13 Yes 3.74 32.21 23.89 O Yes (Plow) No 15.9% No
H3 Org-biodyn. 238 16 Yes 5.17 53.70 21.15 Oo,M Yes (Plow) No 37.1% No
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2.2.1. Annual rate of carbon accumulation in olive trees

The annual carbon accumulation in olive trees was assessed by analyzing a range of between 5 and 7
representative olive trees within each olive grove. Measurements undertaken included tree height, trunk
diameter, and branch diameters. The estimation of tree volumes was performed using geometric meth-
ods following the methodology of Velazquez-Marti et al (2014). The total volume of the tree was cal-
culated by summing the volumes of different sections (V;) of the tree using the following equations
(equations (1) and (2)):

1
Vi:§><7r><h><(R2+r2+R><r) (1)

Viree = Z Vi (2)

i=1

where V; is the volume of each section of the tree (cm?); h is its height (cm); R is the largest diameter
(cm); and r is the smallest diameter (cm).

To assess wood density and carbon content, samples from the main trunk and primary and second-
ary branches were analyzed using a CHNS elemental analyzer (LecoTruSpect Micro). The aboveground
dry biomass of each olive tree was calculated by multiplying the biovolume by wood density values.
Additionally, root biomass was estimated using an aerial-to-root biomass ratio of 4.2 & 0.54 (Lopez—
Bellido et al 2016). The total organic carbon per tree (in kg C) and the carbon stock per hectare (in Mg
C ha™!) were subsequently calculated.

2.2.2. Annual rate of carbon in the olive leaves and flowers
To estimate the annual entry of atmospheric CO, which is converted into organic carbon of leaves and
flowers (Ciiertan) 6 plastic boxes (30 cm x 20 cm X 15 cm) were placed in the ground below the canopy
of olive groves to collect fallen leaves, flowers, and small aborted fruits. Over roughly a year period, the
deposited litterfall material was collected at quarterly intervals and dried at 50 °C for one week. Aliquots
from each collection period were milled to determine their carbon content using a CHNS elemental ana-
lyzer (LecoTruSpect Micro). The litterfall annual carbon amount was calculated based on the dry weight
of the collected material, its carbon content, and the area of the boxes and tree canopy. The canopy area
was measured using the most recent aerial images.

Along with the olive fruits (Cgyit), some olive leaves are generally harvested (Cieay-harv) that need to
be equally discerned. Water and carbon contents of the olive leaf samples were also analyzed to under-
stand their role in the overall carbon cycle.

2.2.3. Annual rate of carbon in the tree pruning residues

The evaluation of the annual carbon content in tree pruning residues involved collecting samples from
3 to 6 olive trees in each grove, which were then brought to the laboratory for analysis. The water con-
tent of these samples was measured following a drying period of 7 d at 50 °C in an oven. For analysis,
portions greater than 100 g of tree pruning were ground to a size of less than 1 mm and assessed for
their carbon concentration using a CHNS elemental analyzer. The total carbon content in the prun-
ing residues was determined by calculating their dry weight alongside their corresponding carbon levels.
Pruning of the trees generally involves shredding the material, which is then incorporated back into the
soil every two to three years. However, other pruning intervals and destinations, such as its use to feed
sheep and goats (as in L2), are often applied and were identified only through direct interviews with
the farmers. Pruning residues were accounted for only in years when pruning operations occurred. In
non-pruning years, no woody residues were generated and therefore no carbon input from pruning was
considered in the annual carbon balance. The annual carbon rate from tree pruning (Cpruning) Was com-
puted by dividing the total carbon contents by the frequency of pruning as reported by each farmer.

In addition, firewood produced by a range of 3—6 trees per olive grove was weighed in the field, and
samples were then taken for analysis of water contents after milling the samples to less than 1 mm, fol-
lowed by carbon content analysis conducted using a CHNS elemental analyzer (LecoTruSpect Micro).

2.2.4. Annual rate of C in the temporary spontaneous cover crops

The annual aboveground net primary production of spontaneous cover crop was quantified by col-
lecting the aboveground biomass between May 2020 to mid-April 2021. In each olive grove, a total of
27 sampling frames (0.25 m x 0.25 m) were distributed across three representative zones: areas fully
covered by spontaneous cover crops, tractor wheel tracks, and inter-row space between trees. Within

6
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each frame, all aboveground biomass was manually clipped at ground level using grass shears and trans-
ported to the laboratory on the same day (Gémez-Munoz et al 2014).

In groves where cover crops were arranged in strips within inter-row areas, the width of these veget-
ated bands was measured to estimate the total covered area per hectare based on the number of inter-
row strips over a standardized length (100 m) and their average width. When spontaneous vegetation
covered the entire soil surface, total coverage was assumed to be 100%.

All collected biomass samples were oven-dried at 50 °C for 4 d and then weighed to determine dry
matter. Annual aboveground biomass production (kg dry matter ha=! yr—!) was estimated by scaling
the measured biomass from the sampling frames to the total area occupied by spontaneous cover crops.
Subsamples of 100 g of dried biomass were finely ground using a hammer mill, and their carbon con-
centration was determined with a CHNS elemental analyzer.

Belowground biomass production was estimated using a root-to-shoot ratio of 0.70, based on empir-
ical data obtained from ten olive grove sites. The carbon content of root biomass was calculated from
the estimated root mass, assuming an average carbon concentration of 42.4% (Ma et al 2018).

2.2.5. Carbon in the olive fruits

During the olive harvesting season (November 2021-January 2022), olive fruit samples were collected
from each olive grove, consisting of nine bags containing five olive fruits each, randomly selected from
nine distinct olive trees. In the laboratory, the olives were first weighed while fresh. Then, the stones
were separated from the pulp, and the weights of both components were recorded. Following this, the
fruits were dried in an oven at 50 °C for 4 d. Their carbon content was subsequently analyzed using a
CHNS elemental analyzer. The annual carbon accumulation rate in the olive fruit, derived from atmo-
spheric carbon (Cgyit), was calculated based on the harvested fruits along with their water and carbon
contents.

2.2.6. Annual C-inputs from external sources

The quantities (fresh weight) and frequency of application of other sources of organic matter applied in
each olive grove, such as manure, organic humic and fulvic acids, were documented. Samples of these
materials were collected and transported to the laboratory to determine their water and carbon contents
(CNH autoanalyzer) the annual organic carbon input was calculated for each organic matter considered.

2.3. Assessment of the annual biogenic carbon outputs

Annual C-outputs from the olive groves encompass several components of the olive farming system,
including the previously described: Cgyi (annual carbon stored in the harvested olive fruits), Cieave-harv
(leaves associated with fruit harvesting), Chyrewood (carbon derived from firewood) and Cpryning (carbon
within pruning residues; but only if they are burned or removed to feed animals (Creceding.animals) OF Pro-
duce energy, as well as soil-related CO, emissions (Ccops) and C losses due to soil erosion (Cerosion)-

2.3.1. Soil CO, emissions

The RothC model (Coleman and Jenkinson 1996) was applied to estimate annual soil CO: emissions
for each grove, also allowing prediction of changes in SOC and CO: emissions over time. Key inputs
required for this model include SOC, monthly meteorological data (precipitation, evaporation, tem-
perature), soil depth (top 30 cm), soil clay content, periods of soil cover, and timing of organic car-
bon applications (e.g. olive leaves, cover crop residues). The labile to recalcitrant C ratio (DPM/RPM)
required by the model for the different sources of organic carbon entering the soil was taken from
Torrus-Castillo et al (2023), which was 0.17 for olive leaves, 0.13 for cover crop residues, 0.15 for tree
pruning residues, and 0.5 for manure.

SOC content and stocks were assessed using soil samples collected over a 2 week period. At each
farm, three random sampling points were selected, with soil collected from the 0-30 cm depth to
provide three replicates per farm. The 0-30 cm soil depth was selected as it represents the most biolo-
gically active layer and is widely used in soil carbon studies. In addition, this depth is recommended by
international protocols such as the IPCC guidelines and FAO methodologies for soil carbon assessment
(IPCC 2006, FAQO, ITPS 2018). Bulk density was determined from undisturbed cores collected at 0-5 cm
and 15-20 cm depths using Kopecky cylinders (5 x 5 cm; 98.17 cm?). In the laboratory, soils were air-
dried, sieved (<2 mm), and separated into fine-earth and coarse fractions. SOC content (%) was quanti-
fied in finely ground subsamples using dichromate oxidation with sulfuric acid, following Anderson and
Ingram (1993). SOC stocks (Mg SOC ha™!) for the upper 30 cm of soil were calculated from SOC con-
centration, mean bulk density (derived from the two sampled depths and applied to the entire 0-30 cm
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layer), and the proportion of fine earth. Soil organic matter (SOM) content was estimated from SOC

values using the Van Bemmelen conversion factor (1.724), assuming an average carbon content of 58%
in SOM (Nelson and Sommers 1996).

2.3.2. Annual organic carbon leaving the farm due to soil erosion

Soil erosion was monitored through one agronomic year (2021-2022) across six olive groves, through
3—4 sediment collection plots implemented in each grove. The sediment traps, designed to measure

soil loss from laminar and rill erosion on plots of 200-300 m?, were based on methods outlined by
Rodriguez Sousa et al (2023). These traps, measuring 3—4 m in length, 1-2 m in width, and 40-50 cm in
height, were constructed using geotextile fabric secured with wooden stakes and nails (Prats et al 2016).
The traps allow water to filter through while sediment settles and accumulates. Installation of the sed-
iment traps took place in May 2021, with sediment collection and analysis conducted monthly or after
heavy rainfall events over the following year. Wet sediment was collected, weighed on-site, and later
dried to calculate soil loss based on dry weight (de Graaff et al 2010, Gémez et al 2018). Total carbon
leaving the farm due to soil erosion was calculated based on the annual erosion rate and the carbon con-
tent of the eroded sediments.

2.3.3. CO, equivalent emissions generated from farming operations

To determine carbon dioxide equivalent (CO,-eq) emissions due to farm operations (Ccoam), wWe
employed the SimaPro 9.0 software, integrating the Agri-footprint 4.0, Ecoinvent 3.5, ELCD, and
Industry data 2.0 databases. Emission factors were derived from these databases, following the ILCD
2011 Midpoint+ methodology. To calculate emissions, the ILCD 2011 Midpoint+ method (European
Commission—]JRC 2011) was applied, following approaches described by Desideri et al (2014) and
Proietti et al (2014). The agronomic processes corresponding to the farming phase that were considered
include soil management activities such as tillage, irrigation, fertilization, application of plant protection
products, herbicide, harvesting and pruning of olive trees. Inputs considered in the analysis include the
use of fuel, active ingredients of soil-applied products, polyethylene nets and energy consumption for
irrigation.

The following assumptions were made: (i) olive planting phase: for olive trees over 25 years old,
emissions from the planting phase were considered negligible (Salomone and Ioppolo 2012, Salomone
et al 2015); (ii) irrigation: energy required for water use, generally sourced from the Portuguese electri-
city grid, but also photovoltaic or diesel-powered systems, in which case their impact was also considered
as negligible; (iii) land use change: permanent crop cultivation land use was considered since olive cul-
tivation was established in the region for longer than a century; (iv) burning of pruning residues: light
pruning burns persist in limited cases, in spite of the strong regulations and permits, and the corres-
ponding CO,, CO emissions, which are widely recognized as part of the short carbon cycle, as well
as other minor emissions, such as CHy and formaldehyde, were considered negligible and excluded
from our analysis (Alves et al 2019); (v) transport distances: inputs transported to the olive groves were
assumed to cover an average distance of 300 km, based on the proximity of the case study area to the
main industrial cities and ports; (vi) infrastructure: emissions from buildings, warehouses, and related
energy consumption were considered negligible for virgin olive oil production, as shown in other life
cycle analyses (Salomone et al 2015); (vii) agricultural-related emissions: emissions to air, water, and soil
were calculated following the IPCC Guidelines for National Greenhouse Gas Inventories (Aminetzah et al
2020), in alignment with the product environmental footprint category rules (European Commission
2017).

Primary data were collected through comprehensive surveys targeting all experimental olive groves
included in this study. Data collection included open-ended questionnaires to capture observations that
could not be obtained through quantitative surveys by themselves. Data validation included pre-testing
with agricultural experts and academics, complemented by farm visits, official documents, scientific lit-
erature, and product datasheets. Positive values are observed as a consequence of CO: eq emissions from
farm operations into the atmosphere.

2.4. Annual biogenic carbon balance and net CO; eq emission balances

The carbon accounting framework applied in this study is based on a mass balance approach, integrat-
ing all biogenic carbon inputs and outputs at the farm level to estimate carbon balance and net CO--
equivalent emissions.
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The biogenic carbon balance at the farm level was calculated by subtracting the total carbon outputs
from the total carbon inputs, as synthesized in the following equation (equation (3)):

Biogeniccarbon balance (CBgy )

= (Z (Ctree; Clitterfall; Cpruning; Cﬁrewood; Ccover; Cfrui'r; Corg- fertilizer)
- (Cpruning; Cfruit; Cleave—harv; Cﬁrewood; CCOZs; Cerosion ) ) . (3)

Biogenic carbon balance can also be calculated using the following equation (equation (4)):
CBfarm = CBiyoil + CBree (4)

where CBy. represents the biogenic carbon balance of the trees (Cie.), the annual carbon accumula-
tion within the permanent structure of olive trees, whereas CBy,; represents the biogenic carbon balance
in all the other C compartments shown in equation (3). When the biogenic C balance is positive in the
given compartment (tree, soil or farm), the compartment is gaining C, whereas when the balance is neg-
ative, the compartment is losing C.

The net CO: eq balance was calculated by combining the result of the biogenic C balance with the
CO; eq emissions due to the farming operation (Ccoam) as (equation (5)):

Net CO; eq = Ccoam — CBgarm (5)

where CO:2 eq emissions refer to the emissions generated by the farming operation Ccozm, and CBey, is
the result of the carbon balance converted into CO2 (x 44/12).

2.5. Statistical analysis

The normality of the variances was assessed using the Shapiro—Wilk tests. For soil C balance, tree C bal-
ance, farm C balance and CO,-eq emissions from farming operations, a one-way analysis of the variance
was performed across carbon gradients. When significant statistical effects were found, means separation
was carried out using a Tukey HSD test considering the 0.05 probability level. For net CO, emissions
from soil and net CO, emissions at the olive grove level, a Kruskal Wallis test (P-values) was performed
using total carbon gradients. When significant statistical effects were found, means separation was car-
ried out using a multiple comparisons test considering a 0.05 probability value. The linear relationship
between manageable annual C-input and annual soil carbon balance and manageable annual C-input
and SOM and the statistical analyses were conducted using the statistical software STATISTICA v.10 (Stat
Soft Inc.).

3. Results

3.1. Annual carbon inputs and outputs in olive groves

The six olive orchards showed marked differences in carbon inputs. The farms with the lowest C-
inputs (L1-L3) showed an average of 2.71 Mg C ha~! yr~!, mainly originating from photosynthesis in
the cover crops (1.28 Mg C ha™! yr™!) as well as from olive litterfall (0.35 Mg C ha=! yr~!). In con-
trast, farms H1-H3 showed higher annual C-inputs (4.58 Mg C ha™! yr™!), compared to L1-L3 farms
(figure 2).

Carbon stored in the permanent structure of the trees contributed a small proportion of total inputs
(<6% in high-input and 13% in low-input orchards). Spontaneous cover crops accounted for the dom-
inant carbon pathway in both systems, constituting 51% of total inputs in the low orchards versus 42%
in high orchards. External sources of organic carbon (manure, organic fertilizers) contributed similar
proportions (6.9% in Low vs. 6.8% in high C-input farms) (figure 2).

The main C-output was soil CO- emissions, with higher values in high-input systems
(—3.3 Mg C ha™! yr™!) than in low-input systems (—1.9 Mg C ha=! yr™!). Soil erosion contributes
relatively little (between 3.1% and 3.4%) to biogenic C-outputs across olive farms (figure 2), while
harvested olive fruits contributed between 38% and 11% of total C-outputs for high and low farms,
respectively.

3.2. Tree, soil and the entire olive grove C balances

The annual biogenic carbon balance at the olive grove level was positive for both sets of olive groves
(figure 3). The olive farm-level carbon balance was, on average, more than twice as high in High groves
(+0.94 Mg C ha™! yr!') compared to Low groves (+0.41 Mg C ha~! yr~!) (figure 3). The carbon
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Figure 2. Annual C-input (positive data) and C-output (negative data) (Mg Cha=! yr=!) in low (0-3 Mg Cha=! yr~!) and
high C-inputs (>3 Mg C ha~! yr~!) olive groves.
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Figure 3. Boxplot of the olive tree, soil and olive farm annual carbon balances (Mg C ha=! yr~!) in the low and high olive groves.
Boundaries of the boxes closest to, and furthest from zero indicate the 25th and 75th percentiles, respectively. The thin lines
within the box mark the median and the X mark average values. Bars above and below the box indicate the 90th and 10th per-
centiles, respectively.

balance of the olive trees was positive. Although High groves showed a greater carbon gain than Low
groves, the differences between groups were not statistically significant. Similarly, soil carbon balance
was higher in High olive groves (+0.48 Mg C ha™! yr™!) than in Low groves (+0.09 Mg C ha™! yr™!).
However, these differences were not statistically significant (figure 3).
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Figure 5. CO: eq-emissions (kg CO2—eq ha™! yr—!) derived from farming operations and net CO2 eq emissions after subtracting

the CO, sequestered as organic carbon in the whole farm (soil 4 tree) in low and high olive groves. Vertical bars represent the
standard deviation.

There was a significant linear relationship between manageable annual C-input and annual soil car-
bon balance (r* = 0.72; p < 0.05) (figure 4(a)), as well as between manageable annual C-input and
SOM (r? = 0.60; p < 0.05) (figure 4(b)). In low-input olive groves, such as L1, the annual carbon bal-
ance was negative. In contrast, high olive groves, like H1 and H3, achieved a positive carbon balance,
reaching up to 1.04 and 1.05 Mg C ha=! yr—!, respectively (figure 4(a)). high olive groves showed the
highest SOM values(figure 4(b)).

3.3. CO; emissions derived from farming operations and net CO: balance
CO2-eq emissions from farming operations ranged from 906 to 5,796 kg CO»-eq ha~
mean values in low and high farms (figure 5).

Uy~1, with similar
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Figure 6. Boxplot of the net CO2 emissions across the six-olive grove, as kg CO2 equivalent ha=! yr~!. Boundaries of the boxes
closest to, and furthest from zero indicate the 25th and 75th percentiles, respectively. The thin lines within the box mark the
median and the X mark average. Bars above and below the box indicate the 90th and 10th percentiles, respectively.

To assess the net balance, CO: sequestered in the soil and on the farm (negative values) was sub-
tracted from total farm operation CO:-eq emissions (positive values) (figure 5). When considering the
CO: sequestered in the farm (tree + soil) organic carbon, the net CO: balance remained positive, with
numerically lower, although differences were not statistically significant, values for high olive farms
(144 kg CO>—eq ha™! yr!) compared to low olive farms (1659 kg CO.—eq ha™! yr™!), although these
differences were not statistically significant.

Across the six farms studied, net CO: emissions ranged from high levels of emissions
(7117 kg CO2—eq ha™! yr™!) to net carbon gains (as low as —1627 and —514 kg CO.—eq ha™! yr™!).
This wide range highlights significant variability in the farms’ net CO. dynamics (figure 6).

4. Discussion

4.1. Biogenic carbon balance along a gradient of annual manageable carbon inputs
The overall positive biogenic carbon balance in the studied olive groves, which vary in tree density and
management, including integrated, organic, and organic-biodynamic systems, indicates that olive groves
function as agroecosystems that annually remove atmospheric CO: into organic carbon on the farm.
This aligns well with other studies on olive groves (L6pez-Bellido et al 2016, Torrus-Castillo et al 2023)
and other woody crops. For instance, Cammarata et al (2025) reported that orange orchards under sus-
tainable management practices achieved a net carbon accumulation in rate of approximately 0.5 Mg
CO: ha™! yr~!. This value is consistent with the carbon balance observed in our olive groves, further
supporting the role of woody perennial crops in mitigating climate change through atmospheric CO-
removal.

The positive biogenic organic carbon balance can be explained by an increase in organic carbon
in the permanent structures of the trees, in the soil as SOC, or both. As expected, trees act as a sink
for atmospheric CO:. Previous studies conducted in Mediterranean olive groves have reported val-
ues ranging from 0.51 to 0.58 Mg C ha™! yr~! (Torrts-Castillo et al 2023), while lower values around
0.38 Mg C ha=! yr~! have also been reported (Funes et al 2022). Notably, the annual atmospheric
CO: accumulated as organic carbon in the permanent structure of the tree does not vary significantly
between groups of olive farms differing in annual organic carbon inputs. This lack of statistical signi-
ficance may be explained by the high variability observed within the groups, particularly among High-
input farms, reflecting heterogeneous management practices under real field conditions. This suggests
that management practices leading to an increase in the annual organic carbon input to the soil do not
significantly affect the annual growth rate of the trees. This finding supports the conclusion of Torrts-
Castillo et al (2023), who observed similar annual rates of atmospheric CO: sequestration into tree
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organic carbon, regardless of the management practices that led to different levels of organic carbon
inputs.

The carbon stored annually in the permanent structures of the trees reflects the role of olive groves
as agroecosystems that capture atmospheric CO: and store it as organic carbon. Assuming the average
values for the 400 000 ha of olive groves in Portugal, this would amount to approximately 0.58 Mt of
CO: annually, representing more than 1% of the 42 Mt of CO: that the EU plans to eliminate through
carbon farming by 2030 (COM/800, 2021). This carbon sequestration potential highlights the import-
ance of olive groves not only as a source of agricultural production but also as a key ally in the fight
against climate change.

According to the additionality criteria established by EU regulations (Regulation (EU) 2024/3012
2024/3012) for quantifying potentially monetizable CO: credits through the voluntary market, the
annual rate of CO: accumulated in olive trees should not be considered if carbon farming practices
do not affect this rate during the implementation of the carbon farming project. However, the organic
carbon accumulated in trees can remain stored for over a hundred years, at least in traditional olive
groves worldwide, similarly to some technologies designed for carbon sequestration. Additionally, the
annual rate of arboreal biomass accumulation in the studied olive groves ranged between 710 and
1,000 kg ha™! yr~! (data not shown). Assuming that the calorific value of olive tree dry biomass is
approximately 4378 kcal kg~! (de Andalucia 2010), this annual biomass production would correspond
to an energy content equivalent to the combustion of 310-438L of diesel, which would otherwise emit
0.77-1.09 t CO2 ha™! yr~!. Therefore, the permanent structures of olive groves currently play a signi-
ficant role in mitigating greenhouse gas emissions, which, when extrapolated to the olive-growing area
of Portugal, represents a potential mitigation of 310 000-438 000 t CO: per year. At current voluntary
carbon market prices, this mitigation potential would correspond to an economic value of approxim-
ately 23.2 M€ per year, highlighting the significant climate mitigation role of the permanent structures
of olive groves. In general, the soil of the studied farms acts as a sink for atmospheric CO.. However, the
biogenic carbon balance in the soil varies depending on the annual inputs of organic carbon received.
Low-input systems were associated with negative soil carbon balances, reflecting a net loss of organic
carbon. This pattern can be explained by limited organic carbon inputs, particularly due to reduced
vegetation cover and the absence of external organic amendments such as manure. Consequently, carbon
inputs to the soil failed to offset carbon losses, primarily due to CO: emissions and erosion, resulting in
a negative biogenic carbon balance. In contrast, higher-input systems promoted positive soil carbon bal-
ances. In these cases, the combination of spontaneous vegetation cover with the incorporation of prun-
ing residues and, in some farms (L2 and H3), the application of manure, effectively counterbalanced car-
bon losses and promoted SOC accumulation. A notable example is L3, where the whole area of the farm
was covered by spontaneous cover crops, which resulted in the highest positive biogenic carbon balance,
demonstrating the critical role of spontaneous vegetation cover in carbon retention (Pareja-Sénchez et al
2024). Indeed, both manure and vegetation cover have been identified as effective strategies for enhan-
cing soil carbon sequestration capacity (Nieto et al 2010).

Moreover, this study revealed that SOC content, although influenced by pedoclimatic conditions such
as soil texture and clay content (Richardson et al 2023), showed a significant positive linear relationship
with the annual manageable C-inputs. The observed trend suggests that farms with greater annual C-
inputs tend to have higher SOC contents, especially when these practices are consistently applied over
time. Thus, although SOC should not be directly interpreted as a proxy for carbon balance due to its
multifactorial nature, it can serve as an effective indicator of the degree of implementation of sustain-
able management practices that promote net atmospheric CO, removal in olive groves. Differences in
SOC levels were observed not only between management systems but also within them, highlighting the
variability associated with management intensity. These differences emphasize that certification schemes
alone do not guarantee higher SOC levels, rather, the intensity, continuity, and effectiveness of the man-
agement practices are the main drivers.

The strong relationship observed between annual manageable carbon inputs and soil carbon balance
is consistent with previous studies identifying carbon inputs as the primary driver of SOC rather than
management system type per se (Chenu et al 2019). While this mechanism is well established, the nov-
elty of the present study lies in its integrated, farm-scale carbon balance approach, combining tree bio-
mass, soil carbon dynamics, erosion losses, and emissions from agricultural operations under real field
conditions.

However, not all studies report such a clear relationship between carbon inputs and soil carbon
dynamics. SOC responses to management practices can be highly variable and context-dependent, influ-
enced by factors such as soil type, climate conditions, and management history (Chenu et al 2019). In
some cases, increases in organic inputs may not immediately result in measurable SOC gains due to
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rapid mineralization or equilibrium effects. These discrepancies highlight the importance of site-specific
conditions and long-term assessments.

The positive relationship between increased carbon inputs and carbon sequestration can be explained
by several interacting mechanisms. The addition of organic matter improves soil structure by promoting
aggregate formation, which protects organic carbon from rapid mineralization and enhances its stabiliz-
ation in the soil. Improved soil structure also increases water infiltration and retention, reducing surface
runoff, limiting soil crust formation, and decreasing erosion, which are major pathways of carbon loss in
Mediterranean environments. In addition, higher organic matter availability stimulates microbial activity
and nutrient cycling, which can indirectly enhance plant productivity and increase biomass inputs to the
soil.

Furthermore, the presence of vegetation cover contributes to reducing soil crust formation and
improving soil physical properties, reinforcing these processes. While other soil management practices
such as plastic mulching may also reduce evaporation and erosion by covering the soil surface, they do
not contribute additional carbon inputs and therefore cannot promote long-term carbon sequestration to
the same extent as organic matter additions. These results highlight that both the quantity and quality of
organic inputs are critical drivers of soil carbon accumulation.

In the analyzed olive groves, most of the annual organic carbon inputs to the soil originated from
internal sources, namely carbon produced within the farm itself, such as olive leaf litter, residues from
spontaneous vegetation cover and pruning residues, whereas external inputs such as manure and other
soil amendments were comparatively limited. This reliance on internal organic inputs means that farm-
ers can implement carbon farming strategies largely independent of external resources. These findings
align with those of Almagro et al (2016), who highlighted those sustainable practices, including the use
of vegetation cover and the incorporation of crop residues, not only enhance SOC accumulation but also
contribute to greenhouse gas mitigation. Given these results, many olive groves with a negative soil car-
bon balance could reverse this trend simply by increasing the incorporation of carbon generated within
the farm. Specifically, the widespread implementation of vegetation cover and the application of pruning
residues represent viable strategies within carbon farming, particularly in systems with limited access to
manure.

Finally, the observed relationship between annual SOC balance and the annual SOC accumulation
rate driven by specific management-related carbon inputs provides a quantitative basis for evaluating the
effectiveness of these practices within carbon farming and certification frameworks. According to this
study, approximately 1.2 Mg C ha~! yr~! would be required to achieve a neutral soil carbon balance, a
target that can be feasibly attained through a combination of spontaneous vegetation cover and pruning
residues generated within the olive groves themselves.

4.2. CO, emissions from agricultural operations and net CO: emissions

CO: emissions related to agronomic operations in olive groves represent a significant source of green-
house gases, mainly due to machinery use, fertilization, and tillage practices. Emissions from field opera-
tions were relatively consistent across carbon input gradients, suggesting that intensive agricultural prac-
tices have a similar impact on emissions regardless of soil carbon inputs. However, the lack of significant
statistical variability may indicate an opportunity to implement alternative agronomic practices designed
in accordance with carbon gradients and soil conditions, which could reduce emissions and optimize the
carbon balance of the overall system. The adoption of low-emission machinery and optimized fertiliz-
ation schemes could help reduce emissions by up to 20% by 2050 without affecting crop productivity
(Aminetzah et al 2020).

At the farm level (tree + soil), olive groves with low annual organic carbon inputs tended to act as a
net CO; source. Despite the biogenic whole farm C balance being positive (the farms are gaining organic
carbon), mainly because the annual organic carbon sequestration in the permanent structure of the tree
compensates for the annual negative biogenic soil C balance, this sequestration was not sufficient to oft-
set CO:2 emissions derived from farming operations, resulting in a net release of CO: to the atmosphere.
In contrast, olive groves with higher organic carbon inputs tended to approach carbon neutrality or even
act as slight atmospheric CO: sinks. Therefore, practices such as incorporating pruning residues along
with maintaining spontaneous cover crops, instead of rapidly mineralizing fertilizers, are likely to mit-
igate CO: emissions by stabilizing organic carbon in the soils and reducing the rapid decomposition of
organic matter (Alvarez-Solis et al 2010).

These management practices, which resulted in an annual organic carbon input exceeding
3 Mg C ha™! yr=!, not only improved the carbon balance and offset the CO, eq emissions from farming
operations, but also enhanced the long-term sustainability of olive production. This process is framed
within a growing interest in carbon markets and sustainable agricultural policies within the EU. Olive
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groves, acting as carbon sinks, contribute significantly to CO: capture both in soils and in the perman-
ent structure of the trees. This capacity could open new opportunities for farmers to participate in car-
bon offset schemes, generating carbon credits that provide an additional economic incentive for adopt-
ing more sustainable agricultural practices (Torrus-Castillo et al 2023). These benefits not only enhance
the resilience of olive groves to climate change but also position them as a key tool within the agricul-
tural circular economy. Through practices that reduce emissions and increase carbon capture, farm-
ers can become key players in global efforts to achieve carbon neutrality targets by 2050 (European
Commission 2023).

Nevertheless, the carbon sink function of olive groves should be interpreted as temporally limited, as
soil and biomass carbon accumulation rates decline as systems approach equilibrium. Carbon sequest-
ration therefore only occurs until a new steady state is reached, meaning that emission offsets cannot
be maintained indefinitely. Long-term climate mitigation consequently requires combining carbon input
strategies with effective greenhouse gas emission reductions (Chenu et al 2019).

4.3. Implications, limitations and policy relevance

These findings have important implications for Mediterranean agriculture and climate policy. In semi-
arid regions such as Alentejo, where soils are typically low in organic carbon and highly vulnerable to
degradation, increasing annual carbon inputs through sustainable management practices represents a key
strategy to enhance soil resilience and mitigate climate change. Practices such as maintaining spontan-
eous cover crops and incorporating pruning residues can play a central role in improving soil carbon
balance while reducing net CO: emissions at the farm level.

From a policy perspective, these results support the implementation of carbon farming initiatives
promoted by the European Union, including those under the green deal and emerging carbon certifica-
tion frameworks. Importantly, our findings suggest that increasing carbon inputs is more effective than
relying solely on management system labels (e.g. organic or biodynamic) to improve carbon balance.
This highlights the need for policy frameworks that prioritize measurable outcomes, such as increases in
soil carbon inputs, rather than prescriptive management categories. Furthermore, the variability observed
among farms indicates that site-specific approaches and flexible policy instruments may be necessary to
maximize the effectiveness of carbon sequestration strategies across Mediterranean agricultural systems.

These results are also relevant in the context of voluntary carbon markets. Olive groves that achieve
positive carbon balances or approach carbon neutrality may offer opportunities for farmers to particip-
ate in carbon credit schemes, generating additional economic incentives for adopting sustainable prac-
tices, as demonstrated in recent assessments of carbon farming projects in Mediterranean olive groves,
which quantified both carbon credit generation and associated economic returns (Domouso et al 2026).
However, the temporal limitations of carbon sequestration, particularly in soils approaching equilibrium,
must be carefully considered when designing carbon credit methodologies, as long-term permanence and
additionality remain key challenges.

Despite these promising results, several limitations of this study should be acknowledged. First, the
relatively small sample size (six olive groves) may limit the generalizability of the findings. Second, the
study is region-specific, focusing on olive groves in Alentejo, and therefore results may not be directly
transferable to other Mediterranean regions with different soil and climatic conditions. Third, uncer-
tainties associated with carbon accounting approaches, including model-based estimations of soil CO2
emissions and assumptions related to carbon inputs, may introduce variability in the results.

Finally, these findings highlight the importance of practical, farm-level strategies for improving car-
bon balance in olive groves. Increasing internal carbon inputs, particularly through vegetation cover and
residue management, represents a feasible and scalable approach for farmers. Future research should
focus on long-term assessments of carbon dynamics across a wider range of Mediterranean agroecosys-
tems, as well as on improving the accuracy and robustness of carbon accounting methods to support
climate policy and carbon market development.

5. Conclusion

Our study demonstrates that agronomic management practices significantly influence the carbon balance
in olive groves, affecting both CO: emissions and carbon storage in the soils and tree biomass. In 5 out

of the 6 olive groves analyzed, carbon balances were positive, highlighting the potential role of this crop

in mitigating climate change by capturing atmospheric CO: and storing it as organic carbon in the soils

and the permanent structures of trees. This process not only delivers environmental functions but also
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represents potential economic advantages for farmers who can turn these functions into services and
benefits for society.

Although emissions from agricultural operations, such as the use of machinery and chemical fer-
tilizers, are inevitable in more intensive systems, their impact can be largely offset by enhanced carbon
inputs from tree biomass growth and the implementation of agronomic practices that enhance SOC.
Higher carbon inputs to the soil are directly associated with a trend of reduced net CO: emissions, with
significant reductions of up to 50% observed in gradients above 3 Mg C ha~! yr~!. This indicates that,
beyond certain thresholds of C storage, olive groves can become net carbon sinks, especially when slow-
degrading materials are introduced to stabilize soil carbon. Regarding net CO: balances, olive groves with
high gradients (>3.5 Mg C ha™! yr~!) delivered the most effective contributions, reinforcing the value
of strategies such as the incorporation into the soils of pruning residues and spontaneous vegetation
cover. On the other hand, although intensive systems result in higher emissions rates due to increased
agricultural inputs, these emissions can be partially offset by higher productivity rates and increased car-
bon stored in the system.

Finally, the adoption of sustainable agricultural practices not only improves the carbon balance in
olive groves but also potentially results in economic opportunities opening related to carbon markets and
emission offsetting programs. Olive groves, acting as carbon sinks, may potentially provide additional
incentives for farmers to adopt agronomic strategies that are more tightly aligned with long-term sus-
tainability societal targets and policy goals.

Future research should focus on evaluating the long-term potential of olive groves to achieve carbon
neutrality under different management scenarios. Particular attention should be given to the role of soil
management practices in sustaining carbon sequestration over time. In addition, further studies across a
wider range of Mediterranean regions are needed to better capture variability in soil and climatic condi-
tions and to improve the robustness of carbon accounting approaches.
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