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Abstract

Citrus orchards provide essential ecosystem services and mitigate atmospheric CO2 through
carbon sequestration, but increasing abandonment in the Mediterranean, which is expected
to intensify in coming decades, threatens ecosystem services, food security, and climate
regulation by raising atmospheric CO2 concentration levels. This study aims to quantify the
economic value of carbon sequestration associated with the abandonment of citrus orchards
in the Mediterranean region. The InVEST model was applied to estimate the economic
value of carbon sequestration in abandoned citrus orchards in Lentini from 2018 to 2030.
Citrus orchard abandonment results in an average loss of 4.4 Mg C ha−1 in carbon storage
and 3.6 Mg C ha−1 in carbon sequestration over time. The economic assessment of carbon
sequestration under abandonment conditions indicates average economic losses ranging
from −89.3 to −393.0 EUR ha−1 and from −268.0 to −1179.1 EUR per microfarm as social
carbon prices increase from EUR 25 to EUR 110. Severe orchard abandonment, affecting up
to 50% (≈118 microfarms) and 75% (≈177 microfarms) of the total area, would generate
substantial economic losses in carbon sequestration, amounting to −0.9 × 105 EUR ha−1

and −1.3 × 105 EUR ha−1, respectively. Citrus orchard abandonment reduces carbon
sequestration, causing economic losses and weakening climate mitigation.

Keywords: citrus orchard; citrus orchard abandonment; carbon storage; carbon sequestration;
ecosystem services; economic valuation

1. Introduction
Agricultural land abandonment has become a widespread land-use issue in recent

decades, with notable environmental and climatic implications [1–9], particularly in Europe
and the Mediterranean basin [10], including Italy. Projections indicate a 3.4% increase in
abandoned areas in the country by the year 2030 [1]. Sicily, Italy, is a region traditionally
well-suited for agricultural activity [11,12], with farming systems that encompass the full
range of Italian agricultural practices, which are typically carried out on micro-farms [12].
Specifically, the Sicilian region’s rural landscape is primarily characterized by citrus
orchards [12]. However, this rural landscape is undergoing a transformation [13–16] due to
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environmental [8,17] and economic [15] challenges that introduce agricultural uncertainties,
potentially leading to the abandonment of citrus orchards. In Sicily, abandoned agricultural
land totals 14,337 ha [5], representing approximately 13.4% of the 106,644 ha of cultivated
land [18]. Concerningly, projections indicate that the extent of abandoned land in Sicily is
expected to increase [2]. The abandonment of agricultural crops, such as citrus, has been
studied by several researchers [13–16,19–23].

Several socioeconomic factors have contributed to the massive abandonment of citrus
orchards in the Mediterranean region [23]. Traditional irrigated orange plantations in the
Mediterranean, particularly in Southern Italy, have been abandoned due to declining market
prices, an aging population [13,20], and quality issues, such as skin cracks and reduced
fruit sizes that limit commercial viability [24,25]. Beyond these factors, the adverse effects
of climate change on commercial citrus production are currently considered the primary
driver of traditional orchard abandonment in the Mediterranean [24,25], as it amplifies air
warming and drought events, creating new challenges for crop adaptability [26].

Projections indicate that climate change will impact crop growth and carbon allocation
to both aboveground and belowground biomass [27]. With pronounced global warming pre-
dicted by the IPCC [28], elevated temperatures during flowering or early fruit development
may trigger fruit abscission and reduce quality, restricting commercial citrus production
to cooler seasons [24,25]. Research further indicates that climate change is projected to
increase evaporative demand while reducing precipitation, thereby severely which could
substantially constrain irrigation practices due to declining water availability [11,29,30].
These hydrological constraints are expected to accelerate the decline of citrus production
across the Mediterranean by directly undermining the agronomic viability of irrigated
citrus systems, as evidenced in the province of Siracusa, Sicily [11].

Agricultural land abandonment is a complex, non-linear, and multiscalar process
with contrasting impacts on biodiversity and the environment [3,8,31,32]. Although it
is often regarded as a low-cost strategy for enhancing carbon sequestration and miti-
gating anthropogenic CO2 emissions [5], the recovery of soil carbon stocks is typically
slow and may require more than a century to approach pre-abandonment levels [33].
Agricultural land abandonment may increase vulnerability to erosion, landslides [6,32],
wildfires and may erode traditional agricultural and cultural values [8]. Such abandonment
can serve as reservoirs for the Asian citrus psyllid (Diaphorina citri Kuwayama), whose
activity may cause branch dieback, fruit drop or deformation, reduced fruit sizes, compro-
mised internal quality, and even tree mortality [34]. The spread of this pest to managed
orchards [34] can reduce citrus production in neighboring areas, potentially contributing
to further orchard abandonment, and can induce multiple environmental changes in the
surrounding landscape.

Additionally, abandoned citrus orchards also drive changes in land use and land
cover (LULC) [8]. LULC change can affect vegetation growth and directly alter ecosystem
carbon storage, potentially leading to carbon release into the atmosphere [35,36] and thus
impairing the ecosystem service of atmospheric carbon sequestration. The functioning of
these services is further shaped by changes in carbon allocation across aboveground and
belowground biomass [27]. Zhu et al. [31] reported that LULC change contributed to a
declining trend in carbon storage in coastal ecosystems.

Ivona et al. [12] highlight the importance of conserving citrus orchards in Sicily, even
under climatic conditions that are driving the irreversible loss of these iconic Mediterranean
landscapes. Although several studies have examined agricultural land abandonment in the
Mediterranean region [1,2,5,6,26], as well as the decline of traditional crops [13–16,20–23],
to our knowledge, no study has provided an economic evaluation of carbon sequestration
in abandoned citrus orchards in Lentini using the InVEST model. By quantifying the
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economic impacts of carbon sequestration losses in abandoned citrus orchards, this study
links ecosystem service degradation to regional economic vulnerability, offering strate-
gic insights for policymakers and land managers in semi-arid Mediterranean landscapes.
Abandonment of traditional Mediterranean agroecosystems, such as citrus orchards, dimin-
ishes carbon sequestration, causes economic losses, and threatens a key climate mitigation
service, highlighting the need for targeted policies and carbon market support.

2. Materials and Methods
2.1. Description of the Study Area

The study area is situated in Lentini, within the province of Syracuse, Sicily, southern
Italy (Figure 1). The landscape of Sicily is dominated by fertile fields cultivated with
woody perennial crops, including olive trees, vineyards, and citrus orchards [12,15]. In
particular, the rural landscape of the region is predominantly characterized by citrus
orchards [12,15]. According to Ciriminna et al. [18], citrus crops occupy approximately
84,000 hectares, comprising 58,000 ha of oranges (Citrus sinensis, 70%), 21,000 ha of lemons
(C. limon, 25%), and 5000 ha of mandarins (C. reticulata, 5%). The rural landscape of Lentini
exhibits features typical of Sicily, being predominantly shaped by mature orange orchards
(Citrus sinensis) [37].

Figure 1. Overview of study site location (37◦20′12.65′′ N, 14◦53′33.04′′ E, WGS84, 50 m).

The study area is characterized by a Mediterranean climate [38] with a pronounced
rainy season in winter [39], corresponding to the Csa classification under the Köppen–
Geiger climate system [40]. Summers are typically hot and dry [39]. Figure 2 presents
a summary of the climatological patterns observed in the Lentini study area over the
reference period (2002–2023), based on data from the local agrometeorological station of
the Agrometeorological Information Service of Sicily (SIAS).
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Figure 2. Climate characterization of Lentini.

In the study area of Lentini (SR), between 2002 and 2023, the average annual pre-
cipitation was approximately 572.6 mm, while monthly average air temperatures ranged
from 12.7 ◦C to 24.8 ◦C, with a mean of 18.3 ◦C. The mean relative humidity over the
same period was 66.1%, and the monthly average potential evapotranspiration was around
105.1 mm, peaking between April and October (Figure 2). These climatic conditions sug-
gest a moderately warm and semi-arid environment, which may impose water stress on
citrus orchards during the peak evapotranspiration months, highlighting the importance of
effective irrigation management.

The topsoil of Lentini’s citrus orchards, approximately 0.1 m thick, is uniform and
exhibits a sandy-loam texture comprising 69.7% sand, 10.5% clay, and 19.8% silt, with
a relatively low organic matter content of 1.25% [41]. The soil has a bulk density of
approximately 1.25 g·cm−3 [40,42], a field capacity of 0.28 m3·m−3, and a wilting point of
0.14 m3·m−3 [40], indicating moderate water retention and aeration conditions suitable for
citrus growth, although limited organic matter may constrain nutrient availability.

2.2. Experimental Data Processing

The InVEST model was applied in this study. First, spatial maps of land use and land
cover (LULC) were generated for the study area, including both current and projected
future scenarios. Second, carbon stocks were estimated for each LULC class, accounting for
both aboveground and belowground biomass. Third, the market price per ton of carbon and
the corresponding annual discount rate were determined to facilitate economic valuation.
Finally, the model was used to quantify the economic value of carbon sequestration in
abandoned citrus orchards in Lentini over 2018–2030, providing an integrated assessment
of the ecological and economic implications of land-use dynamics.

2.2.1. InVEST Model Data

The InVEST model aims to determine the economic value of ecosystem services [43]
and to provide GIS-based solutions for managing the multiple ecosystem services in-
cluded in its 19 modules [44]. In this study, the InVEST carbon storage and sequestration
model was applied (Figure 3). The model estimates the net carbon stored in a land parcel,
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the carbon sequestered over time, and the corresponding economic value of the service
provided [43,45]. It requires input data on carbon stocks in different pools (aboveground
and belowground biomass, soil organic matter, and dead organic matter) together with
current and projected LULC maps, enabling the estimation of both current carbon stocks
and sequestration over time [43]. Model outputs are presented in two sets, reflecting
biophysical and economic results, respectively [46].

Figure 3. Flowchart of the InVEST model.

The InVEST model calculates the amount of carbon on a space-time scale by
summing the values of the amounts of carbon in four carbon pools according to
Equation (1) [45,47,48]:

Cxjt = Axjt·
(

Caj + Cbj + Csj + Cdj

)
(1)

where

Cxjt: Amount of total carbon stored in parcel x of land use j at time t;
Axjt: Area of parcel x of land use j at time t;
Caj: Amount of aboveground carbon from land use j;
Cbj: Amount of belowground carbon from land use j;
Csj: Amount of carbon stored in soil from land use j;
Cdj: Amount of carbon in dead matter from land use j.

Carbon sequestration in the model is determined by the net change (presented in the
current and future LULC maps) in carbon storage in a specific parcel over time [45]. Carbon
sequestration (Sx) in parcel x is calculated using Equations (2) and (3) according to the
studies by Maanan et al. [48], Adelisardou et al. [45], and Kafy et al. [49].

Sx = CT2
t − Ct

T1 (2)

Ct =
x

∑
x=1

Cxjt (3)

where

T2 and T1(T2 > T1): Time in years;
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Ct: Total carbon stored in t in years;
Ct

T1 : Carbon stored in the current year T1;

CT2
t : Carbon stored in the future year T2.

2.2.2. Current and Future Maps of LULC

The LULC classification was obtained from the European CORINE (Coordination
of Information on the Environment) Land Cover (CLC) dataset, available at https://
land.copernicus.eu/en/products/corine-land-cover (accessed on 4 March 2025) for the
years 2006–2018. The LULC classes, based on the CLC classification, are described in
the CLC Nomenclature Guidelines Manual [50]. Using the CLC data, both current and
future LULC maps were generated for the study area. The current map represents LULC
conditions in 2018, whereas the future map depicts the proposed LULC scenario for 2030.
These maps were created using QGIS (version 3.34.6) and subsequently used as input
for the InVEST model (Workbench version 3.14.1). The maps provide spatially explicit
representations of land-use and land-cover classes, forming the basis for associating each
land unit with corresponding carbon stock values and for evaluating the biophysical and
economic impacts of land-use changes over time [50].

2.2.3. Carbon Stocks in Citrus Orchards and Abandoned Cultivated Land

The carbon storage data used as input parameters for the InVEST model are presented
in the biophysical table. This table reports carbon pool values for each land-use and land-
cover (LULC) class shown in the classification maps [46]. These values are derived either
from field-based experiments conducted within the land parcels under analysis or from
parameter values reported in the literature for comparable systems [47,48,51].

Carbon pool data (above- and belowground) for citrus orchards and abandoned areas
used to construct the biophysical table in the present study were obtained from field
measurements conducted in Sicily (aboveground biomass for citrus) and from the scientific
literature (belowground biomass for citrus and both above- and belowground biomass for
abandoned areas). Aboveground carbon concentration data for citrus were derived from
the study by Consoli et al. [52], who assessed the carbon balance in orange orchards in
Lentini, Sicily, while belowground carbon data for citrus were obtained from the study
by Sahoo et al. [53]. Both studies were based on field measurements of the same citrus
variety (Citrus sinensis L.). Accordingly, above- and belowground carbon stock estimates
for unused land were obtained from the literature following the studies by Liang et al. [54]
and Maanan et al. [48]. Carbon pool data (above- and belowground) for citrus orchards
and abandoned land uses are summarized in Table 1.

Table 1. Carbon pools of land-use types.

LULC Type Aboveground Carbon (Mg C ha−1) Belowground Carbon (Mg C ha−1) Literature

Citrus 6.5 * 1.46 ** [52] *
[53] **

Grassland 1.8 1.43 [54]
Unused land 3.5 - [48]

Aboveground and belowground carbon data for citrus were obtained from Consoli et al. [52] * and Sahoo
et al. [53] **, respectively.

The present study focused on the assessment of carbon storage in the living com-
ponents of citrus trees (aboveground and belowground biomass). This assumption is
adopted, as the exclusion of certain carbon pools does not affect the evaluation of changes
in aboveground and belowground carbon storage over time [35].
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Building on carbon stock data for citrus orchards and abandoned land, a set of alterna-
tive future scenarios was developed to capture plausible trajectories of carbon storage in
abandoned citrus orchards, as detailed in Section 2.2.4.

2.2.4. Carbon Storage Prospects Under Citrus Orchard Abandonment Scenarios

Projections of carbon storage following citrus orchard abandonment were derived from
the data reported in Table 1, which describe current aboveground and belowground carbon
stocks under baseline LULC conditions, as well as projected stocks for 2030 under future
LULC scenarios (G1–G3). In scenario G1, aboveground and belowground carbon stocks
were estimated at 3.5 Mg C ha−1 [48] and 1.46 Mg C ha−1 [53], respectively. For scenario
G2, aboveground carbon stocks remained consistent with G1, whereas belowground stocks
were estimated at 1.43 Mg C ha−1, following Liang et al. [54]. Scenario G3 was character-
ized by reduced aboveground carbon stocks (1.8 Mg C ha−1) and belowground stocks of
1.43 Mg C ha−1, as reported by Liang et al. [54].

The LULC scenarios (G1–G3) were developed by integrating evidence of the ongoing
citrus market crisis in the Mediterranean [13], widespread orchard abandonment doc-
umented in previous studies [12–16,19–23,26], projected reductions in irrigation water
availability [11], and the increasing frequency of extreme climate events under Mediter-
ranean climate change scenarios [26,28,30,55]. In addition, the scenarios account for plant
adaptive responses to drought stress, particularly the increased allocation of biomass to
belowground compartments [27].

Catalano et al. [11] demonstrated that declining irrigation water availability substan-
tially reduces the viability of citrus cultivation in Siracusa, the province encompassing the
study area. The projected scenario of citrus orchard abandonment in the Lentini study area
(the future LULC map) was established using the probabilistic decline in citrus cultivation
reported by Catalano et al. [11], as described in this section.

Scenarios G1, G2, and G3 represent alternative carbon storage assumptions for these
abandoned areas, explicitly capturing uncertainty and providing a range of plausible
above- and belowground carbon storage outcomes under orchard abandonment driven by
climate-induced water constraints.

2.2.5. Economic Variables

The InVEST model incorporates the social cost of sequestered carbon, the monetary
discount rate, and the annual variation in sequestered carbon prices as economic inputs [46].
The value of carbon sequestration for a given land parcel x (Value_seqx) was calculated
using Equation (4) [45,51]:

Value_seqx = V·(Sx/(q − p ))·∑q−p−1
t=0 1/((1 + r/100) t·(1 + c/100)t) (4)

where

V: Price of a ton of carbon;
Sx: Amount of carbon sequestered in plot x in tons;
q: Future year;
p: Current year;
r: Annual market discount rate on carbon price;
c: Annual rate of change in the price of carbon.

The economic evaluation in the InVEST model begins with the definition of the
variable V, which represents the carbon price [45]. This value corresponds to the mon-
etary unit (any currency) per metric ton of elemental carbon and is based on estimates
of the Social Cost of Carbon (SCC) [45,46]. The annual discount rate r reflects societal
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preferences for present versus future benefits and is defined according to cost–benefit
assessments of environmental projects, varying with site-specific ecological conditions and
management requirements [45–47].

The c rate denotes the annual variation in the carbon price and adjusts the value of
sequestered carbon over time to reflect changes in the expected economic damages of
climate change driven by emissions [45,46].

In light of the high global variability in carbon prices, driven by the absence of a
standardized or consensual methodology for their estimation [56] and the considerable
uncertainties surrounding the potential trajectories of emission trading markets and their
underlying drivers [57], this study adopted three carbon price levels (EUR 25, EUR 71, and
EUR 110) to represent distinct economic analysis scenarios. In the optimistic scenario, a
value of EUR 25 per metric ton of carbon was considered, in accordance with the study
by Johansson et al. [58], reflecting prices currently applied in the sale of carbon credits by
some agricultural-sector companies in Europe.

As the price of agricultural emissions has not yet been formally established [59,60],
the intermediate scenario adopted a carbon price of EUR 71 per metric ton, as projected
by the European Union and scheduled for implementation under the Second Emissions
Trading System (EU ETS 2) in 2030, with the objective of limiting emissions from the
buildings, road transport, and small industrial sectors not covered by the existing
European Union Emissions Trading System [57]. Finally, a carbon price of EUR 110 per
metric ton was adopted based on the study by Adelisardou et al. [45], who identified
projected spatio-temporal changes in carbon storage and sequestration in arid ecosystems
by 2046. A uniform discount rate, r, of 7% was applied across all scenarios, and no annual
variation in the carbon price, c, was assumed. Both parameters were defined according
to the study by Adelisardou et al. [45]. InVEST simulations were performed for the
2018–2030 period.

2.2.6. Simulations of the InVEST Model and Economic Valuation of Carbon Sequestration

To quantify changes in carbon sequestration and its economic value over time, InVEST
simulations were performed for scenarios G1–G3 using identical land-use and land-cover
(LULC) maps for 2018 and 2030. Uniform economic parameters (r and c) and carbon prices
(EUR 25, EUR 71, and EUR 110 per metric ton for 2030) were applied across all scenarios.
Scenario-specific above- and belowground carbon stocks are reported in Section 2.2.4,
and economic assumptions are shown in Section 2.2.5. Model outputs were subsequently
subjected to economic valuation.

For the economic assessment, areas corresponding to one hectare (as reported by
the InVEST outputs), microfarms (~3 ha), and 50% and 75% of the projected abandoned
citrus area (~706 ha) were evaluated. The partial-area assumptions were adopted be-
cause the CLC, fruit trees, and the berry plantation class (222) may include non-citrus
crops; thus, not all mapped areas necessarily represent abandoned citrus orchards.
These proportions allowed the estimation of economic impacts under varying degrees
of citrus abandonment.

3. Results
3.1. Characterization of LULC from 2006 to 2018

Figure 4 presents the CLC-based LULC maps for the Lentini study area in 2006 and
2018. Between these years, both gains and losses were observed across LULC classes.
The dominant changes included a loss of 1175 ha of natural grasslands (321) and a gain
of 1091 ha of sparsely vegetated areas (333). Map analysis indicated that portions of the
grassland losses were converted into sparsely vegetated areas (333) and fruit tree and berry
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plantations (222). Results from Figure 4 and Table 2 show a net increase of 47 ha in the fruit
tree and berry plantation class (222) in Lentini between 2006 and 2018, primarily driven
by conversions from natural grasslands (321) and non-irrigated arable land (211). Over
the same period, vineyards (221) expanded by 89 ha, largely through the conversion of
non-irrigated arable land into vineyards.

Figure 4. CORINE land cover classification map for the past (2006) and current (2018) for the Lentini
study area.

Table 2. Land-use changes from 2006 to 2018 according to the CLC classification for the Lentini study
area (Sicily, Italy).

Class Description
Area of Hectare Classes

2006 2018 Changes (2006–2018)

211 Non-irrigated arable land 6352 6285 −67
221 Vineyards 64 153 +89
222 Fruit trees and berry plantations 10,315 10,362 +47
321 Natural grasslands 1485 310 −1175
333 Sparsely vegetated areas 0 1.091 +1.091

“+” denotes a gain in area, whereas “−” denotes a loss in area.

3.2. The LULC Perspective for Lentini

Figure 5 shows the projected LULC scenario for Lentini, in which areas currently
classified as fruit tree and berry plantations (class 222) transition to shrublands (class 324)
following abandonment. The projection indicates a loss of ~706 ha of citrus orchards until
the year 2030, corresponding to ~7% of the current fruit tree cover (~10,362 ha).

The area selected (highlighted in red) to construct the citrus orchard abandonment
scenario in Lentini was primarily based on the results by Catalano et al. [11], who indicate
a probabilistic decline in citrus cultivation across the Syracuse (Lentini) region, including
the area shown in Figure 5. Further justification is provided in Section 2.2.4.

Given that citrus is the dominant crop in the region [11], the projected loss of 706 ha
in class 222 represents a substantial contraction of the citrus cultivation area in Lentini.
Considering the fragmented microfarm system, with an average holding of ~3 ha [12,18],
this level of abandonment corresponds to approximately 235 affected microfarms in the
study area.

https://doi.org/10.3390/land15020241
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Figure 5. Land-use change scenario for Lentini.

3.3. Carbon Storage Under the LULC Perspective

Table 3 summarizes InVEST carbon storage simulations, reporting net changes in
carbon sequestration and associated economic values. InVEST model outputs are expressed
as carbon stock (Mg C pixel−1) and monetary value (ha−1 yr−1).

Table 3. Changes in carbon storage (2018–2030).

Scenario LULC Change
Total Stored Carbon (Mg C ha−1)

Current Future

G1
From citrus to
unused land 7.96

4.96
G2 4.93
G3 3.23

Average 4.37

Results in Table 3 show that existing citrus orchards in the study area (Figure 5)
store approximately 7.96 Mg C ha−1 yr−1, comprising 6.50 Mg C ha−1 in aboveground
biomass [52] and 1.46 Mg C ha−1 in belowground biomass [53]. Across the abandon-
ment scenarios simulated with InVEST, total carbon storage declined to 4.96, 4.93, and
3.23 Mg C ha−1 for G1, G2, and G3, respectively. Compared to current conditions, orchard
abandonment resulted in an average reduction of ~4.37 Mg C ha−1 in carbon stocks, in-
dicating a negative carbon storage trajectory consistent with the declining sequestration
patterns shown in Figure 6.

Using Equation (2), carbon sequestration over the reference period (2018–2030) was
quantified. Model results indicate net reductions in sequestration of −3.00, −3.03, and
−4.73 Mg C ha−1 for scenarios G1, G2, and G3, respectively (Figure 6). On average, the
observed 4.37 Mg C ha−1 decline in carbon stocks corresponded to a sequestration loss of
approximately −3.59 Mg C ha−1 over the study period (Figure 6)

3.4. Economic Valuation of Carbon Sequestration

The economic assessment reveals negative trade-offs (economic losses) across all scenario
groups simulated using the InVEST model. These losses are associated with a reduction in
ecosystem service provision, particularly carbon sequestration by abandoned citrus orchards.
The associated economic impacts under future land abandonment scenarios are presented
in Table 4 and Figure 7 and are expressed as euros per unit area of citrus land. The results
reveal economic losses across all scenario groups (G1, G2, and G3) and for all spatial scales

https://doi.org/10.3390/land15020241

https://doi.org/10.3390/land15020241


Land 2026, 15, 241 11 of 20

considered (hectare, microfarm, 50%, and 75%, respectively). Economic assessments related to
this loss of carbon sequestration indicate substantial financial impacts.

 

Figure 6. Carbon sequestration over time (2018–2030).

Table 4. Assessment of the economic impact of carbon sequestration in Euros (EUR) per abandoned
citrus orchard area (hectare and microfarm).

Carbon Price (EUR)
Scenario (EUR/ha) Average Across Scenarios

G1 G2 G3 (EUR/ha) (EUR/Microfarm)

25 −74.7 −75.5 −117.8 −89.3 −268.0
71 −212.2 −214.3 −334.5 −253.7 −761.0
110 −328.7 −332.0 −518.3 −393.0 −1179.1

 

Figure 7. Economic analysis of carbon sequestration averaged across scenarios in Euros per percentage
of the total abandoned citrus area (706 ha).
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Table 4 presents the assessment of the economic impact of carbon sequestration,
expressed in euros (EUR), per unit area of abandoned citrus orchards, corresponding to
one hectare (as defined by the InVEST model output) and per microfarm (approximately
3 hectares), based on the future scenario projections shown in Figure 5.

Economic losses associated with the reduction in the carbon sequestration ecosystem
service differed among scenarios G1, G2, and G3 depending on the carbon price applied
to abandoned citrus areas. The highest carbon price (EUR 110) produced the largest
losses, amounting to −328.7, −332.0, and −518.3 EUR ha−1 for scenarios G1, G2, and G3,
respectively. The lowest price (EUR 25), resulted in the smallest losses, with values of −74.7,
−75.5, and −117.8 EUR ha−1. The average carbon price (EUR 71) led to intermediate losses
of −212.2; −214.3 and −334.5 EUR ha−1 across scenarios G1, G2, and G3, respectively.

The use of different Social-Cost-of-Carbon (SCC) values per metric ton of carbon (2030
reference year) to represent distinct economic analysis scenarios while assuming a uniform
discount rate (r) of 7% and no annual variation in the carbon price (c) across scenarios
resulted in average economic losses of −89.3, −253.7, and −393.0 EUR ha−1 for SCC values
of EUR 25, EUR 71, and EUR 110, respectively.

Considering the average across scenarios G1, G2, and G3 and the application of SCC
values of EUR 25, EUR 71, and EUR 110 in the InVEST model’s simulations, the estimated
average economic losses amounted to −268.0, −761.0, and −1179.1 EUR per microfarm,
respectively. These results indicate that greater economic losses in the carbon sequestration
ecosystem service were observed in larger areas of abandoned citrus orchards (Table 4).

Figure 7 illustrates the economic analysis of carbon sequestration based on the average
across scenarios, expressed in Euros per proportions of 50% and 75% of the total aban-
doned citrus area (approximately 706 ha). The results indicate that, if the phenomenon of
agricultural land abandonment reaches proportions equivalent to 50% and 75% of the area
currently occupied by citrus orchards in the Lentini region, substantial economic losses
may occur in carbon sequestration ecosystem services.

The economic analysis of carbon sequestration, based on the average of scenarios G1,
G2, and G3 in the present study and presented in Figure 7, reveals that the higher the
carbon price (Social Cost of Carbon, SCC), the greater the economic loss resulting from
citrus orchard abandonment. These economic losses are exacerbated as the abandoned area
increases, as observed when abandonment reached 75% of the total area.

Carbon prices of EUR 25, EUR 71, and EUR 110 generated carbon sequestration
economic losses of −0.5, −1.3, and −2.1 × 105 EUR ha−1, respectively, for 75% of the
abandoned citrus area. In contrast, abandonment of 50% of the citrus area resulted in
carbon sequestration economic losses of −0.3, −0.9, and −1.4 × 105 EUR ha−1, respectively,
for the same SCC values.

Figure 7 also shows the average economic impact of carbon sequestration under severe
abandonment scenarios, affecting 50% (≈118 microfarm) and 75% (≈177 microfarm) of
the total area, where estimated losses for carbon sequestration were −0.9 × 105 EUR ha−1

and −1.3 × 105 EUR ha−1, respectively, highlighting a substantial reduction in ecosystem
services in the Lentine region by 2030.

4. Discussion
Agricultural land abandonment entails significant trade-offs across environmental

and socioecological dimensions. Although it is often regarded as a low-cost strategy for
enhancing carbon sequestration and mitigating anthropogenic CO2 emissions [5], the
recovery of soil carbon stocks is typically slow and may require more than a century to
approach pre-abandonment levels [33]. At the same time, land abandonment can exacerbate
vulnerability to natural hazards, including soil erosion, landslides [6,32], and wildfires [61],
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while also undermining traditional agricultural systems and the historical, cultural, and
esthetic values of agricultural landscapes [8]. These findings highlight that the potential
climate benefits of land abandonment must be carefully weighed against its environmental
risks and socio-cultural costs.

In the European Union, for example, the abandonment of agricultural land has not
been successful, as only negligible reductions in agricultural emissions have been observed,
mainly due to the ineffectiveness of the current policy instruments aimed at reducing these
emissions [60], within a context in which carbon farming has been one of the strategies
adopted to achieve climate decarbonization [58]. In light of these factors, this study
focused on assessing the negative impacts of citrus orchard abandonment in Lentini, Sicily,
particularly its contribution to the reduction in the carbon sequestration ecosystem service
due to declines in woody biomass following orchard abandonment.

Despite a notable increase of approximately +47 hectares in fruit tree and berry plan-
tations (222 class) between 2006 and 2018 in Lentini (Table 2 and Figure 4), declining
citrus prices [20] and the occurrence of extreme events, such as droughts [30] and high
temperatures [24,25] driven by climate change in the Mediterranean basin, have likely hin-
dered citrus production and contributed to orchard abandonment. The size of aboveground
and belowground carbon pools in abandoned citrus orchards will depend on the succes-
sional changes that occur during the abandonment period. Abandoned agricultural lands
have experienced changes that can lead to the emergence of different types of secondary
vegetation, including grasslands [62].

Following the abandonment of citrus orchards, structural changes in the remaining
trees can also be expected. Estornell et al. [22], in a study on biomass estimation of aban-
doned orange trees, reported that citrus trees under abandonment conditions experience
changes in canopy geometry and biomass, which in turn influence the orchard’s carbon
balance. Future LULC trajectories presented in this research (Table 3) suggest a significant
reduction in carbon storage, down to 4.96 Mg C ha−1 (G1), 4.93 Mg C ha−1 (G2), and
3.23 Mg C ha−1 (G3), representing losses of up to 40% (G1 and G2) and 60% (G3) compared
to present levels (7.96 Mg C ha−1). The results indicate a negative outlook for carbon
storage as a result of orchard abandonment, with an average reduction of 4.37 Mg C ha−1

in plant carbon stock (Table 3).
The outlook on carbon storage in the scenarios (G1, G3 and G3) was developed

from the perspective that agricultural land abandonment is a highly complex and non-
linear phenomenon. It also involves factors such as the duration of abandonment, climatic
conditions, topography, and soil characteristics and has impacts across multiple dimensions,
including biodiversity [3,8,63]. In this context, abandoned agricultural lands can store
varying amounts of carbon in both aboveground and belowground carbon pools [45,48,54].

The decrease in total biomass obtained in our scenarios (to 4.96, 4.93, and 3.23 Mg C ha−1

for G1, G2, and G3 by 2030) could be partly attributed to extreme drought events projected
for the Mediterranean Basin [30]. Such extreme droughts are expected to reduce carbon
sequestration during their occurrence, potentially leading to a 39–53% decline in the
ecosystem’s annual net carbon sink [64]. Under drought conditions, plants tend to allocate
a greater proportion of belowground biomass [27], which explains the persistence of
belowground carbon allocation across all scenarios of this study despite substantial declines
in aboveground biomass in these scenarios.

The carbon allocation presented in the future scenarios (G1, G2, and G3) primarily
reflects the complexity of dealing with the abandonment of agricultural land in a climate
with trends toward desertification driven by climate change. Considering the irregularity
of precipitation patterns and extreme events such as droughts and heatwaves, which have
become frequent in arid and semi-arid climate regions [8,65,66], and since, in Mediterranean
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region ecosystems, projections indicate that climate change will increase the occurrence and
intensity of meteorological droughts, with extreme drought events occurring 5 to 10 times
more frequently compared to the current period [30], this may justify the reduction in total
carbon storage in the future scenarios.

The intensification of meteorological droughts conditioned by future global warming
could transform terrestrial ecosystems from carbon sinks into carbon sources [67]. Under
drought conditions, a decline in the rate of carbon uptake by agricultural crops can be ob-
served, which will influence the total accumulation of carbon stored in plant biomass. Since
the carbon absorbed by plants is stored in different photosynthetic or non-photosynthetic
parts of the plants, such as trunks, branches, leaves, and roots [68], which constitute the
aboveground and belowground biomass [46], a reduction in carbon absorption will result
in a decrease in carbon allocation to both the aboveground and belowground components
of the plant, which reflects the total amount of carbon stored by the plant (Equation (1)).

Since the carbon cycle is also a function of biomass density and its variations [69], such
as fallen branches and citrus fruits, the potential death of citrus trees due to infestation by
the Asian citrus psyllid in abandoned orchards [34], or even harsh environmental conditions
such as heatwaves and drought [64] and elevated temperatures [25], which are common in
the region where the orchards were abandoned, may contribute to both the release of soil
carbon into the atmosphere and a decrease in atmospheric carbon sequestration, factors
that can significantly affect the overall carbon balance.

Beyond estimating the net amount of carbon stored in a land parcel, the InVEST model
quantifies the amount of carbon sequestered over time and the economic value of the
ecosystem service provided [43,45]. Since carbon sequestration in the InVEST model is
determined by the difference in carbon storage according to the types of LULCs present
in the current and future LULC classification maps (Equation (2)) at a given time [45], the
results regarding carbon sequestration by citrus undergoing the abandonment process
showed negative values (Figure 6). The negative sign of the model outputs across all
simulation groups indicates a substantial reduction in carbon sequestration during the
citrus abandonment period (2018–2030), according to the LULC perspective adopted in this
study. This result reflects carbon storage losses and consequent atmospheric release, as
evidenced by the negative InVEST values representing carbon loss (Mg per pixel) [45,46].

The results indicate that citrus trees currently store approximately 7.96 Mg C ha−1 per
year (Table 3). Values corresponding to 7.69 Mg C ha−1 of the total biomass carbon were
determined by Sahoo et al. [53] in their study on the estimation and assessment of biomass
and carbon stock in the orange orchard ecosystem. The LULC presented in this study
(Figure 5) resulted in losses of −3.0; −3.03 and −4.73 Mg C ha−1 in carbon sequestered in
the citrus agroecosystem for all groups (G1, G2, and G3, respectively), corresponding to
an average loss in the future scenario of approximately −3.59 Mg C ha−1 over the period
2018–2030 (Figure 6) and reinforcing the negative implications of orchard abandonment for
long-term carbon dynamics.

LULC change is responsible for the increase in greenhouse gases and aerosols in
the atmosphere [70]. The study by Cheng et al. [71] indicates that 25% of the historical
increase in atmospheric carbon dioxide concentration is due to LULC change, highlighting
the significant impact of LULC on the global carbon cycle. The InVEST model simulation
results presented in this study indicate a compromise of the carbon sequestration ecosystem
service provided by planted ecosystems, such as citrus orchards, which are considered
efficient atmospheric CO2 sinks [53,68].

The reduction in carbon sequestration over time has economic implications, leading to
a decrease in the social cost over time [45]. Since the economic assessment of the InVEST
model is based on estimating the economic value of the amount of carbon sequestered,
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considering economic variables such as V, r, and c [43,46] over time, the reduction in carbon
sequestration had implications for generating negative trade-offs. The economic assessment
shown in Table 4 and Figure 7 is based on three carbon price values (EUR 25, EUR 71, and
EUR 110 per metric ton for 2030) and a uniform r rate (7%), assuming no c rate across
scenarios G1, G2, and G3. In light of the prevailing uncertainty and variability in carbon
pricing within the carbon market [56,58,72], this study considers three alternative carbon
price scenarios to capture potential fluctuations.

Economic losses associated with carbon sequestration in scenarios G1 and G3 ranged
from −74.7 to −117.8 EUR ha−1 at a carbon price of EUR 25, from −212.2 to −334.5 EUR ha−1

at EUR 71, and from −328.7 to −518.3 EUR ha−1 at EUR 110 per metric ton of carbon,
respectively. The values obtained from the economic assessment of carbon sequestration
for the intermediate scenario (G2; −75.5, −214.3, and −332.0 EUR ha−1 at EUR 25, EUR 71,
and EUR 110, respectively) fall within the ranges observed between scenarios G1 and G3.

Considering the results of the InVEST simulations across all scenarios (G1, G2, and G3)
and calculating the average economic values for areas equivalent to one hectare and to a
microfarm, average economic losses of −89.3, −253.7, and −393.0 euros (EUR) per hectare
were obtained for social carbon prices of EUR 25, EUR 71, and EUR 110, respectively, and
of −268.0, −761.0, and −1179.1 euros (EUR) per microfarm for the same SCC values.

The economic assessment results indicate that carbon sequestration losses increased
with the extent of abandoned citrus orchard areas. The results indicate that agricultural
land abandonment in the Lentini region could lead to substantial economic losses in carbon
sequestration, particularly under more severe scenarios where 50–75% of citrus orchards
are abandoned. Economic losses increase with both the carbon price and the extent of
abandonment, reaching −0.5, −1.3, and −2.1 × 105 EUR ha−1 for 75% abandonment and
−0.3, −0.9, and −1.4 × 105 EUR ha−1 for 50% abandonment at carbon price values of
EUR 25, EUR 71, and EUR 110, respectively.

Figure 7 indicates that severe land abandonment affecting 50% (≈118 microfarm) and
75% (≈177 microfarm) of the total area would result in average economic losses in carbon
sequestration of −0.9 × 105 EUR ha−1 and −1.3 × 105 EUR ha−1, respectively. These
findings highlight the increasing vulnerability of carbon-related ecosystem services in the
Lentine region by 2030 and suggest that large-scale abandonment may undermine the
effectiveness of carbon-oriented land management strategies. These estimates align with
prior research using InVEST in Mediterranean and semi-arid contexts, where land-use
changes such as agricultural abandonment or deforestation have been shown to result in
economic losses ranging from −EUR 100 to over −EUR 500 per hectare, depending on
biomass density and carbon pricing assumptions [44,46,73].

These values fall within the upper range reported by Mukhopadhyay et al. [44], who
estimated carbon-related economic losses exceeding EUR 200,000.0 for comparable land-
use changes in high-biomass agroecosystems. Such projections underscore the economic
vulnerability of regional agroeconomies in the absence of carbon compensation mechanisms
and emphasize the need for policy frameworks that recognize the climate regulation
services provided by maintained agricultural systems.

The economic assessment of carbon sequestration in the study by Adelisardou
et al. [45] ranged from USD −470.41 ha−1 yr−1 to USD 27.72 ha−1 yr−1. These varia-
tions may arise from uncertainties in carbon pricing, differences in emission trajectories
reflecting societal preferences for climate change mitigation [45], and the spatial scale of
the LULC maps used in the InVEST model’s simulations. According to Maanan et al. [48],
valuing carbon sequestration as a climate regulation service based on LULC change analysis
is crucial, as it informs climate policy decision-making by integrating carbon quantification
with land-use planning for sustainable development.
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The InVEST model results indicate that future reductions in carbon storage due to
citrus abandonment in Lentini have economic implications, as decreased carbon seques-
tration leads to potential emissions that would otherwise be stored as biomass. Designed
to support natural resource management [46,51] by quantifying the economic value of
ecosystem services [44,46], the InVEST model highlights the importance of conserving key
ecosystem services, such as carbon sequestration, particularly in the context of efforts to
mitigate anthropogenic carbon emissions and climate change [74]. Although the InVEST
model does not include the complexity of the carbon cycle’s dynamics, it is an excellent tool
that can aid in natural resource management and provide ecosystem services to society [46].

This study suggests that preserving citrus orchards is crucial for avoiding their transi-
tion into net carbon sources. Considering the potential social and economic costs of con-
servation, particularly in Sicily and the broader Mediterranean region, policy frameworks
may need to incorporate compensation mechanisms to ensure that orchard protection does
not impose disproportionate burdens on farmers. Such compensation appears to be closely
linked to emission trading policies in the agricultural sector under the European Emissions
Trading System, which has been widely regarded as ineffective to date [60], despite agricul-
ture being identified by the European Union as a key pathway for emissions offsetting [75].

There is an urgent need for coordinated efforts to ensure the long-term maintenance
of planted ecosystems, such as citrus orchards, as they play a dual role in providing
essential ecosystem services, particularly atmospheric carbon sequestration [53,68], while
also sustaining food production systems [76]. Based on the results, this study identifies key
directions for future research. InVEST model simulations should incorporate above- and
belowground biomass of abandoned citrus orchards at different developmental stages, as
well as dead biomass and soil organic matter. Additionally, multiple simulation scenarios
considering both varying carbon prices and other critical economic variables are essential
to capture the carbon market’s dynamics and volatility.

5. Conclusions
This study contributes to the growing body of research on the environmental and

economic consequences of agricultural land abandonment by providing an integrated
assessment of carbon storage losses and associated financial impacts in a semi-arid Mediter-
ranean context. By employing the InVEST model to simulate future land-use changes,
this study quantifies the economic value of carbon sequestration associated with the
abandonment of citrus orchards. This dual approach provides policymakers and land
managers with valuable insights by linking ecosystem service degradation to regional
economic vulnerability.

InVEST simulations show that citrus orchard abandonment leads to a consistent de-
cline in carbon storage, reducing stocks from about 7.96 Mg C ha−1 to 3.23–4.96 Mg C ha−1.
Overall, this represents an average loss of approximately 4.4 Mg C ha−1 and a mean carbon
sequestration reduction of −3.6 Mg C ha−1 between 2018 and 2030. This shift signals the
potential for reduced carbon sequestration and increased atmospheric emissions, particu-
larly if abandoned lands fail to regenerate woody vegetation. These outcomes underscore
the importance of land-use continuity in maintaining carbon reservoirs in Mediterranean
agroecosystems. Economic assessments associated with this loss of carbon sequestration
indicate significant financial impacts.

The InVEST simulations across all scenarios (G1, G2, and G3) indicate average eco-
nomic losses ranging from −89.3 to −393.0 EUR ha−1 and from −268.0 to −1179.1 EUR
per microfarm as social carbon prices increase from EUR 25 to EUR 110, highlighting the
sensitivity of economic outcomes to carbon price assumptions. Overall, the findings demon-
strate that severe orchard abandonment, affecting up to 50% (≈118 microfarm) and 75%
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(≈177 microfarm) of the total area, would generate substantial economic losses in carbon
sequestration (−0.9 × 105 EUR ha−1 and −1.3 × 105 EUR ha−1, respectively), ultimately
undermining the long-term provision of ecosystem services in the Lentine region by 2030.
Economic losses from reduced carbon sequestration varied across scenarios G1–G3 and
were strongly driven by carbon price levels, with higher prices (EUR 110) producing the
greatest losses and lower prices (EUR 25) producing the smallest ones. Across all price
assumptions, scenario G3 incurred the highest losses, while scenario G1 had the lowest,
and scenario G2 showed intermediate impacts.

This study provides critical insights into the consequences of agricultural cessation
increasingly observed in traditional Mediterranean agroecosystems, such as citrus orchards.
The findings indicate that orchard abandonment reduces carbon sequestration capacity,
leading to economic losses for farmers and compromising a vital ecosystem service for
climate change mitigation. These findings underscore the need for policies that discourage
agricultural land abandonment and for effective carbon market regulation to support com-
pensation mechanisms aimed at preserving vegetation-based carbon sequestration services.
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