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Abstract: Mediterranean coastal areas are among the most threated forest ecosystems in the northern
hemisphere due to concurrent biotic and abiotic stresses. These may affect plants functionality and,
consequently, their capacity to provide ecosystem services. In this study, we integrated ground-level
and satellite-level measurements to estimate the capacity of a 46.3 km2 Estate to sequestrate air
pollutants from the atmosphere, transported to the study site from the city of Rome. By means
of a multi-layer canopy model, we also evaluated forest capacity to provide regulatory ecosystem
services. Due to a significant loss in forest cover, estimated by satellite data as −6.8% between
2014 and 2020, we found that the carbon sink capacity decreased by 34% during the considered
period. Furthermore, pollutant deposition on tree crowns has reduced by 39%, 46% and 35% for
PM, NO2 and O3, respectively. Our results highlight the importance of developing an integrated
approach combining ground measurements, modelling and satellite data to link air quality and plant
functionality as key elements to improve the effectiveness of estimate of ecosystem services.

Keywords: ecosystem services; air pollution removal; carbon sequestration

1. Introduction

The provisioning of ecosystem services (ES) by urban and peri-urban forests has
direct effect on the social, economic and environmental benefits. Regulating ecosystem
Services (RES) represent the benefits to mankind deriving from the regulation of ecosystem
processes [1]. The role of forests as nature-based solutions to mitigate the effects of climate
change has been largely discussed [2], becoming a fundamental part of the proposal
formulated at international level during important summits as the G20 (Rome) and COP26
(Glasgow) that fix the ambitious goals of planting 1 trillion trees (Rome G20) and stop
deforestation (COP26 Glasgow) by 2030.

Estimating the contribution of “process-driven” RES such as air quality improve-
ment, water purification, and climate regulation to human well-being is typically made
by models [3], often challenged by a lack of input data, especially for estimations at broad
scales [4].

Canopy models help unravel the factors that influence the response of the forest
ecosystems in different environmental conditions by testing scenarios [5] or evaluating
the impact of different stressors [6]. Such models need climatic and ecophysiological
inputs that are often unavailable, and direct measurements needs to be performed to obtain
reliable estimates [7]. Meteorological and air quality data for big cities are often available at
hourly to daily resolution [8–10], and when missing (rural areas), high-resolution gridded
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datasets can be used when proper spatial and temporal resolutions are available [11,12].
Better estimation of the biosphere–atmosphere interactions has been observed by multi-
layer canopy models [13]. These models are more complex than single-layers (or big-
leaf models) and often require species-specific ecophysiological parameters to properly
estimate plant’s capacity to provide RES [14]. Stomatal conductance is a key parameter not
only for carbon assimilation but also to estimate the uptake of pollutants as tropospheric
ozone (O3), nitrogen dioxide (NO2) and sulphur dioxide (SO2) [15,16]. Therefore, stomatal
regulation processes need to be estimated accurately. This is particularly relevant for the
Mediterranean region, where dry deposition is the dominant pathway [17] and stomatal
conductance is limited by stressors such as drought and ozone exposure [18,19]. On
one hand, coupled photosynthesis–stomatal conductance (A-gs) models such the semi-
empirical model proposed by Ball, Woodrow & Berry (BWB) [20], or the theoretical optimal
stomatal behavior models proposed by Medlyn et al. [21] and by Katul et al. [22] are best
indicated for simulating leaf-level gas exchanges [23]; on the other hand, these models
require physiological parameters such as carboxylation velocity (Vcmax) and light use
efficiency (Jmax) not always available in literature. To overcome this issue, direct field
measurements are often required [10,14]. In addition, such complex models need biometric
parameters to characterize the trees’ structure or the total leaf area, which is a key parameter
to upscaling fluxes at the canopy level [10]. Structural features determination requires
an extensive campaigns effort that are difficult to realize at metropolitan scale. However,
plant-trait databases and satellite-derived vegetation indices are effective means to derive
at large spatial scale those essential information [24,25]. Indeed, vegetation indicators of
key structural parameters such as the leaf area index (LAI, m2 m−2) and canopy cover (%)
were available from 2014, thanks to the monitoring activity of the Proba-V satellite [24].
The provisioning of RES is not costless for forests since air pollution represents a threat
for vegetation as well. For instance, ozone damage can cause up to 10% of carbon loss in
Mediterranean forest ecosystems [26,27].

In this work, we first highlighted reduction and gaps in percent canopy cover between
three years of study (2014, 2019 and 2020) in the Presidential Estate of Castelporziano
(Metropolitan Area of Rome), a vulnerable natural forest area elected as test site. The
three years of study are characterized by different pluviometric regimes, ranging from
a well-known wet year [28–30] to increasingly drier years in 2019 and 2020. Concerning
pollutants exposure, 2020 differed from previous years since the Sars-CoV-2 lockdown
status [31–35] produced a drastic decrease in emissions from road traffic. Concerning biotic
stress, probably to limit the expansion of the infestation by Tomicus destruens and Toumayella
parvicornis, several thinning campaigns were carried out within the Estate between 2017
and 2019 [36,37]. Therefore, a comparison between 2019 and 2020 may reveal the impact of
altered anthropogenic emissions on the ecosystems RES provisioning capacity, and a com-
parison between 2014 and 2019–2020 may reveal the impact of both pathogenic infestation
and management practices to limit its expansion. In a second step, we estimated the se-
questration of carbon and air pollutants by means of the Aggregated InteRpreTation of the
eneRgy balance and water dynamics for Ecosystem Services assessment (AIRTREE) multi-
layer canopy model [14] parameterized with leaf-level measurements, satellite-derived
structural data and georeferenced maps of vegetation.

Our goal was to answer the following scientific questions: (1) How much changes
in environmental conditions affect forests’ health status? (2) Do such changes have an
impact on RES provisioning? The obtained results can help disentangle the processes that
may have caused over the last three decades significant and diffuse decline in forest health
conditions and natural renewal capacity.

2. Materials and Methods
2.1. Study Area

The Presidential Estate of Castelporziano is a natural reserve of about 60 km2 (of
which 85% are natural forests), 25 km away from the south-southwest area of Rome on the
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Tyrrhenian Sea coast. The Estate represents a hotspot for biodiversity in the Mediterranean
area, which hosts more than 1000 plant species [38,39].

Oak forests and mixed deciduous broad-leaved woods predominate, occupying
23.6 km2 (40% of the woods), a surface higher than the evergreen oaks, and are represented
by holm oaks (4.3 km2) and cork oaks (2.4 km2), by pine forests (9.1 km2) and by Mediter-
ranean maquis favored by anthropic land use changes in past centuries [40]. The most
significant aspect that makes Castelporziano a territory now unique in the Mediterranean
Basin is given by the presence of a specific and therefore very high genetic biodiversity,
with 5037 species recorded, representing an exceptional wealth of flora and fauna on an
area of just 60 square kilometers [41], (Figure 1).
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Figure 1. Vegetation map of the presidential Estate of Castelporziano, colored contours represent
homogeneous vegetation, each color represent one Land Cover Type (LCT).

However, this valuable Green Infrastructure being located in the Metropolitan area of
Rome is subjected to wide types of stressors, both natural and anthropogenic [42,43]. The
intense urban sprawls nearby the Estate have caused an overexploitation of the water table
and enhanced the seawater intrusion that exacerbate the natural drought that typically
occurs during the summer. Moreover, high concentrations of pollutants that are transported
over Castelporziano from the city center of Rome have been recorded. Indeed, the Estate
receives plumes of air masses all day long from the sea and from the city of Rome because
of the wind circulation, that follows a sea–land breeze regime, the dominant wind direction
is S–SW during the morning and N–NE during the afternoon. The site can experience high
summer levels of tropospheric ozone up to 90 ppb [44]. Soil presents a flat topography,
and it can be divided in two main soil types (Figure S1): the coastal area, characterized
by a sandy texture (77% sand, 14% silt, 9% clay) and low water-holding capacity, and
the inland area, with a loamy-sandy soil type (47% sand, 29% silt, 24% clay), as shown
in Figure S1 [45]. The study area is characterized by the typical Mediterranean climate,
with pronounced seasonality. Summers are hot and dry, and winters are moderately cold.
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Precipitations occur prevalently during winter, spring and autumn. Annual precipitation
up to 1019 ± 105.5, 854 ± 130.8 and 507 ± 95.6 mm y−1 was observed in the 3 years of study
in 2014, 2019 and 2020, respectively, considering averaged values for all the meteorological
stations in the Estate. During the three years of study, mean annual temperature was of
16 ◦C with seasonal peaks in summer 2019 (Figure S2).

2.2. The AIRTREE Model

The Aggregated Interpretation of the Energy balance and water dynamics for Ecosys-
tem services assessment (AIRTREE) model [14] is a one-dimensional multi-layer model
that couples soil, plant and atmospheric processes to predict exchanges of CO2, water,
ozone and particulate matter (PM) between leaves and the atmosphere and integrates them
through five layers to obtain fluxes at the canopy level. The model allows to estimate stom-
atal conductance (gs) and photosynthesis (A) through the Farquhar–Von Caemmerer–Berry
model of photosynthesis (FvCB model) and the Ball, Woodrow and Berry stomatal conduc-
tance (BWB) model at different levels from the top to the bottom of the canopy [46]. The
model accounts for oxidative limitations (i.e., drought and ozone stress) to gas exchanges
(A and gs) through linear functions of soil water content [47] and stomatal ozone [48–50].

In this study NO2, SO2 and CO fluxes were calculated as:

F = Vd · C · 1800 (1)

where F is the pollutant flux (µmol m2 s−1), Vd is the deposition velocity (m s−1) and air
pollutant concentration (µmol m−3).

Vd was estimated through a resistance scheme [51,52]:

Vd =
1

Ra + Rb + Rc
(2)

where Ra is the atmospheric resistance (see Fares et al. [14] for details), Rb is the boundary
layer resistances (s m−1) calculated according Pederson et al. [53] and Rc is the canopy
resistance calculated according to Bidwell & Fraser [54] as:

Rb = 2(Sc)
2
3 · (Pr)−

2
3 · (ku)−1 (3)

1
Rc

=
1

rs + rm
+

1
rsoil

+
1
rt

(4)

where Sc is the Schmidt number, Pr is the Prandtl number (0.72), k is the von Karman
constant (0.41), u is wind speed (m s−1), rs (s m−1) is the inverse of gs, the formulation
of which is extensively described in Fares et al. [14]. Soil resistance rsoil (s m−1) was set
equal to 2941 and 2000 (m s−1) during vegetative and non-vegetative periods, respectively.
Mesophyll resistance rm (s m−1) was set to zero for SO2 [55] and 600 for NO2 [56]. Cuticular
resistance rt (s m−1) was set to 8 × 103 and 2 × 104 for SO2 and NO2, respectively [56]. Rc
for CO was set equal to 5 × 104 and 1 × 106 during vegetative and non-vegetative periods,
respectively [54].

Concerning PM deposition, the model incorporates traditional atmospheric models to
predict particle deposition extensively described in Fares et al. [10,14].

2.2.1. Acquisition of Meteorological Variables

For the entire Estate, we performed a Voronoi tessellation using data from a network
of 6 meteorological stations where continuous monitoring of local climatic conditions
have been carried out (Figure S3). Each station is equipped with sensors measuring air
temperature and relative humidity, wind speed and direction, precipitation and solar
radiation; for details on instrumentation, see Aromolo et al. [57]. In addition, the Estate
hosts a flux tower for continuously monitoring gas exchanges (i.e., Carbon dioxide CO2,
ozone O3, nitrogen dioxide NO2, particulate matter PM) between the vegetation and the
atmosphere in the coastal area, 1.5 km away from the Thyrrenean sea (see [30,44] for
details). Just outside the Estate, within 1.5 km, there are 4 air quality monitoring stations
maintained by the regional agency for the environmental protection (ARPA Lazio) that
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continuously monitor concentration of PM, NO2, SO2, CO, O3 and other pollutants. Those
air quality data were used as input for the AIRTREE model. The data were assumed to be
exemplificative of Castelporziano site since a comparison between PM 2.5 concentration
measured in 2014 and 2015 at the ICOS It-Cp2 flux site and average values measured at the
5 ARPA stations showed a good correlation (Pearson’s r > 0.7, data not shown). The Voronoi
tessellation method allowed us to generate a spatial-metric decomposition determined
by distances to discrete set of elements in space (meteorological stations), and therefore,
6 Voronoi polygons were created for the whole Estate.

2.2.2. Acquisition of Vegetation Map

The vegetation map of the Castelporziano Estate (Figure 1) used in this study [58]
is characterized by 7 groups of forested land cover type (LCT) (Other broadleaves; Low
shrubs; Holm oak forests; Mediterranean maquis; Pine forests; Deciduous oak forests;
Corks) and 9 non-forested LCT (Internal waters; Permanently non-productive areas; Per-
manently non-productive natural areas). To associate species-specific ecophysiological
traits to each of the forested LCT group, we used the state-of-the-art of literature about the
vegetation in Castelporziano to identify the most representative species included in each
group [38]. Therefore, the values of carbon, PM and other pollutants deposition for each
pixel (associated to a specific LCT) are the results of a single model simulation. For each
model run, the AIRTREE model was parametrized for an ideal tree-type by synthetizing the
ecophysiological characteristics of the dominant trees representative of the LCT (Table S1).

2.2.3. Retrieval of Biometric Vegetation Data

A raster map of the species associations was superimposed and aligned with the maps
of Leaf Area Index (LAI), canopy cover and heights (Figure S4). Concerning LAI and
canopy cover, we used 300 m resolution satellite images from Copernicus Global Land
Service, the Earth Observation programme of the European Commission [59]. For each year
of study (i.e., 2014, 2019, 2020), the maximum values observed during the growing season
were used. AIRTREE simulations were conducted for each pixel of the study area, and for
each year of study, we extracted the LAI values filtering out pixels classified as buildings,
urban, wetlands, meadows and artificial settlements. LAI is a critical value for the proper
evaluation of ecosystem services via AIRTREE model [14]. Therefore, we compared satellite
data with field data observations collected with multiple simultaneous measurements of
transmittance using the LAI-2200C Plant Canopy Analyzer (Li-Cor, Lincoln, NE, USA) and
with a method based on the use of hemispherical photos collected in the frame of ICOS
activities [60]. The sampling points were selected through a stratified sampling procedure
(Figure S5) over the main four LCTs: Mediterranean maquis, Deciduous broadleaves, Pine
forest and Holm oak forest (Table S2). For more details on the statistical design and the
field campaigns for LAI measurement, please see the section “In situ LAI measurements”
in the Supplementary File. To derive a function suitable to provide a realistic estimate
of the annual dynamics of LAI for each LCT group, monthly values of LAI were fit to a
set of parametric non-linear models (Gaussian, Exponential, Rational, Power, Sin, Weibull
and Fourier). The function that best fitted data (lowest RMSE) was implemented in the
model. The Fourier model was identified as the most appropriate model to reproduce LAI
dynamics through the three years of study for the LCTs functional groups:

LAInorm = a + b · cos(x · d) + c · sin(x · w) (5)

where a, b, c and d were LCT-specific fixed values (i.e., the coefficients of the fitted model),
and x is the day of the year (Figure 2). Coefficients of the Fourier models used for each
LCT and for each of the three years of study are summarized in Table S3. Non-linear model
intercomparisons are shown in Tables S4–S24.
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Figure 2. Fourier’s model (lines) fitted to monthly LAI (m2 m−2) satellite data (circles) for each LCT,
for the three years of study. Each function was implemented into the AIRTREE model and used to
estimate LAI dynamics during the year. Coefficients of the models are reported in Table S1.

Such a function was finally implemented into the AIRTREE model for each reference
year in order to derive the daily LAI at each model time step. Canopy heights were only
available for the year 2019 at a spatial resolution of 25 m [61]. These were resampled to
300 m in order to align the maps with those of LAI and canopy cover. All maps out on
the boundaries of the Estate were cut, and pixels falling into the non-forested LCT were
removed, so as to work only on the actual forested areas.

3. Results and Discussions
3.1. LAI and Canopy Cover Dynamics

Overall, average LAI for the entire Estate was 4.88, 4.31 and 3.90 in the 3 years of study,
respectively (Figures S4 and S6), indicating a decrease of 11.83% and 20.05% in 2019 and
2020 compared to 2014, respectively. LAI showed a decreasing trend for all LCTs (Figure 3),
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in particular for Pine forest (for which the representability of the total LAI changes from
14% in 2014 to 12% in 2020, Figure S5). In 2020, LAI increased for low shrubs by only 1%
when compared to 2019. This is also confirmed by canopy cover data (Figure S7) showing
an average loss of 6.83% between 2014 and 2020. In particular, the Pine forest showed a
loss of cover of 13.33%, of which 9.83% occurred in a year, between 2019 and 2020. Indeed,
a positive linear correlation between changes in LAI and changes in canopy cover was
observed (Pearson’s r = 0.63). Although an increase in forest cover of 2% has been observed
between 2010 and 2015 in the Mediterranean basin [62], the loss of Cover (7%) and LAI (up
to 20%) experienced by the vegetation of the Estate between 2014 and 2020 confirms the
increasing vulnerability of forests due to the climatic stressors and aridity the vegetation is
exposed to [63]. Indeed, from 2014 (previously described wet year [30]), warmer and drier
years succeeded. This may have caused stress and loss of productivity for Mediterranean
forests, even if they are adapted to the typical dry and hot summers [64–67]. All ecosystems
except shrubs showed a reduction in their LAI up to 14% (Figure 3).

The environmental monitoring data concerning the health status of the Castelporziano
forests, detected from 2015 to today through the diachronic interpretation of the NDVI
values provided by Sentinel-2 data, showed widespread suffering in pine and deciduous
oaks forests [68]. Regarding the pine forests, two insect infestations occurred in 2015 and
2017, causing a widespread decline in the photosynthetic capacity (−34% in the average
NDVI values for the period 2015–2021) of the forest, which caused the death of plants over
large area [68]. In Deciduous oak forests, the limiting factor seems to be strongly correlated
with summer drought and springs characterized by low amount of rain, causing a mean
decrease in NDVI values of −27% for the observation period [37,68].

Interestingly, there is high resilience from several species of Evergreen shrubs, ca-
pable of adapting to drought stress even more than Quercus ilex has been previously
observed [69,70], and therefore, a transformation of forest structure into a shrubland under
increasing heatwaves and drought is the most likely scenario [64,71]. Indeed, Mediter-
ranean plants have developed various morphological and physiological strategies to adapt
to drought [72], but the largest trees are frequently more sensitive and less resistant and
resilient to increases in aridity [72,73]. In line with our observations, Lloret et al. [74]
showed that shorter trees are more resistant and resilient to increases in drought than
taller trees. Tall shrubs such as Phillyrea sp., which are abundant in the Estate of Castel-
porziano, have been shown to have a higher capacity than trees to adapt and resist intensive
droughts [75,76] and have a higher capacity than sympatric trees to maintain their foliage
and concentrations of non-structural carbohydrates after droughts [76].

The inter-comparison between non-linear models fitted to monthly values of LAI for
each year of study and for each LCT is shown in Tables S4–S24. On the 21 fits performed
(i.e., 3 years for 7 LCTs), the Fourier function (Figure 3 and Table S3) was found to be the
best model (highest R2

adj and lowest RMSE) 12 times, although it produced some minor
biases (i.e., increase in LAI for “other broadleaves” and “Corks” at the end of the year).

A general change in phenology was observed, in 2020 compared to 2014, with an
anticipated peak in LAI that shifted from June to July in 2014 to May to June 2020 (Figure 3).
This is in line with previous findings showing that key Mediterranean species such as
Quercus ilex display a longer period of growth by approximately 10 days by advancing
the onset of spring by winter warming, with an early cessation of growth in spring and
summer [77].
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Figure 3. Intercomparison of the three years of study for each of the six Land Cover Types (Deciduous
oaks, Mediterranean maquis, Other broadleaves, Corks, Low shrubs, Pine forest, Holm oak forest)
used in this study. LAI (leaf area/ground area, m2 m−2), Net Primary Productivity (NPP, kg of
CO2 y−1), deposition of ozone (kg O3 y−1 ), particulate matter (kg PM2.5 y−1 and kg PM10 y−1),
Nitrogen dioxide (kg NO2 y−1), Sulphur dioxide (kg SO2 y−1) and Carbon monoxide (kg CO y−1)
estimated by the AIRTREE model are shown in the bar charts. Values represents cumulated values of
uptake and deposition of pollutants for each LCT.

Satellite LAI values used in this study were compared with field measurements with
an overestimation of 20% considering all LCTs (Figure 4). Deciduous broadleaves and
Holm oak forests showed the highest LAI values (4.12 and 4.41, respectively; statistics are
shown in Table S2), in accordance with what was previously found for Deciduous oaks
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stands [78]. We measured lower LAI values for Pine forests and Mediterranean maquis
(2.08 and 3.85, respectively), in line with previous findings [79,80].
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3.2. Sequestration of Carbon Dioxide

Total yearly estimates of Net Primary Productivity (NPP) indicate that the Estate
sequestrated 0.0981, 0.0675 and 0.0648 mt CO2 y−1 for the years 2014, 2019 and 2020,
respectively (Figures 2 and S8). In particular, Deciduous Oaks, Pine forests and Holm
oak forests were the LCTs that contributed most: Deciduous Oaks contributed up to 53%
(0.052 mt y−1), Pine forest up to 22% (0.019 mt y−1) and Holm oak forests up to 12%
(0.01 mt y−1) (Figure S9). The contribution to total carbon uptake by the other ecosystems
(Other broadleaves 5%, corks 4%, Mediterranean maquis 9% and low shrubs <1%) was
below 20%.

Compared to 2014, the Estate showed a decrease in productivity by 31.6% and 34.3%
in 2019 and 2020, respectively (Figures 5a and S10). Between 2019 and 2020, Deciduous Oak
and Mediterranean maquis and Low shrubs showed an increase in carbon uptake by 5.7%,
2.6% and 22.5%, respectively (in line with our previous statements about highest tolerance
to drought stress).
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Figure 5. Percent changes (%) in (a) NPP (kg CO2 y−1) and (b) PM10 deposition (kg PM y−1)
estimated by the AIRTREE model between 2014 and 2020. The vividness of the pixels (from dark
red to white) indicates the increased or decreased sequestration capacity of the Estate, while empty
(transparent) pixels represent non-natural LCT not considered in this study.

Considering that pollutants such as ozone have been found to reduce carbon assimila-
tion in the Holm oak forest up to 10% [14], we do not exclude a possible beneficial effect of
reducing atmospheric pollutants in 2020 due to lockdown status in the first part of the year.
Other LCTs instead, showed a decrease in carbon uptake up to 17%, and such decrease can
be highly appreciated by comparing 2014 and 2020 (Figure S9).

We explain such behavior considering the different temperature recorded during
the warm seasons in these two dry years. Otherwise, in 2019, the average temperature
during summer was higher than in 2020 (Figure S2), and accordingly, the high vapor
pressure deficit may have caused stomatal closure and reduced photosynthesis, as previ-
ously discussed in Conte et al. [30]. Looking at single LCT, the data show (Table 1) that
broadleaf species and Holm oaks are the ecosystems with the higher NPP, with values up to
2.46 kg CO2 m2 y−1 in the wet year (2014), with abrupt decreases in productivity in the dry
years. These model results, especially for Holm oak, are in line with data measured with
Eddy Covariance at the ICOS Holm oak It-Cp2 site at the Estate (data not shown). Like
Italy, warmer and drier conditions linked to increases in Atlantic multidecadal oscillations
are associated with the increase in post-1990 defoliation in the forests of Spain [81]. Our
results are in agreement with previous studies that have clearly indicated that the decreases
such as dieback, defoliation and lower growth in Mediterranean oaks (Quercus spp.) and
pines (Pinus spp.) in southern Europe are mainly due to more frequent drought, often
interacting with higher temperatures (higher water demand) and pathogenic attack [82–86].
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Such a cumulative effect of stressors has been associated with pathogen infestations in
Mediterranean forests [86–89].

Table 1. Mean annual estimate and standard deviation of Carbon uptake (NPP), Ozone (O3 flux),
Particulate matter fluxes (PM10 and PM2.5), fluxes of Nitrogen dioxide (NO2), Sulphur dioxide
(SO2) and Carbon monoxide (CO) for the three years of study (2014, 2019 and 2020), for each LCT
are reported.

LCT Year
NPP O3 Flux PM10 Flux PM2.5 Flux NO2 Flux SO2 Flux CO Flux

(Kg CO2 m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1)

Low shrubs
2014 1.53 ± 0.44 2.52 ± 0.30 5.78 ± 0.27 0.36 ± 0.02 1.60 ± 0.24 0.08 ± 0.013 0.005 ± 0.0003
2019 0.74 ± 0.26 2.22 ± 0.07 3.26 ± 0.40 0.23 ± 0.06 1.22 ± 0.02 0.03 ± 0.003 0.005 ± 0.0003
2020 0.94 ± 0.09 1.65 ± 0.12 3.97 ± 0.64 0.25 ± 0.04 0.84 ± 0.05 0.02 ± 0.003 0.004 ± 0.0002

Other
broadleaves

2014 2.46 ± 0.31 3.23 ± 0.19 6.69 ± 0.58 0.42 ± 0.04 1.79 ± 0.11 0.10 ± 0.006 0.006 ± 0.0002
2019 2.10 ± 0.38 3.14 ± 0.13 4.72 ± 0.59 0.34 ± 0.04 1.60 ± 0.05 0.04 ± 0.003 0.006 ± 0.0002
2020 1.81 ± 0.20 2.32 ± 0.12 4.63 ± 0.61 0.29 ± 0.04 1.05 ± 0.04 0.03 ± 0.002 0.004 ± 0.0001

Holm oak forest
2014 2.45 ± 0.43 3.17 ± 0.32 6.35 ± 0.96 0.40 ± 0.06 1.69 ± 0.18 0.09 ± 0.012 0.005 ± 0.0002
2019 1.91 ± 0.54 2.91 ± 0.32 4.27 ± 0.80 0.31 ± 0.07 1.41 ± 0.11 0.04 ± 0.005 0.005 ± 0.0002
2020 1.75 ± 0.38 2.11 ± 0.30 4.28 ± 0.83 0.27 ± 0.05 0.95 ± 0.11 0.03 ± 0.005 0.004 ± 0.0002

Mediterranean
maquis

2014 1.86 ± 0.65 2.74 ± 0.34 5.61 ± 1.72 0.35 ± 0.11 1.66 ± 0.21 0.08 ± 0.015 0.005 ± 0.0003
2019 1.32 ± 0.57 2.56 ± 0.26 3.57 ± 1.31 0.26 ± 0.09 1.38 ± 0.10 0.03 ± 0.005 0.005 ± 0.0003
2020 1.43 ± 0.36 1.95 ± 0.17 3.78 ± 1.20 0.23 ± 0.07 0.96 ± 0.07 0.03 ± 0.004 0.004 ± 0.0002

Pine forest
2014 2.09 ± 0.38 5.62 ± 0.35 15.78 ± 2.72 1.56 ± 0.27 3.42 ± 0.20 0.14 ± 0.016 0.008 ± 0.0001
2019 1.69 ± 0.49 5.43 ± 0.43 10.89 ± 2.45 1.20 ± 0.27 2.96 ± 0.15 0.06 ± 0.008 0.008 ± 0.0001
2020 1.54 ± 0.39 4.02 ± 0.41 9.52 ± 2.35 0.96 ± 0.24 2.03 ± 0.16 0.04 ± 0.008 0.006 ± 0.0001

Deciduous oaks
2014 2.36 ± 0.61 3.20 ± 0.42 5.95 ± 0.90 0.38 ± 0.06 1.83 ± 0.22 0.09 ± 0.014 0.006 ± 0.0002
2019 1.43 ± 0.68 2.92 ± 0.26 4.21 ± 0.84 0.30 ± 0.06 1.55 ± 0.08 0.03 ± 0.005 0.006 ± 0.0002
2020 1.55 ± 0.36 2.21 ± 0.23 4.05 ± 0.79 0.26 ± 0.05 1.03 ± 0.07 0.03 ± 0.005 0.004 ± 0.0002

Corks
2014 2.03 ± 0.50 2.66 ± 0.30 6.60 ± 1.41 0.45 ± 0.10 1.47 ± 0.17 0.08 ± 0.012 0.005 ± 0.0004
2019 1.52 ± 0.32 2.42 ± 0.25 4.33 ± 0.82 0.31 ± 0.07 1.21 ± 0.10 0.03 ± 0.004 0.005 ± 0.0004
2020 1.41 ± 0.37 1.70 ± 0.28 4.48 ± 0.81 0.31 ± 0.06 0.81 ± 0.11 0.02 ± 0.005 0.003 ± 0.0003

3.3. Sequestration of Pollutants

Total yearly estimates of ozone deposition (O3) indicate that the Estate sequestrated
159, 145 and 103 t O3 y−1 for the years 2014, 2019 and 2020, respectively (Figures 2 and S8).
Deciduous Oaks, Pine forests and Holm oak forests were the LCTs that contributed most.
Deciduous Oaks contributed up to 46% to total ozone deposition (70 t y−1) and Pine forest
up to 33% (51 t y−1). The contribution to total ozone deposition by the other ecosystems
(Holm oak forest up to 9%, Mediterranean maquis up to 7%, Other broadleaves up to
3%, corks up to 4% and low shrubs <1%) is below 25% (Figures S11 and S12). The mod-
elled ozone deposition on Holm oak agrees with our previous measured with the Eddy
Covariance carried out in 2013 and 2014 [43].

Compared to 2014, the Estate showed a decrease in ozone deposition by 8.8% and
35.2% in 2019 and 2020, respectively. In particular, Pine forest, Deciduous oaks, Other
broadleaves and Corks showed a decrease in ozone uptake by 32.7%, 25.2%, 29.4% and
35.3%, respectively. Such a decrease in deposition (Figure 3), in part due to the loss
of canopy cover and in part due to physiological limitations as demonstrated by NPP
decreases (Table 1), suggests that land use changes and environmental stressors heavily
compromise the capacity of the Estate and, in general, Mediterranean peri-urban forests.
We must point out, however, that most of the decreases in 2020 compared with 2014 are
due to a strong reduction in atmospheric ozone concentration due to the lockdown status
in the first part of the year. Nevertheless, ozone concentrations were similar between 2014
and 2019, highlighting evidence of stomatal limitation to ozone deposition in the dry year
as stressed in our previous work [26,90].

Total yearly estimates of particulate matter (PM) indicate that the Estate sequestrated
357, 241 and 215 t PM10 y−1 and 27, 21, and16 t PM2.5 y−1 for the years 2014, 2019 and
2020, respectively (Figures S8 and S13a,b). Deciduous oaks and Pine forests were the LCTs
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that contributed equally to PM10 deposition (up to 41% Pine forest in 2014 and Deciduous
oaks in 2020, Figure S13), while a higher contribution (up to 52%) of Pine forest was found
for PM2.5 (Figure S13). The contribution to total PM deposition by the other ecosystems is
below 25% (Other broadleaves up to 3%, Corks up to 4%, Mediterranean maquis up to 6%,
Holm oak forest 8% and low shrubs <1%) (Figure S13).

Compared to 2014, the Estate showed a decrease in PM10 deposition by 32.5% in 2019
and 39.6% in 2020 (Figure 5b), while there was a decrease in PM2.5 deposition of 25% in
2019 and 40% in 2020. Between 2019 and 2020, a decrease of 10.5% and 19.9% was observed
for PM10 and PM2.5, respectively. In particular, the Pine forest showed a reduction of 19.8%
and 26% for PM10 and PM2.5 in 2020, respectively (Figures 2, S14 and S15). The same
conclusions drawn for ozone work here, with a significant reduction in PM emissions
during the lockdown in 2020 (Figure S2). To note, several hectares (0.7 km2 in 2017 and
2022) of forests have been cut in 2017 and 2020 (and another 1 km2 is going to be cut in
the near future) probably due to a strong infection of Tomicus destruens and Toumayella
parvicornis on Pinus pinea stands, as visible in the white pixels in Figure S13. Moreover, as
shown in Table 1 (and also found elsewhere by Fares et al. [10]), individual performances
in PM removal are higher in Pine forests; therefore, a loss of these forest stands represents a
major loss in RES provision. This loss is particularly relevant for cities such as Rome, where
Pinus pinea is a key tree of the urban landscape.

Concerning Nitrogen Dioxide (NO2), we found values of 92, 76 and 49 t NO2 y−1

sequestration for the years 2014, 2019 and 2020, respectively (Figures 2 and S8). Deciduous
Oaks removed up to 45%, and Pine forests removed up to 34%. Mediterranean maquis and
holm oak forest contribution to total fluxes were constant (up to 8%) in the three years of
study (Figure S16). The contribution to total NO2 deposition by the other ecosystems (Other
broadleaves up to 3%, Corks up to 4% and Low shrubs < 1%) was below 10% (Figure S16).
Compared to 2014, the Estate showed a decrease in NO2 deposition of 17% and 46.8% in
2019 and 2020, respectively. In particular, the highest decreases in NO2 deposition were
observed for Holm oak forest (up to 36.2%) and Corks (up to 38%), Pine forest (37.9%) and
Other broadleaves (36.9%). Similar to ozone, the same conclusions can be drawn for NO2,
since 2020 recorded much lower emissions due to lockdown status (Figures S2 and S17).

As a minor entity, the Estate sequestrated other pollutants such as sulfur dioxide (SO2)
and carbon monoxide (CO). In agreement with the removal dynamics observed for the
other pollutants, a strong decrease was observed, with values decreasing from 4.4 to 1.6
and 1.26 t SO2 y−1 and from 0.26 to 0.25 and 0.18 t CO y−1 for the years 2014, 2019 and
2020, respectively (Figure 3).

4. Conclusions

The Mediterranean Basin is a global hotspot of biological diversity and the most
diverse biome in Europe. However, biotic and abiotic stressors can compromise survival of
native ecosystems, especially in highly urbanized contexts. This motivated us to investigate
which environmental factors affect Mediterranean forests’ health status and whether natural
and anthropogenic stressors can have an impact on RES. Our study is the result of the
integration of remote sensing products with a mechanistic modelling approach to estimate
plant functionality and stress response. Despite previous results showing that an increase
in forest cover by 2% has been observed between 2010 and 2015 in the Mediterranean
region [91], we highlight that in response to climatic changes, pollution and biotic stresses,
not only the extensiveness of peri-urban forests can be reduced (we described a loss of
canopy cover by 7% and of LAI up to 20% between 2014 and 2020) but also their capacity
to deliver RES. Our results also warn that future forest composition may be altered with an
increase in Mediterranean shrubs in place of forests stands populated by pines and oaks.

The obtained results can have important implications for future forest management,
and to raise awareness on the high ecological and economic value of RES. In this context,
the quantitative estimates of RES may play a key role in supporting decision makers
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and management planners to evaluate possible future impacts of different practices or
environmental policies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13050689/s1, Figure S1: Soil classification for the Castelporziano
natural reserve derived from the Harmonized World Soil Database viewer (HWSD v.1.2) is reported.
Figure S2: Meteorological inter-comparison between the three years of study seasonal values of
mean temperatures, and cumulated precipitation (top left and top right, respectively) are shown
together with average concentrations of PM, NO2, SO2 and CO. Figure S3: Spatial association of
meteorological stations to homogeneous portions of the natural reserve. Yellow dots indicate the
position of each one of the meteorological stations. Climatic conditions of the portions of the Estate
(red shapes) were associated to each meteorological station. Figure S4: Superimposed maps of
vegetation (colored shapes) to LAI (black and white pixels). Colored shapes represent homogeneous
groups of vegetation (LCTs). Figure S5: Castelporziano map, showing the sampling points chosen
randomly using QGis. Figure S6: Average values of LAI for the entire Estate of Castelporziano are
reported for each of the three years of study (top). Relative contribution to overall LAI by each
LCT is shown in pie charts (bottom), for 2014, 2019, and 2020, respectively. Figure S7: Bar plot
showing the percent change of canopy cover values from satellite data between 2014 and 2019, in
blue, and 2020 in yellow. Figure S8: Total estimates of LAI, NPP, and pollutants deposition for the
whole Estate in the three years of study. Figure S9: Cumulated values of NPP for the entire Estate
of Castelporziano are reported for each of the three years of study (top). Figure S10: Superimposed
maps of vegetation (colored shapes) to NPP (black and white pixels). Figure S11: Superimposed
maps of vegetation (colored shapes) to O3 fluxes (black and white pixels). Figure S12: Cumulated
values of O3 deposition for the entire Estate of Castelporziano are reported for each of the three years
of study (top). Figure S13: Superimposed maps of vegetation (colored shapes) to PM10 (left) and
PM2.5 (right) deposition on canopies (black and white pixels). Figure S14: Cumulated values of PM10
deposition for the entire Estate of Castelporziano are reported for each of the three years of study (top).
Figure S15: Cumulated values of PM2.5 deposition for the entire Estate of Castelporziano are reported
for each of the three years of study (top). Figure S16: Cumulated values of NO2 deposition for the
entire Estate of Castelporziano are reported for each of the three years of study (top). Figure S17:
Superimposed maps of vegetation (colored shapes) to NO2 deposition on canopies (black and white
pixels). Table S1: For each LCT, the corresponding association is reported. For each association,
average ecophysiological parameters (e.g. Vcmax and ozone tolerance) of the dominant species are
used as model input to characterize the LCT ideal tree-type. Table S2: LAI, (m2m-2) measured for the
different LCTs in Castelporziano Estate. Table S3: Coefficient of the Fourier model used in this study
to simulate LAI at each model time-step. For each LCT, yearly coefficient that best (lowest RMSE) fit
LAI measured by satellite data are shown. Table S4: Intercomparison between nonlinear models used
to fit the day of the year (doy) and LAI of Corks for the year 2014. Table S5: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Other Broadleaves for the year 2014.
Table S6: Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of
Deciduous Oaks for the year 2014. Table S7: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Holm oak forest for the year 2014. Table S8: Intercomparison
between nonlinear models used to fit the day of the year (doy) and LAI of Mediterranean maquis
for the year 2014. Table S9: Intercomparison between nonlinear models used to fit the day of the
year (doy) and LAI of Pine forest for the year 2014. Table S10: Intercomparison between nonlinear
models used to fit the day of the year (doy) and LAI of Low shrubs for the year 2014. Table S11:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Other
broadleaves for the year 2019. Table S12: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Corks for the year 2019. Table S13: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Deciduous oaks for the year 2019.
Table S14: Intercomparison between nonlinear models used to fit the day of the year (doy) and
LAI of Holm oak forest for the year 2019. Table S15: Intercomparison between nonlinear models
used to fit the day of the year (doy) and LAI of Mediterranean maquis for the year 2019. Table S16:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Pine
forest for the year 2019. Table S17: Intercomparison between nonlinear models used to fit the day
of the year (doy) and LAI of Low shrubs for the year 2019. Table S18: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Other broadleaves for the year
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2020. Table S19: Intercomparison between nonlinear models used to fit the day of the year (doy) and
LAI of Corks for the year 2020. Table S20: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Deciduous oaks for the year 2020. Table S21: Intercomparison
between nonlinear models used to fit the day of the year (doy) and LAI of Holm oak forest for the
year 2020. Table S22: Intercomparison between nonlinear models used to fit the day of the year (doy)
and LAI of Mediterranean maquis for the year 2020. Table S23: Intercomparison between nonlinear
models used to fit the day of the year (doy) and LAI of Pine forest for the year 2020. Table S24:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Low
shrubs for the year 2020.

Author Contributions: A.C. and I.Z. equally contributed to the work; conceptualization, S.F., A.C.
and I.Z.; methodology, F.R., A.A., L.F., S.F., I.Z. and A.C.; validation, S.F., A.C., I.Z. and L.F.; investiga-
tion, I.Z., L.F., S.F., T.S. and V.M.; data curation T.S. and A.C.; writing—original draft preparation, all
authors; supervision, S.F.; funding acquisition, S.F. All authors have read and agreed to the published
version of the manuscript.

Funding: UE LIFE programme financial instrument (LIFE18 PRE IT 003) VEG-GAP “Vegetation for
Urban Green Air Quality Plans”; the project funded by the Ministry of Research n. 20173RRN2S_001
PRIN 2017-EUFORICC “Establishing Urban FORest based solutions In Changing Cities”; PRIN 2020-
MULTIFOR “Multi-scale observations to predict Forest response to pollution and climate change”;
the project funded by Regione Lazio n. 36388 TECNOVERDE: “Tecnologie geomatiche e ambientali di
precisione per il monitoraggio e la valorizzazione dei servizi ecosistemici delle infra- strutture verdi
urbane e peri-urbane”; the 2021 @CNR project funded by the National Research Council BIOCITY
“Riforestazione urbana: nuovi strumenti conoscitivi e di supporto decisionale”.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: The research was made possible thanks to the Directorate and the Scientific
commission of Castelporziano Estate.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reid, W.V.; Mooney, H.A.; Cropper, A.; Capistrano, D.; Carpenter, S.R.; Chopra, K.; Dasgupta, P.; Dietz, T.; Duraiappah, A.K.;

Hassan, R.; et al. Millennium ecosystem assessment. In Ecosystems and Human Well-Being; Island Press United States of America:
Washington, DC, USA, 2005; Volume 5.

2. Bäckstrand, K.; Lövbrand, E. Planting Trees to Mitigate Climate Change: Contested Discourses of Ecological Modernization,
Green Governmentality and Civic Environmentalism. Glob. Environ. Politics 2006, 6, 50–75. [CrossRef]

3. Mengist, W.; Soromessa, T.; Feyisa, G.L. A global view of regulatory ecosystem services: Existed knowledge, trends, and research
gaps. Ecol. Process. 2020, 9, 40. [CrossRef]

4. Villamagna, M.; Angermeier, P.L.; Bennett, E.M. Capacity, pressure, demand, and flow: A conceptual framework for analyzing
ecosystem service provision and delivery. Ecol. Complex. 2013, 15, 114–121. [CrossRef]

5. Bernstein, L.; Bosch, P.; Canziani, O.; Chen, Z.; Christ, R.; Riahi, K. IPCC, 2007: Climate Change 2007: Synthesis Report; IPCC:
Geneva, Switzerland, 2008.

6. Otu-Larbi, F.; Conte, A.; Fares, S.; Wild, O.; Ashworth, K. Current and future impacts of drought and ozone stress on Northern
Hemisphere forests. Glob. Chang. Biol. 2020, 26, 6218–6234. [CrossRef]

7. Wang, Y.; Frankenberg, C. On the impact of canopy model complexity on simulated carbon, water, and solar-induced chlorophyll
fluorescence fluxes. Biogeosciences 2022, 19, 29–45. [CrossRef]

8. ARPA Lazio, Air Quality Documental Section. Traffic Stations Description. 2016. Available online: http://www.arpalazio.net/
main/aria/doc/RQA/inqRQA.php (accessed on 24 March 2016).

9. Deserti, M.; Savoia, E.; Cacciamani, C.; Golinelli, M.; Kerschbaumer, A.; Leoncini, G.; Selvini, A.; Paccagnella, T.; Tibaldi, S.
Operational meteorological pre-processing at Emilia-Romagna ARPA meteorological service as a part of a decision support
system for air quality management. Int. J. Environ. Pollut. 2001, 16, 571–582. [CrossRef]

10. Fares, S.; Conte, A.; Alivernini, A.; Chianucci, F.; Grotti, M.; Zappitelli, I.; Petrella, F.; Corona, P. Testing Removal of Carbon
Dioxide, Ozone, and Atmospheric Particles by Urban Parks in Italy. Environ. Sci. Technol. 2020, 54, 14910–14922. [CrossRef]

11. Haylock, M.R.; Hofstra, N.; Tank, A.M.G.K.; Klok, E.J.; Jones, P.D.; New, M. A European daily high-resolution gridded data set of
surface temperature and precipitation for 1950–2006. J. Geophys. Res. Atmos. 2008, 113, 20119. [CrossRef]

12. Holloway, T.; Miller, D.; Anenberg, S.; Diao, M.; Duncan, B.; Fiore, A.M.; Henze, D.K.; Hess, J.; Kinney, P.L.; Liu, Y.; et al. Satellite
Monitoring for Air Quality and Health. Annu. Rev. Biomed. Data Sci. 2021, 4, 417–447. [CrossRef]

http://doi.org/10.1162/glep.2006.6.1.50
http://doi.org/10.1186/s13717-020-00241-w
http://doi.org/10.1016/j.ecocom.2013.07.004
http://doi.org/10.1111/gcb.15339
http://doi.org/10.5194/bg-19-29-2022
http://www.arpalazio.net/main/aria/doc/RQA/inqRQA.php
http://www.arpalazio.net/main/aria/doc/RQA/inqRQA.php
http://doi.org/10.1504/IJEP.2001.000651
http://doi.org/10.1021/acs.est.0c04740
http://doi.org/10.1029/2008JD010201
http://doi.org/10.1146/annurev-biodatasci-110920-093120


Forests 2022, 13, 689 15 of 18

13. Bonan, G.B.; Patton, E.G.; Finnigan, J.J.; Baldocchi, D.D.; Harman, I.N. Moving beyond the incorrect but useful paradigm:
Reevaluating big-leaf and multilayer plant canopies to model biosphere-atmosphere fluxes—A review. Agric. For. Meteorol. 2021,
306, 108435. [CrossRef]

14. Fares, S.; Alivernini, A.; Conte, A.; Maggi, F. Ozone and particle fluxes in a Mediterranean forest predicted by the AIRTREE
model. Sci. Total Environ. 2019, 682, 494–504. [CrossRef] [PubMed]

15. World Health Organization. Air Quality Guidelines for Europe. 2000. Available online: https://apps.who.int/iris/handle/1066
5/107335 (accessed on 1 March 2022).

16. Delaria, E.R.; Place, B.K.; Liu, A.X.; Cohen, R.C. Laboratory measurements of stomatal NO2 deposition to native California trees
and the role of forests in the NOx cycle. Atmos. Chem. Phys. 2020, 20, 14023–14041. [CrossRef]

17. Paoletti, E. Impact of ozone on Mediterranean forests: A review. Environ. Pollut. 2006, 144, 463–474. [CrossRef] [PubMed]
18. Fusaro, L.; Mereu, S.; Salvatori, E.; Agliari, E.; Fares, S.; Manes, F. Modeling ozone uptake by urban and peri-urban forest: A case

study in the Metropolitan City of Rome. Environ. Sci. Pollut. Res. 2018, 25, 8190–8205. [CrossRef] [PubMed]
19. Hoshika, Y.; Paoletti, E.; Centritto, M.; Gomes, M.T.G.; Puértolas, J.; Haworth, M. Species-specific variation of photosynthesis and

mesophyll conductance to ozone and drought in three Mediterranean oaks. Physiol. Plant. 2022, 174, e13639. [CrossRef] [PubMed]
20. Ball, J.T.; Woodrow, I.E.; Berry, J.A. A Model Predicting Stomatal Conductance and its Contribution to the Control of Photosynthe-

sis under Different Environmental Conditions. In Progress in Photosynthesis Research; Springer: Dordrecht, The Netherlands, 1987;
pp. 221–224. [CrossRef]

21. Medlyn, B.E.; Duursma, R.A.; Eamus, D.; Ellsworth, D.S.; Prentice, I.C.; Barton, C.V.M.; Crous, K.Y.; DE Angelis, P.; Freeman, M.;
Wingate, L. Reconciling the optimal and empirical approaches to modelling stomatal conductance. Glob. Chang. Biol. 2011, 17,
2134–2144. [CrossRef]

22. Katul, G.G.; Palmroth, S.; Oren, R. Leaf stomatal responses to vapour pressure deficit under current and CO2-enriched atmosphere
explained by the economics of gas exchange. Plant Cell Environ. 2009, 32, 968–979. [CrossRef]

23. Fares, S.; Conte, A.; Chabbi, A. Ozone flux in plant ecosystems: New opportunities for long-term monitoring networks to deliver
ozone-risk assessments. Environ. Sci. Pollut. Res. 2018, 25, 8240–8248. [CrossRef]

24. Fuster, B.; Sánchez-Zapero, J.; Camacho, F.; García-Santos, V.; Verger, A.; Lacaze, R.; Weiss, M.; Baret, F.; Smets, B. Quality
Assessment of PROBA-V LAI, fAPAR and fCOVER Collection 300 m Products of Copernicus Global Land Service. Remote Sens.
2020, 12, 1017. [CrossRef]

25. Kamenova, I.; Dimitrov, P. Evaluation of Sentinel-2 vegetation indices for prediction of LAI, fAPAR and fCover of winter wheat
in Bulgaria. Eur. J. Remote Sens. 2020, 54, 89–108. [CrossRef]

26. Conte, A.; Otu-Larbi, F.; Alivernini, A.; Hoshika, Y.; Paoletti, E.; Ashworth, K.; Fares, S. Exploring new strategies for ozone-risk
assessment: A dynamic-threshold case study. Environ. Pollut. 2021, 287, 117620. [CrossRef] [PubMed]

27. Otu-Larbi, F.; Conte, A.; Fares, S.; Wild, O.; Ashworth, K. FORCAsT-gs: Importance of Stomatal Conductance Parameterization to
Estimated Ozone Deposition Velocity. J. Adv. Modeling Earth Syst. 2021, 13, e2021MS002581. [CrossRef]

28. Ratna, S.B.; Ratnam, J.V.; Behera, S.K.; Cherchi, A.; Wang, W.; Yamagata, T. The unusual wet summer (July) of 2014 in Southern
Europe. Atmos. Res. 2017, 189, 61–68. [CrossRef]

29. Nimbus Web Climatologia Locale. Available online: http://www.nimbus.it/clima/2015/150114clima2014.htm (accessed on
24 March 2022).

30. Conte, A.; Fares, S.; Salvati, L.; Savi, F.; Matteucci, G.; Mazzenga, F.; Spano, D.; Sirca, C.; Marras, S.; Galvagno, M.; et al.
Ecophysiological Responses to Rainfall Variability in Grassland and Forests Along a Latitudinal Gradient in Italy. Front. For. Glob.
Chang. 2019, 2, 16. [CrossRef]

31. Donzelli, G.; Cioni, L.; Cancellieri, M.; Morales, A.L.; Suárez-Varela, M.M.M. The Effect of the Covid-19 Lockdown on Air Quality
in Three Italian Medium-Sized Cities. Atmosphere 2020, 11, 1118. [CrossRef]

32. Collivignarelli, M.C.; Abbà, A.; Bertanza, G.; Pedrazzani, R.; Ricciardi, P.; Miino, M.C. Lockdown for CoViD-2019 in Milan: What
are the effects on air quality? Sci. Total Environ. 2020, 732, 139280. [CrossRef]

33. Cameletti, M. The Effect of Corona Virus Lockdown on Air Pollution: Evidence from the City of Brescia in Lombardia Region
(Italy). Atmos. Environ. 2020, 239, 117794. [CrossRef]

34. Gualtieri, G.; Brilli, L.; Carotenuto, F.; Vagnoli, C.; Zaldei, A.; Gioli, B. Quantifying road traffic impact on air quality in urban
areas: A Covid19-induced lockdown analysis in Italy. Environ. Pollut. 2020, 267, 115682. [CrossRef]

35. Balasubramaniam, D.; Kanmanipappa, C.; Shankarlal, B.; Saravanan, M. Assessing the impact of lockdown in US, Italy and
France–What are the changes in air quality? Energy Sources Part A Recovery Util. Environ. Eff. 2020. [CrossRef]

36. Cucca, B.; Recanatesi, F.; Ripa, M.N. Evaluating the Potential of Vegetation Indices in Detecting Drought Impact Using Remote
Sensing Data in a Mediterranean Pinewood. Lect. Notes Comput. Sci. 2020, 12253, 50–62. [CrossRef]

37. Recanatesi, F.; Giuliani, C.; Rossi, C.M.; Ripa, M.N. A Remote Sensing-Assisted Risk Rating Study to Monitor Pinewood Forest
Decline: The Study Case of the Castelporziano State Nature Reserve (Rome). Smart Innov. Syst. Technol. 2019, 100, 68–75.
[CrossRef]

38. della Rocca, B.; Pignatti, S.; Mugnoli, S.; Bianco, P.M. La carta della vegetazione della Tenuta di Castelporziano. Accad. Naz. Delle
Sci. Detta Dei XL Scr. E Doc. 2001, 26, 709–748.

http://doi.org/10.1016/j.agrformet.2021.108435
http://doi.org/10.1016/j.scitotenv.2019.05.109
http://www.ncbi.nlm.nih.gov/pubmed/31129537
https://apps.who.int/iris/handle/10665/107335
https://apps.who.int/iris/handle/10665/107335
http://doi.org/10.5194/acp-20-14023-2020
http://doi.org/10.1016/j.envpol.2005.12.051
http://www.ncbi.nlm.nih.gov/pubmed/16551488
http://doi.org/10.1007/s11356-017-0474-4
http://www.ncbi.nlm.nih.gov/pubmed/29079972
http://doi.org/10.1111/ppl.13639
http://www.ncbi.nlm.nih.gov/pubmed/35092611
http://doi.org/10.1007/978-94-017-0519-6_48
http://doi.org/10.1111/j.1365-2486.2010.02375.x
http://doi.org/10.1111/j.1365-3040.2009.01977.x
http://doi.org/10.1007/s11356-017-0352-0
http://doi.org/10.3390/rs12061017
http://doi.org/10.1080/22797254.2020.1839359
http://doi.org/10.1016/j.envpol.2021.117620
http://www.ncbi.nlm.nih.gov/pubmed/34171723
http://doi.org/10.1029/2021MS002581
http://doi.org/10.1016/j.atmosres.2017.01.017
http://www.nimbus.it/clima/2015/150114clima2014.htm
http://doi.org/10.3389/ffgc.2019.00016
http://doi.org/10.3390/atmos11101118
http://doi.org/10.1016/j.scitotenv.2020.139280
http://doi.org/10.1016/j.atmosenv.2020.117794
http://doi.org/10.1016/j.envpol.2020.115682
http://doi.org/10.1080/15567036.2020.1837300
http://doi.org/10.1007/978-3-030-58814-4_4
http://doi.org/10.1007/978-3-319-92099-3_9


Forests 2022, 13, 689 16 of 18

39. Davison, B.; Taipale, R.; Langford, B.; Misztal, P.; Fares, S.; Matteucci, G.; Loreto, F.; Cape, J.N.; Rinne, J.; Hewitt, C.N.
Concentrations and fluxes of biogenic volatile organic compounds above a Mediterranean macchia ecosystem in western Italy.
Biogeosciences 2009, 6, 1655–1670. [CrossRef]

40. Giordano, E.; Recanatesi, F.; Scrinzi, G. La Biodiversit Forestale Della Tenuta Presidenziale di Castelporziano. 2017. Available
online: https://dspace.unitus.it/handle/2067/35638 (accessed on 1 March 2022).

41. Manes, F.; Grignetti, A.; Tinelli, A.; Lenz, R.; Ciccioli, P. General features of the Castelporziano test site. Atmos. Environ. 1997, 31,
19–25. Available online: https://www.researchgate.net/profile/Aleandro-Tinelli/publication/354031145_General_features_of_
the_castelporziano_test_site_1997/links/611fba3d169a1a01031631f2/General-features-of-the-castelporziano-test-site-1997.pdf
(accessed on 17 March 2022). [CrossRef]

42. Fares, S.; Mereu, S.; Mugnozza, G.S.; Vitale, M.; Manes, F.; Frattoni, M.; Ciccioli, P.; Gerosa, G.; Loreto, F. The ACCENT-VOCBAS
field campaign on biosphere-atmosphere interactions in a Mediterranean ecosystem of Castelporziano (Rome): Site characteristics,
climatic and meteorological conditions, and eco-physiology of vegetation. Biogeosci. Discuss. 2009, 6, 1185–1227. [CrossRef]

43. Fusaro, L.; Salvatori, E.; Mereu, S.; Silli, V.; Bernardini, A.; Tinelli, A.; Manes, F. Researches in Castelporziano test site: Ecophysio-
logical studies on Mediterranean vegetation in a changing environment. Rend. Lincei 2015, 26, 473–481. [CrossRef]

44. Fares, S.; Savi, F.; Muller, J.; Matteucci, G.; Paoletti, E. Simultaneous measurements of above and below canopy ozone fluxes help
partitioning ozone deposition between its various sinks in a Mediterranean Oak Forest. Agric. For. Meteorol. 2014, 198, 181–191.
[CrossRef]

45. Fischer, G.; Nachtergaele, F.; Prieler, S.; van Velthuizen, H.T.; Verelst, L.; Wiberg, D. Global Agro-Ecological Zones Assessment for
Agriculture (GAEZ 2008); IIASA: Laxenburg, Austria; FAO: Rome, Italy, 2008; Volume 10.

46. Baldocchi, D. An analytical solution for coupled leaf photosynthesis and stomatal conductance models. Tree Physiol. 1994, 14,
1069–1079. [CrossRef]

47. Keenan, T.; Sabate, S.; Gracia, C. Soil water stress and coupled photosynthesis–conductance models: Bridging the gap between
conflicting reports on the relative roles of stomatal, mesophyll conductance and biochemical limitations to photosynthesis. Agric.
For. Meteorol. 2010, 150, 443–453. [CrossRef]

48. Lombardozzi, D.; Sparks, J.P.; Bonan, G. Integrating O3 influences on terrestrial processes: Photosynthetic and stomatal response
data available for regional and global modeling. Biogeosci. Discuss. 2013, 10, 6973–7012. [CrossRef]

49. Lombardozzi, D.; Levis, S.; Bonan, G.; Sparks, J.P. Predicting photosynthesis and transpiration responses to ozone: Decoupling
modeled photosynthesis and stomatal conductance. Biogeosciences 2012, 9, 3113–3130. [CrossRef]

50. Lombardozzi, D.L.; Levis, S.; Bonan, G.; Hess, P.G.; Sparks, J.P. The Influence of Chronic Ozone Exposure on Global Carbon and
Water Cycles. J. Clim. 2015, 28, 292–305. [CrossRef]

51. Zhang, L.; Brook, J.R.; Vet, R. On ozone dry deposition—with emphasis on non-stomatal uptake and wet canopies. Atmos. Environ.
2002, 36, 4787–4799. [CrossRef]

52. Baldocchi, D.D.; Hicks, B.B.; Camara, P. A canopy stomatal resistance model for gaseous deposition to vegetated surfaces. Atmos.
Environ. 1987, 21, 91–101. [CrossRef]

53. Pederson, J.; Massman, W.; Mahrt, L.; Delany, A.; Oncley, S.; Hartog, G.; Neumann, H.; Mickle, R.; Shaw, R.; Paw, K.T.; et al.
California ozone deposition experiment: Methods, results, and opportunities. Atmos. Environ. 1995, 29, 3115–3132. [CrossRef]

54. Bidwell, R.G.S.; Fraser, D.E. Carbon monoxide uptake and metabolism by leaves. Can. J. Bot. 2011, 50, 1435–1439. [CrossRef]
55. Wesely, M.L. Parameterization of surface resistances to gaseous dry deposition in regional-scale numerical models. Atmos.

Environ. 2007, 41, 52–63. [CrossRef]
56. Lovett, G.M. Atmospheric Deposition of Nutrients and Pollutants in North America: An Ecological Perspective. Ecol. Appl. 1994,

4, 629–650. [CrossRef]
57. Aromolo, R.; Moretti, V.; Sorgi, T. Setting Up Optimal Meteorological Networks: An Example From Italy. Strateg. Plan. Energy

Environ. 2021, 40, 39–54. [CrossRef]
58. Recanatesi, F. Variations in land-use/land-cover changes (LULCCs) in a peri-urban Mediterranean nature reserve: The estate of

Castelporziano (Central Italy). Rend. Lincei 2015, 3, 517–526. [CrossRef]
59. European Commission Directorate-General Joint Research Centre. Leaf Area Index: Version 1333 m Resolution, Globe, 10-

Daily. 2017. Available online: http://land.copernicus.vgt.vito.be/geonetwork/srv/api/records/urn:cgls:global:lai300_v1_333m
(accessed on 27 March 2022).

60. Gielen, B.; de Beeck, M.; Michilsens, M.; Papale, D. ICOS Ecosystem Instructions for Ancillary Vegetation Measurements in Forest
(Version 20200330); ICOS Ecosystem Thematic Centre: Viterbo, Italy, 2017. [CrossRef]

61. Potapov, P.; Li, X.; Hernandez-Serna, A.; Tyukavina, A.; Hansen, M.C.; Kommareddy, A.; Pickens, A.; Turubanova, S.; Tang, H.;
Silva, C.E.; et al. Mapping global forest canopy height through integration of GEDI and Landsat data. Remote Sens. Environ. 2020,
253, 112165. [CrossRef]

62. At Risk Mediterranean Forests Make Vital Contributions to Development UN News. Available online: https://news.un.org/en/
story/2018/11/1026761 (accessed on 24 March 2022).

63. Penuelas, J.; Gracia, C.; Jump, I.F.A.; Carnicer, J.; Coll, M.; Lloret, F.; Yuste, J.C.; Estiarte, M.; Rutishauser, T.; Ogaya, R. Introducing
the climate change effects on Mediterranean forest ecosystems: Observation, experimentation, simulation and management. In
Forêt Méditerranéenne t. XXXI, n 4, 4th ed.; Association Forêt Méditerranéenne: Marseille, France, 2010; pp. 357–362. Available
online: http://hdl.handle.net/2042/39215 (accessed on 23 March 2022).

http://doi.org/10.5194/bg-6-1655-2009
https://dspace.unitus.it/handle/2067/35638
https://www.researchgate.net/profile/Aleandro-Tinelli/publication/354031145_General_features_of_the_castelporziano_test_site_1997/links/611fba3d169a1a01031631f2/General-features-of-the-castelporziano-test-site-1997.pdf
https://www.researchgate.net/profile/Aleandro-Tinelli/publication/354031145_General_features_of_the_castelporziano_test_site_1997/links/611fba3d169a1a01031631f2/General-features-of-the-castelporziano-test-site-1997.pdf
http://doi.org/10.1016/S1352-2310(97)00070-8
http://doi.org/10.5194/bg-6-1043-2009
http://doi.org/10.1007/s12210-014-0374-1
http://doi.org/10.1016/j.agrformet.2014.08.014
http://doi.org/10.1093/treephys/14.7-8-9.1069
http://doi.org/10.1016/j.agrformet.2010.01.008
http://doi.org/10.5194/bgd-10-6973-2013
http://doi.org/10.5194/bg-9-3113-2012
http://doi.org/10.1175/JCLI-D-14-00223.1
http://doi.org/10.1016/S1352-2310(02)00567-8
http://doi.org/10.1016/0004-6981(87)90274-5
http://doi.org/10.1016/1352-2310(95)00136-M
http://doi.org/10.1139/b72-174
http://doi.org/10.1016/j.atmosenv.2007.10.058
http://doi.org/10.2307/1941997
http://doi.org/10.13052/spee1048-5236.4013
http://doi.org/10.1007/s12210-014-0358-1
http://land.copernicus.vgt.vito.be/geonetwork/srv/api/records/urn:cgls:global:lai300_v1_333m
http://doi.org/10.18160/4ajs-z4r9
http://doi.org/10.1016/j.rse.2020.112165
https://news.un.org/en/story/2018/11/1026761
https://news.un.org/en/story/2018/11/1026761
http://hdl.handle.net/2042/39215


Forests 2022, 13, 689 17 of 18

64. Sardans, J.; Peñuelas, J. Plant-soil interactions in Mediterranean forest and shrublands: Impacts of climatic change. Plant Soil 2013,
365, 1–33. [CrossRef] [PubMed]

65. Misson, L.; Degueldre, D.; Collin, C.; Rodriguez, R.; Rocheteau, A.; Ourcival, J.-M.; Rambal, S. Phenological responses to extreme
droughts in a Mediterranean forest. Glob. Chang. Biol. 2011, 17, 1036–1048. [CrossRef]

66. Bongers, F.J.; Olmo, M.; Lopez-Iglesias, B.; Anten, N.P.R.; Villar, R. Drought responses, phenotypic plasticity and survival of
Mediterranean species in two different microclimatic sites. Plant Biol. 2017, 19, 386–395. [CrossRef]

67. Castagneri, D.; Regev, L.; Boaretto, E.; Carrer, M. Xylem anatomical traits reveal different strategies of two Mediterranean oaks to
cope with drought and warming. Environ. Exp. Bot. 2017, 133, 128–138. [CrossRef]

68. Recanatesi, F.; Giuliani, C.; Ripa, M.N. Monitoring Mediterranean Oak Decline in a Peri-Urban Protected Area Using the NDVI
and Sentinel-2 Images: The Case Study of Castelporziano State Natural Reserve. Sustainability 2018, 10, 3308. [CrossRef]

69. Ogaya, R.; Peñuelas, J. Tree growth, mortality, and above-ground biomass accumulation in a holm oak forest under a five-year
experimental field drought. Plant Ecol. 2006, 189, 291–299. [CrossRef]

70. Barbeta, A.; Peñuelas, J. Sequence of plant responses to droughts of different timescales: Lessons from holm oak (Quercus ilex)
forests. Plant Ecol. Divers. 2016, 9, 321–338. [CrossRef]

71. Barbeta, A.; Mejía-Chang, M.; Ogaya, R.; Voltas, J.; Dawson, T.E.; Peñuelas, J. The combined effects of a long-term experimental
drought and an extreme drought on the use of plant-water sources in a Mediterranean forest. Glob. Chang. Biol. 2015, 21,
1213–1225. [CrossRef]

72. Medrano, H.; Flexas, J.; Galmés, J. Variability in water use efficiency at the leaf level among Mediterranean plants with different
growth forms. Plant Soil 2009, 317, 17–29. [CrossRef]

73. Sperlich, D.; Chang, C.T.; Peñuelas, J.; Gracia, C.; Sabaté, S. Seasonal variability of foliar photosynthetic and morphological traits
and drought impacts in a Mediterranean mixed forest. Tree Physiol. 2015, 35, 501–520. [CrossRef] [PubMed]

74. Lloret, F.; Siscart, D.; Dalmases, C. Canopy recovery after drought dieback in holm-oak Mediterranean forests of Catalonia (NE
Spain). Glob. Chang. Biol. 2004, 10, 2092–2099. [CrossRef]

75. Rosas, T.; Galiano, L.; Ogaya, R.; Peñuelas, J.; Martínez-Vilalta, J. Dynamics of non-structural carbohydrates in three mediterranean
woody species following long-term experimental drought. Front. Plant Sci. 2013, 4, 400. [CrossRef] [PubMed]

76. Sarris, D.; Koutsias, N. Ecological adaptations of plants to drought influencing the recent fire regime in the Mediterranean. Agric.
For. Meteorol. 2014, 184, 158–169. [CrossRef]

77. Lempereur, M.; Limousin, J.-M.; Guibal, F.; Ourcival, J.-M.; Rambal, S.; Ruffault, J.; Mouillot, F. Recent climate hiatus revealed
dual control by temperature and drought on the stem growth of Mediterranean Quercus ilex. Glob. Chang. Biol. 2017, 23, 42–55.
[CrossRef]

78. Cutini, A.; Matteucci, G.; Mugnozza, G.S. Estimation of leaf area index with the Li-Cor LAI 2000 in deciduous forests. For. Ecol.
Manag. 1998, 105, 55–65. [CrossRef]

79. Manes, F.; Anselmi, S.; Giannini, M.; Melini, S. Relationships between leaf area index (LAI) and vegetation indices to analyze and
monitor Mediterranean ecosystems. Int. Soc. Opt. Photonics 2001, 4171, 328–335. [CrossRef]

80. Gratani, L.; Crescente, M.F. Map-Making of Plant Biomass and Leaf Area Index for Management of Protected Areas. Aliso A J.
Syst. Florist. Bot. 2000, 19, 1–12. [CrossRef]

81. Sánchez-Salguero, R.; Camarero, J.J.; Grau, J.M.; De La Cruz, A.C.; Gil, P.M.; Minaya, M.; Cancio, F. Analysing Atmospheric
Processes and Climatic Drivers of Tree Defoliation to Determine Forest Vulnerability to Climate Warming. Forests 2016, 8, 13.
[CrossRef]

82. Peña-Gallardo, M.; Vicente-Serrano, S.M.; Camarero, J.J.; Gazol, A.; Sánchez-Salguero, R.; Domínguez-Castro, F.; El Kenawy, A.;
Beguería-Portugés, S.; Gutiérrez, E.; de Luis, M.; et al. Drought Sensitiveness on Forest Growth in Peninsular Spain and the
Balearic Islands. Forests 2018, 9, 524. [CrossRef]

83. Gea-Izquierdo, G.; Viguera, B.; Cabrera, M.; Cañellas, I. Drought induced decline could portend widespread pine mortality at the
xeric ecotone in managed mediterranean pine-oak woodlands. For. Ecol. Manag. 2014, 320, 70–82. [CrossRef]

84. Braisier, M. Phytophthora cinnamomi and oak decline in southern Europe. Environmental constraints including climate change.
Ann. Des Sci. For. 1996, 53, 347–358. [CrossRef]

85. Corcobado, T.; Cubera, E.; Juárez, E.; Moreno, G.; Solla, A. Drought events determine performance of Quercus ilex seedlings and
increase their susceptibility to Phytophthora cinnamomi. Agric. For. Meteorol. 2014, 192–193, 1–8. [CrossRef]

86. Camarero, J.J.; Álvarez-Taboada, F.; Hevia, A.; Castedo-Dorado, F. Radial growth and wood density reflect the impacts and
susceptibility to defoliation by gypsy moth and climate in radiata pine. Front. Plant Sci. 2018, 871, 1582. [CrossRef]

87. Mecheri, H.; Kouidri, M.; Boukheroufa-Sakraoui, F.; Adamou, A.E. Variation du taux d’infestation par Thaumetopoea pityocampa
du pin d’Alep: Effet sur les paramètres dendrométriques dans les forêts de la région de Djelfa (Atlas saharien, Algérie). Comptes
Rendus Biol. 2018, 341, 380–386. [CrossRef]

88. Avila, J.M.; Gallardo, A.; Ibáñez, B.; Gómez-Aparicio, L. Quercus suber dieback alters soil respiration and nutrient availability in
Mediterranean forests. J. Ecol. 2016, 104, 1441–1452. [CrossRef]

89. Erkan, N. Impact of pine processionary moth (Thaumetopoea wilkinsoni Tams) on growth of Turkish red pine (Pinus brutia Ten.).
Afr. J. Agric. Res. 2011, 6, 4983–4988. [CrossRef]

http://doi.org/10.1007/s11104-013-1591-6
http://www.ncbi.nlm.nih.gov/pubmed/31031420
http://doi.org/10.1111/j.1365-2486.2010.02348.x
http://doi.org/10.1111/plb.12544
http://doi.org/10.1016/j.envexpbot.2016.10.009
http://doi.org/10.3390/su10093308
http://doi.org/10.1007/s11258-006-9184-6
http://doi.org/10.1080/17550874.2016.1212288
http://doi.org/10.1111/gcb.12785
http://doi.org/10.1007/s11104-008-9785-z
http://doi.org/10.1093/treephys/tpv017
http://www.ncbi.nlm.nih.gov/pubmed/25836361
http://doi.org/10.1111/j.1365-2486.2004.00870.x
http://doi.org/10.3389/fpls.2013.00400
http://www.ncbi.nlm.nih.gov/pubmed/24130568
http://doi.org/10.1016/j.agrformet.2013.09.002
http://doi.org/10.1111/gcb.13495
http://doi.org/10.1016/S0378-1127(97)00269-7
http://doi.org/10.1117/12.413942
http://doi.org/10.5642/aliso.20001901.02
http://doi.org/10.3390/f8010013
http://doi.org/10.3390/f9090524
http://doi.org/10.1016/j.foreco.2014.02.025
http://doi.org/10.1051/forest:19960217
http://doi.org/10.1016/j.agrformet.2014.02.007
http://doi.org/10.3389/fpls.2018.01582
http://doi.org/10.1016/j.crvi.2018.08.002
http://doi.org/10.1111/1365-2745.12618
http://doi.org/10.5897/AJAR11.794


Forests 2022, 13, 689 18 of 18

90. Savi, F.; Savi, F.; Fares, S. Ozone dynamics in a Mediterranean Holm oak forest: Comparison among transition periods character-
ized by different amounts of precipitation. Ann. Silvic. Res. 2014, 38, 1–6. [CrossRef]

91. Peñuelas, J.; Sardans, J. Global Change and Forest Disturbances in the Mediterranean Basin: Breakthroughs, Knowledge Gaps,
and Recommendations. Forests 2021, 12, 603. [CrossRef]

http://doi.org/10.12899/asr-801
http://doi.org/10.3390/f12050603

	Introduction 
	Materials and Methods 
	Study Area 
	The AIRTREE Model 
	Acquisition of Meteorological Variables 
	Acquisition of Vegetation Map 
	Retrieval of Biometric Vegetation Data 


	Results and Discussions 
	LAI and Canopy Cover Dynamics 
	Sequestration of Carbon Dioxide 
	Sequestration of Pollutants 

	Conclusions 
	References

