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Abstract: Climate change and human activities in particular are important causes of the possible
variations in Mediterranean basin forest health conditions. Over the last decades, deciduous
oak-forest mortality has been a recurrent problem in central and southern Italy. Despite the
perception of increasingly visible damage in oak forests in drought sites, the role of various
environmental factors in their decline is not completely clear. Among the modern methods of
monitoring terrestrial ecosystems, remote sensing is of prime importance thanks to its ability to
provide synoptic information on large areas with a high frequency of acquisition. This paper reports
the preliminary results regarding a replicable and low cost monitoring tool planned to quantify forest
health conditions based on the application of the Normalized Difference Vegetation Index (NDVI),
using the diachronic images provided by the Sentinel-2 satellite. The study area is represented by a
peri-urban forest of natural Mediterranean deciduous oaks, characterized by a high variability in the
composition of the species and in the silvicultural structures. In order to monitor the health conditions
of a specific forest canopy cover with remote sensing data, it is necessary to classify the forest canopy
cover in advance to separate it from other species and from the Mediterranean scrub. This is due to
the spatial distribution of vegetation and the high rate of biodiversity in the Mediterranean natural
environment. To achieve this, Light Detection and Ranging (LiDAR) data, forest management data
and field sampling data were analyzed. The main results of this research show a widespread decline
in oak health conditions over the observed period (2015–2017). Specifically, for the studied area,
thanks to the specific localization of the oak canopy cover, we detected a high potential concerning
the Sentinel-2 data application in monitoring forest health conditions by NDVI application.
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1. Introduction

Forest ecosystems are an essential economic and environmental resource widespread in most
regions of the world. In the Mediterranean basin, a region characterized by long droughts, extreme
weather events, a generally low precipitation rate coupled with fragile land susceptible to degradation
processes (e.g., erosion, salinization, pollution, sealing) and human pressure due to the continuous
development of both scattered and compact urban settlements, it is possible to identify a wide range
of disturbing factors that threaten natural forests.
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For these reasons, the Mediterranean basin has been identified as one of the hot spots of climate
change with major risks in the near future, including warmer and drier conditions. These trends would
imply that more forest areas will become particularly vulnerable in drier conditions [1].

In this context, it is widely acknowledged that the oak-decline is a phenomenon that has
been underway in Southern Europe since at least the early 1980s [2–5]. In Italy, since the 1980s,
drought-induced deaths have been detected in the southern regions of oak forests, which show a
worrying trend of increasing damage, as in other areas of the Mediterranean basin.

Oak-decline is widely recognized as a complex phenomenon due to multiple causes that occur
slowly for several years, even if mortality can suddenly follow, the decline and the hydraulic failure
caused by drought is considered the main mechanism responsible for a generalized decline. It can be
explained by two non-mutually exclusive mechanisms: (i) hydraulic failure due to a drastic loss of
conductivity of the xylem; and (ii) carbon deficiency when the carbon demands are not met [6–8].

In this context of environmental change due to the climate and, especially in the Mediterranean
basin, due to human activities, the arrangement of easily replicable methodologies useful in monitoring
health conditions could represent an efficient tool to support decision makers in planning efficient
strategies for recovery of these environments.

In this regard, the application of vegetation indices (VIs) by means of remote sensing of
multispectral images represents an efficient tool for monitoring the health conditions of forests.

Additionally in the Mediterranean environment, where forest structures often represent a limiting
factor in the application of remote sensing data due to their spatial resolution, the recent availability of
multispectral satellite data, provided by ESA (European Space Agency, Paris, France), represents a
step ahead in monitoring forest conditions in the Mediterranean area.

In fact, in the last few decades, the spatial resolution of satellite multispectral data has constantly
increased. Since 1982, Landsat Thematic Mapper (TM) has collected images with a spatial resolution
of 30 m. Since 1986, SPOT XS has had a resolution of 20 m, and the Sentinel mission has provided
multispectral images at 10 m since 2015.

Moreover, with the emergence of satellite images at very high spatial resolution, the spatial
resolution gap between satellite images and aerial photographs has decreased [9–13].

Regarding the development of VIs, scientists working in this field have developed several indices
for qualitatively and quantitatively evaluating vegetative cover using multi-spectral data. In fact,
over forty vegetation indices have been developed during recent decades, amongst which the NDVI
is the most widely used in monitoring general health conditions of forest surfaces. The degree of
vigor in forest vegetation cover can be classified according to its spectral response, which when in red
(630–690 nm) is strongly correlated with chlorophyll concentration, while the spectral response in near
infrared (760–900 nm) is correlated by the leaf area index and green vegetation density. Thanks to these
properties, the NDVI can be utilized as an indicator of possible vegetation stress, particularly that due
to water shortage or pest diffusion. For these reasons, in the beginning phase of the monitoring, we
preferred to use the NDVI index to obtain a comparable result with others similar study cases [14–20].

This paper aims to evaluate the use of remote sensing data to follow the multi-year evolution of a
Mediterranean natural forest ecosystem in a protected area of central Italy, the Presidential Estate of
Castelporziano (Rome).

For the Mediterranean environment, the availability of a methodology capable of efficiently
extracting NDVI values of deciduous oak from satellite images is a necessary basis for producing
accurate long-term data series that characterize this ecosystem in the study area.

2. Materials and Methods

2.1. The Study Area

The Presidential Estate of Castelporziano (41◦44′37′′ N–12◦24′00′′ E), which today is a State
Natural Reserve, is full of intact forests, mainly characterized by deciduous oaks and an entire
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sequence of different ecosystems: Dunes, Mediterranean scrub, ponds, meadows and pastures. It is an
irreplaceable relic of the old Mediterranean coastal environment, which today is mostly invaded by
buildings, intensive agriculture, degraded steppe, marinas, bathing establishments and coastal roads,
Figure 1.

Castelporziano has a total area of almost 60 Km2, its territory is mainly represented by forest use,
characterized by: deciduous oak forest (40 Km2), evergreen oak forest (holm oak and cork oak—0.95 Km2)
and pine-forest (Stone pine—0.9 Km2).
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Figure 1. Study area of Castelporziano: on the left, aerial photo and borders (red line); on the right, a
territorial description of the study area (yellow), Tiber river (blue), Municipality of Rome (dark gray),
and city of Rome (light gray and black).

For these reasons, Castelporziano today represents a key area in the network of protected areas
around the metropolitan territory of Rome, with particular attention to the conservation of biodiversity,
soil conservation and the containment of urban expansion [21,22].

Regarding the location of deciduous oak forest in the study area of Castelporziano, in this research,
we referred to the classification of forest types derived from the Forest Management Plan (FMP) for
Castelporziano [23,24] which is mainly characterized from broad-leaved Mediterranean oaks such as:
Quercus robur, Quercus frainetto, Quercus pubescens and Quercus cerris.

In the FMP document, the deciduous oak forest has been classified into eight different forest types,
each characterized by a different species composition; spatial density and silvicultural structure. In the
deciduous oak forest of Castelporziano, despite the availability of an accurate set of georeferenced
data, all available data refer to a forest management unit (FMU).

The tree canopy cover, in the deciduous oak forest of Castelporziano, due to its natural origin,
presents a high variety in terms of spatial distribution, even at the scale of the FMU. This aspect is
a limiting factor in the application of the remote sensing technique in providing the specific state of
health for the deciduous oak trees in the FMU scale.

For these reasons, before applying the NDVI, a preliminary analysis of the forest canopies was
carried out in the Geographic Information System (GIS) environment, to detect on the FMU scale, the
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actual covering layer of the canopy belonging to the deciduous oak forest. To reach this goal we used
ArcMap GIS software to reclass the LiDAR data according to the different forest types and, in a second
step, to apply the NDVI specifically for the deciduous oak canopy.

Figure 2 shows some examples concerning the heterogeneous distribution of deciduous oak tree
found in four different FMUs.

Sustainability 2018, 10, x FOR PEER REVIEW  4 of 10 

limiting factor in the application of the remote sensing technique in providing the specific state of 

health for the deciduous oak trees in the FMU scale. 

For these reasons, before applying the NDVI, a preliminary analysis of the forest canopies was 

carried out in the Geographic Information System (GIS) environment, to detect on the FMU scale, the 

actual covering layer of the canopy belonging to the deciduous oak forest. To reach this goal we used 

ArcMap GIS software to reclass the LiDAR data according to the different forest types and, in a 

second step, to apply the NDVI specifically for the deciduous oak canopy. 

Figure 2 shows some examples concerning the heterogeneous distribution of deciduous oak tree 

found in four different FMUs. 

 

Figure 2. Different silvicultural structures detected in Castelporziano deciduous oak forest at forest 

management unit (FMU) scale. (A) Homogeneous canopy cover with presence of some evergreen oak 

(Q. ilex and Q. suber); (B) heterogeneous canopy cover with presence of some evergreen oak and bare 

soil; (C) low density of the deciduous oak canopy with Mediterranean scrub and bare soil; (D) isolated 

deciduous oaks trees in Mediterranean scrub. 

2.2. Climatic Drought in Castelporziano and Oak Forest Dieback 

Since the mid-1990s, a network of agro-climatic stations equipped with sensors for traditional 

meteorological measures and soil characteristics has been installed throughout the woodland of 

Castelporziano. The acquired data show that in the last thirty years the average temperature 

increased by almost 1.5 °C, while the rainfall has decreased by 80 mm, although with a high 

variability over time [25,26]. Furthermore, as regards the management of water resources, the 

surrounding territory of Castelporziano is characterized by a high rate of soil sealing that limits the 

recharge of the water table [27]. Concerning the observed period, in the study area, the total rainfall 

and relative raining days are the following: year 2015, 6012 mm in 63 days; year 2016, 6552 mm in 79 

days; year 2017, 6342 mm in 51 days. 

This climate change scenario has contributed to the decline of the Castelporziano oak forest. In 

fact, in recent years, a widespread and progressive crown dieback has been observed, which threatens 

the whole functioning of the ecosystem and the ecological integrity of this typical Mediterranean 

landscape. Figure 3 shows evidence of decline of the foliage observed in the oak forest of 

Castelporziano. 

Figure 2. Different silvicultural structures detected in Castelporziano deciduous oak forest at forest
management unit (FMU) scale. (A) Homogeneous canopy cover with presence of some evergreen oak
(Q. ilex and Q. suber); (B) heterogeneous canopy cover with presence of some evergreen oak and bare
soil; (C) low density of the deciduous oak canopy with Mediterranean scrub and bare soil; (D) isolated
deciduous oaks trees in Mediterranean scrub.

2.2. Climatic Drought in Castelporziano and Oak Forest Dieback

Since the mid-1990s, a network of agro-climatic stations equipped with sensors for traditional
meteorological measures and soil characteristics has been installed throughout the woodland of
Castelporziano. The acquired data show that in the last thirty years the average temperature increased
by almost 1.5 ◦C, while the rainfall has decreased by 80 mm, although with a high variability over
time [25,26]. Furthermore, as regards the management of water resources, the surrounding territory
of Castelporziano is characterized by a high rate of soil sealing that limits the recharge of the water
table [27]. Concerning the observed period, in the study area, the total rainfall and relative raining
days are the following: year 2015, 6012 mm in 63 days; year 2016, 6552 mm in 79 days; year 2017,
6342 mm in 51 days.

This climate change scenario has contributed to the decline of the Castelporziano oak forest. In fact,
in recent years, a widespread and progressive crown dieback has been observed, which threatens the
whole functioning of the ecosystem and the ecological integrity of this typical Mediterranean landscape.
Figure 3 shows evidence of decline of the foliage observed in the oak forest of Castelporziano.
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Figure 3. Examples of deciduous oak dieback detected in Castelporziano: (A) crown and shoot dieback;
(B) leaf shedding; (C) growth loss and tree mortality.

2.3. Remote Sensing Data and GIS Environment

We used a set of Level 1C Sentinel-2 satellite images (bands 8 and 4), referring to the period: 18
July, 2015; 13 July, 2016; 12 February, 2017; and 26 July, 2017, provided by Copernicus open access
Hub of the European Space Agency (ESA) and pre-processed using Sen2Cor provided by ESA, for
atmospheric and topographic correction.

With regard to the Canopy Height Model (CHM) derived from the data of LIDAR for the area
considered, this layer presents a spatial resolution of 1 m, refers to the year 2010, and was provided by
the Ministry of Environment and Protection of the Territory and Sea. All analysis in GIS environment
were performed using the ArcMap 10.0 software by ESRI®.

2.4. Deciduous Oaks Canopy Layer

Due to the high heterogeneity in terms of spatial distribution and silvicultural structures in
Castelporziano oak forest, a preliminary analysis was carried out on the forest canopy cover, on a grid
scale (100 m2), to specifically identify the cover of the deciduous oak canopy.

To achieve this, we used a Sentinel-2 derived grid with a spatial resolution of 10 m. This allowed
us to apply the NDVI specifically to detect the health condition of only the deciduous oak canopy.

To reach this goal, a georeferenced database was set up using (i) information provided by the
Castelporziano forest management plan concerning the different heights referred to the dominant
and dominated layers of the forest; (ii) CHM LiDAR data to separate dominant and dominated stand
forest; and (iii) a diachronic set of multispectral Sentinel-2 images.

The analysis of the dominant and dominated layers of the forest was carried out by consulting
the FMP of Castelporziano at the FMU scale, in terms of height referred to dominant forest (oak) and
dominated forest layers (Mediterranean scrub and bare soil).

Using this information, we have separated the dominant layer from the dominated forest layer,
reclassifying the CHM LiDAR data for each FMU, Table 1 shows the main silvicultural characteristics
of the analyzed FMUs.

In this way, we obtained a binary layer that represents the dominant position of the forest
characterized by evergreen and deciduous oaks. In Table 1 the main silvicultural parameters are shown
for the eight FMU analyzed.
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Table 1. Main silvicultural characteristics of the FMUs analyzed.

Castelporziano Deciduous Oak
Forest Structures

ID_Code Surface
(Ha)

Mean Oak
Canopy

Cover (%)

Average Height (m) Forest Canopy Composition

Dominant
Layer of

the Forest

Dominated
Layer of

the Forest

Deciduous
Oaks

Non-Deciduous
Oaks

Transitional forests of deciduous
oaks and Ostrya carpinifolia 21 156 73 9 7.5 Qc; Qc; Qr; Qp Pl; Qi; Ac; Fo; Cr; Pp

Transitional forests of deciduous
oaks and Mediterranea scrub 22 181 62 8.5 6.5 Qc; Qf; Qr; Qp E; Pl; Cr; Co

Transitional forests with prevalence
of deciduous and mixed oaks 24 294 69 8.5 7 Qr; Qf; Qc; Qp Pp; Pl; Co; Qs; Qi;

Qpt; Um

Coppice of deciduous oaks with
Ostrya carpinifolia 31 53 77 9.5 6.5 Qf; Qr; Qc Ca; Um; Cb; Co

Coppice of deciduous oaks with
Mediterranean scrub 32 288 81 7.5 6 Qf; Qc; Qr Pp; Qs; Qcr; Qi; Pl; E;

Ct; E; Cr; Mc

Forest of deciduous oaks 41 21 8 11 7.5 Qc; Qr; Um; Co; Fo; Pl;

Forest of deciduous oaks and Ostrya
carpinifolia 42 512 37 9.5 6 Qf; Qr; Qc Qi; Co; Qs; Qcr; Pp;

Cb; Um; Fo; Pl

Forest of deciduous oaks and
Mediterranean scrub 43 664 18 11.5 4.5 Qf; Qc; Qpt;

Qp
P; Pl; Qs; Co; Qcr; Qi;

Ln; Ac

Legend: Qp Quercus pubescens; Qf Quercus frainetto; Qr Quercus robur; Qc Quercus cerris; Qi Quercus ilex; Qcr
Quercus crenata; Qs Qurcus suber; Co Carpinus orientalis; Pp Pinus pinea; Cb Carpinus betulus; Um Ulmus minor;
Fo Fraxinus oxycarpa; Pl Phillyrea latifolia; Qpt Qurercus petraea; Ln Laurus nobilis; Ac Acer campestre; E Erica
spp.; Cr Crataegus spp.; Mc Myrtus communis.

Finally, to remove evergreen canopy trees from our analysis, represented by evergreen oaks and
stone pine, we compared the NDVI value detected for the winter and summer season using the 8
and 4 bands provided by Sentinel-2 data. The result of this methodology allowed us to obtain a
grid mask relative to the canopy of the deciduous oak forest of Castelporziano. Figure 4 shows the
methodological steps of this analysis.

The canopy mask obtained this way was subsequently validated with data derived from field
surveys and photo-interpreted analyses.
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Figure 4. (A) Forest management plan (FMP) of Castelporziano, with subdivision of deciduous natural
oak forest areas into eight silvicultural types (ID_code); (B) Light Detection and Ranging (LiDAR) data
reclassification based on the height of the forest layer dominated in the FMU scale; (C) Normalized
Difference Vegetation Index (NDVI) winter and summer difference scenario used to eliminate evergreen
oaks and stone pine from the mask; (D) deciduous oak forest mask based on the Sentinel-2 grid scale.
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3. Results

Regarding the identification of the deciduous oak canopy cover, out of a total of 235,195 pixels,
equivalent to an area of 3251 hectares, 91,744 pixels represent the deciduous oak canopy cover.
According to Gongalton [28], this layer grid was validated referring to the kappa index of agreement
(KIA) using 3737 pixels randomly distributed in the territory and validated by field surveys and by
an analysis of aerial photos referring to 2017. The result obtained presents a coefficient of agreement
KIA of over 0.87. Concerning the error committed (13%), equal to 487 pixels, 7% of them present as
false positives.

According to the NDVI, using the multispectral Sentinel-2 images for the years 2015, 2016 and
2017, a widespread dieback was observed for the analyzed area. In this regard, the results show a
decrease in the average NDVI value of the pixels ranging from 0.9 to 0.87, from July 2015 to July 2016,
and this decreases further to an average value of 0.85 in July 2017, Figure 5.

Overall, in the deciduous oak forest of Castelporziano, in the observation period a 5.5% decrease
in the vegetative capacity was detected according to the NDVI values.

Sustainability 2018, 10, x FOR PEER REVIEW  7 of 10 

3. Results 

Regarding the identification of the deciduous oak canopy cover, out of a total of 235,195 pixels, 

equivalent to an area of 3251 hectares, 91,744 pixels represent the deciduous oak canopy cover. 

According to Gongalton [28], this layer grid was validated referring to the kappa index of agreement 

(KIA) using 3737 pixels randomly distributed in the territory and validated by field surveys and by 

an analysis of aerial photos referring to 2017. The result obtained presents a coefficient of agreement 

KIA of over 0.87. Concerning the error committed (13%), equal to 487 pixels, 7% of them present as 

false positives. 

According to the NDVI, using the multispectral Sentinel-2 images for the years 2015, 2016 and 

2017, a widespread dieback was observed for the analyzed area. In this regard, the results show a 

decrease in the average NDVI value of the pixels ranging from 0.9 to 0.87, from July 2015 to July 2016, 

and this decreases further to an average value of 0.85 in July 2017, figure 5. 

Overall, in the deciduous oak forest of Castelporziano, in the observation period a 5.5% decrease 

in the vegetative capacity was detected according to the NDVI values. 

 

Figure 5. Castelporziano deciduous oak forest: Diachronic frequency of NDVI index (number of cells 

on y axis) for the observed period. The red dotted line indicates the average decrease in health 

condition monitored from 2015 (green dotted line). 

4. Discussion 

Nowadays, territory analysis by remote sensing data plays a fundamental role in forest 

management planning. This is thanks to the recent availability of open source multispectral satellite 

data such as those provided by Sentinel-2 satellite, whose spatial resolution and frequency in scenery 

acquisition represent a powerful tool for environmental monitoring. Recently, the availability of Very 

High Resolution (VHR) images and Unmanned Aerial Vehicle (UAV) based surveying represents an 

interesting tool in monitoring the natural environment. Unfortunately, due to their cost, low 

Figure 5. Castelporziano deciduous oak forest: Diachronic frequency of NDVI index (number of
cells on y axis) for the observed period. The red dotted line indicates the average decrease in health
condition monitored from 2015 (green dotted line).

4. Discussion

Nowadays, territory analysis by remote sensing data plays a fundamental role in forest
management planning. This is thanks to the recent availability of open source multispectral satellite
data such as those provided by Sentinel-2 satellite, whose spatial resolution and frequency in scenery
acquisition represent a powerful tool for environmental monitoring. Recently, the availability of Very
High Resolution (VHR) images and Unmanned Aerial Vehicle (UAV) based surveying represents an
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interesting tool in monitoring the natural environment. Unfortunately, due to their cost, low frequency
in image acquisition and short autonomy in terms of working operation, they are not suitable to
reach the goal of the present research which consists of planning an efficient, replicable and low cost
monitoring tool.

In this framework, the Mediterranean environment, especially when represented by a natural
forest such as in Castelporziano, still poses limiting factors in remote sensing applications due to the
heterogeneity in tree canopy spatial distribution and the biodiversity of the dominant stand-layer of the
forest. For these reasons, diachronic investigations concerning the vegetative health conditions using
vegetational indices, for a specific forest typology (e.g., deciduous oak forest), necessarily involve a
preventive investigation concerning forest dominant canopy aim to isolate the specific forest typology
from the others.

In our study case, achievement in the GIS environment of a georeferenced mask (deciduous
oak canopy cover) concerning the exact location of the deciduous oak canopy, allowed us to start
monitoring this specific forest typology over time.

Regarding the novelty and importance of the present study, in terms of forestry management,
the deciduous oak forest mask will represent an important georeferenced data base that, in time, will
allow efficient and quick monitoring of the ancient coastal deciduous oak forest.

Concerning the NDVI values detected for the three scenarios considered, a diffuse crown dieback
was observed in the Castelporziano deciduous oak forest. Overall, a 5.5% decrease in vegetative
capability was observed, and this result confirms the decline of the deciduous oak forest observed in
the field during recent years. Furthermore, despite drought conditions which occurred during the
observed period (especially in the summer of 2017), which contributed to the hydraulic stress and
consequent decline in health condition, this result still gives evidence to the frailty of this ancient
coastal Mediterranean landscape. Considering its uniqueness, this landscape must be the object of
specific observation to provide useful information for planning efficient and swift actions that aim to
ensure the sustainability and conservation of this natural environment.

5. Conclusions

This research concerns the application of remote sensing data in monitoring the vegetation health
condition of a Mediterranean protected area. Using multispectral open source data as provided by
the satellite Sentinel-2 according to the NDVI, and using the oak canopy cover layer as a spatial filter,
an efficient and specific tool for monitoring the deciduous oak forest in Castelporziano was arranged.
Furthermore, this tool, being based and calibrated on multispectral Sentinel-2 data, allows monitoring
of the forest with a time frequency of about five days, thus enabling timely detection and monitoring
of the health of the forest and, as a consequence, prompt planning of the best silvicultural solutions to
preserve these environments.

As for other Mediterranean natural environments in Castelporziano, using open source satellite
data with a spatial resolution of 100 square meters, the heterogeneous spatial distribution of the
forest canopy still represents a limiting factor in applying VIs at the forest management scale. In this
framework, the monitoring tool proposed for the deciduous oak forest, based on the pre-analysis of
the forest canopy, represents a practical and replicable methodology that allows a low cost solution for
monitoring natural environments.

The first results obtained in this research encourage the application of other VIs that can contribute
to explaining the general and diffuse dieback detected by NDVI analysis. Furthermore, to better
understand the oak decline detected in Castelporziano, NDVI responses will be correlated with the
different forest types that characterize the Castelporziano deciduous oak forest.
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