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Abstract: Small oceanic islands, such as São Miguel Island in the Azores (Portugal), face heightened
susceptibility to the adverse impacts of climate change, biological invasions, and land cover changes,
posing threats to biodiversity and ecosystem functions and services. Over the years, persistent
conservation endeavors, notably those supported by the EU LIFE Programme since 2003, have played
a pivotal role in alleviating biodiversity decline, particularly in the eastern region of São Miguel
Island. This study advocates the application of remote sensing data and techniques to support the
management and effective monitoring of LIFE Nature projects with land cover impacts. A land cover
change detection approach utilizing Rao’s Q diversity index identified and assessed changes from
2002 to 2021 in intervention areas. The study analyzed the changes in LIFE project areas using ASTER,
Landsat 8, and Sentinel 2 data through Google Earth Engine on Google Colab (with Python). This
methodological approach identified and assessed land cover changes in project intervention areas
within defined timelines. This technological integration enhances the potential of remote sensing
for near-real-time monitoring of conservation projects, making it possible to assess their land cover
impacts and intervention achievements.

Keywords: remote sensing; oceanic islands; Python; Rao’s Q; land use; land cover; open data; Google
Earth Engine; Google Colab

1. Introduction

Preserving nature and mitigating biodiversity decline have garnered heightened
significance, which is evident in expanding protected regions and efforts toward ecological
restoration [1]. Small islands, defined as land masses with a total area of less than 10,000 km2

and a population that does not exceed 500,000 inhabitants, are highly vulnerable to climate
change impacts due to a combination of factors, including their remoteness, insularity,
limited resources, and exposure to extreme weather events. As a result, small islands
require special attention and support to address the unique challenges they face in the
context of climate change [2]. Furthermore, small islands face environmental issues directly
or indirectly related to land use/land cover changes (LULCCs), such as natural hazards,
loss of biodiversity, and proliferation of invasive alien species, some of which are caused
by direct human exploitation [3]. In Macaronesian oceanic archipelagos like the Azores,
the main threat to nature conservation is LULCCs [4–7]. Nature protection and slowing
the rate of biodiversity loss in small oceanic islands have become increasingly essential.
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Conservation projects funded by the European Commission under the LIFE Programme
(https://cinea.ec.europa.eu/programmes/life_en, accessed on 5 March 2023) assign value
to different aspects, namely the preservation of local biodiversity, leisure and tourist value,
landscape value, water supply, and scientific and education value [1]. However, identifying
and mapping the actions allow to verify the investments in these areas.

The analysis of LULCCs is fundamental for comprehensively understanding and
addressing local, regional, and global issues. These encompass a range of phenomena,
including alterations in rainfall patterns resulting in droughts [8] and flooding [9], oc-
currences of landslides [10], coastal erosion [11], the rapid expansion of urban areas [12],
intensification of agriculture activity and livestock grazing [13], spreading of invasive alien
species [14], and wildfires [15,16], among others.

In recent years, there has been a notable increase in scientific papers focusing on remote
sensing (RS) applications in island and coastal regions [17]. This surge underscores the
growing recognition of the significance and relevance of such studies within the scientific
community and among various stakeholders and decision-makers.

The goal of RS-based change detection (CD) is to discern those areas on digital images
that depict a change in the feature of interest between two or more image dates. The
reliability of the CD process may be strongly influenced by various environmental factors
that might change between image dates [18]. Bitemporal, multitemporal, and time series
CD techniques are needed to investigate heterogeneous change types, intensities, and
process durations and to suit the various purposes of studies. The era of freely accessible
data, in parallel with the growth of non-proprietary toolboxes, should propagate doubly
through RS communities and users [19].

In recent years, the RS data processing has primarily relied on conventional work-
stations, utilizing restricted computational resources. This approach presents significant
constraints when dealing with large volumes of data, storage, and analysis, which have
changed with the advance of the internet and cloud computing [20].

The convergence of the internet and cloud computing is undeniably revolutionizing
the field of science. Using geospatial cloud technologies, such as Google Earth Engine
(GEE), scientists can now readily and affordably access vast repositories of geographic
information spanning a wide array of subjects. Moreover, it is possible to leverage the
computational power offered by cloud computing resources (e.g., Google Colab) to conduct
intricate analyses and create detailed maps [21].

Using spectral indices with RS data and techniques is paramount for effectively high-
lighting LULCC dynamics. Among these indices, the Normalized Difference Vegetation
Index (NDVI) is the most widely applied RS-based approach for monitoring vegetation
in island and coastal environments [17]. The NDVI is a significant index for identifying
LULCCs due to its ability to quantify the density and health of vegetation on small or
large spatial scales. By comparing the reflectance of near-infrared and visible red light
wavelengths, the NDVI provides insights into vegetation growth, distribution, and health.
This index is particularly relevant for LULCC assessments, because it can detect changes
in land cover types, such as deforestation, urbanization, or agricultural expansion, by
monitoring variations in vegetation cover and condition over time. Additionally, the NDVI
serves as a valuable tool for understanding ecosystem dynamics, assessing environmental
impacts, and informing land management and conservation strategies [22].

In this context, Rao’s Q Index was introduced to address the mathematical limitations
observed in the Shannon and Rényi Indices. It considers richness, relative abundance, and
pixel values’ numerical magnitude and pairwise distance within a multivariate framework.
The Rao’s Q Index correlates with the total pairwise distances between all pixel values in the
analyzed satellite imagery, with each distance being weighted by the relative abundance of
the corresponding pixel pairs [23]. This comprehensive approach provides a more nuanced
understanding of the data [24]. In environmental studies, Rao’s Q Index may constitute a
systematic way to identify changes in land cover patterns over time. The index is sensitive
to changes even in small areas or where differences are subtle [23] and helps in detecting

https://cinea.ec.europa.eu/programmes/life_en
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alterations in soil and vegetation by quantifying the degree of dissimilarity or similarity
between samples taken from different locations or at different times.

The Rao’s Q Index has already been used in LULCC studies in different geographic
areas (including islands [25]), environmental contexts (e.g., rural areas [26]), natural ecosys-
tems [27], and most widely input was the NDVI [24–26,28–31]. Therefore, this index was
applied in this study due to its versatility, making it a valuable tool for understanding
landscape dynamics at various scales, including identifying LULCCs.

Taking a step forward, we sought to evaluate the sensitivity of new band combinations
to explore the potential of Rao’s Q multidimensional approach using the red, green, and
short-wave infrared (SWIR 2) spectral bands, not only using the NDVI. The importance
of these bands in this research lies in their capability to quantify and visualize vegetation
vigor and density, thus providing valuable insights into ecosystem dynamics and land
management practices in these sensitive areas.

This paper presents a case study examining LULCCs resulting from the development
of EU-funded LIFE projects (2003–2021) on São Miguel Island (Azores Archipelago, Por-
tugal) in the Pico da Vara/Ribeira do Guilherme Special Protection Area, where several
ecological restoration actions have been planned, developed, and monitored. This study
aims to explore RS-based LULC change detection approaches using Rao’s Q Diversity
Index to assess the effectiveness of these projects. As far as we know, this paper is the first
that employs Rao’s Q Index with these band combinations. With this innovative approach,
it was possible to identify and monitor the effectiveness of investment LULCCs in EU-LIFE
project areas.

2. Materials and Methods
2.1. Study Area

The Azores Archipelago, situated in the North Atlantic Ocean, comprises nine volcanic
islands. São Miguel, the largest island within the Azores Archipelago, covers an area of
approximately 74,677 hectares and has the highest population, with around 133,000 inhabi-
tants. It is positioned about 1500 km away from mainland Europe, specifically at centroid
coordinates X: 632,351.58 m and Y: 4,182,515.23 m in UTM WGS84 26N projection.

The study area is the mountainous region in the eastern part of São Miguel Island
(Figure 1), which incorporates the designated Special Protection Area called “Pico da
Vara/Ribeira do Guilherme”, a Natura 2000 site.
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2.2. EU-Funded LIFE Nature Projects in São Miguel Island

The LIFE program was established in 1992 and has since co-financed thousands of
projects. LIFE aims to contribute to developing and implementing environmental and
climate policy and legislation [32].

Over the years, various LIFE projects have been implemented on São Miguel Island
(Figure 2), targeting habitat and species conservation. These projects aimed primarily to
conserve and restore the Azores bullfinch (Pyrrhula murina) habitat, also known as the
Priolo, a critically endangered bird species endemic to the Azores [33].
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Figure 2. LIFE projects in the São Miguel Island timeline. The first project was LIFE Priolo (October
2003 to November 2008), followed by LIFE Laurissilva Sustentável (January 2009 to June 2013). After
this project, the LIFE Terras do Priolo project started (July 2013 to June 2019), and the ongoing project
is the LIFE IP Azores Natura (January 2019 to December 2027) [33–37].

The Priolo, a bird species exclusive to the eastern region of São Miguel Island in the
Azores, faced a critical endangerment status, ranking as the most threatened bird and
the second-rarest in Europe. Its status on the IUCN Red List of Threatened Species was
revised in December 2016 and updated to “Vulnerable” according to BirdLife International
(https://www.iucnredlist.org/species/22720676/205920049, accessed on 9 June 2023), with
the update from “Critically Endangered” to “Endangered” taking place in 2010 [35]. The
Priolo population ranges from 500 to 800 breeding pairs, showing a gradual population
growth pattern, and occupies a distribution area of 36.5 km2 [38]. The primary threat
to its survival stems from its habitat’s substantial and alarming degradation over time.
This natural Laurisilva forest habitat remains in very remote areas of São Miguel Island.
Furthermore, invasive plant species such as Myrica faya, Pittosporum undulatum, and Clethra
arborea pose severe risks to the survival of the native vegetation [33].

2.3. Challenges of Satellite Remote Sensing of Islands

RS enables data collection about our planet’s surface using distant tools (e.g., satellites,
unmanned aerial vehicles, and airplanes). This technique is especially valuable for isolated
island regions, where conventional on-the-ground data gathering is often problematic due
to their remote and complex location. With RS, scientists and practitioners can obtain a
detailed understanding of an island’s landscape. However, there are certain drawbacks to
leveraging this method for island territories. The detailed nuances of island environments
may go unnoticed due to the spatial capabilities of some sensors. Moreover, not all sensors
have the spectral capacity to identify unique characteristics specific to these territories. One
notable obstacle is the persistent cloudiness hanging over numerous islands, hindering
data collection [39].

Cloud coverage poses significant challenges to obtaining operational satellite imagery
of small oceanic islands. Clouds can significantly degrade the quality and reduce the
quantity of satellite imagery available for the area of interest. Thick cloud cover can
completely obscure the surface, while even thin or scattered clouds introduce shadows,
distortions, and reduced contrast in the images. These factors affect the interpretability and
accuracy of the data obtained.

https://www.iucnredlist.org/species/22720676/205920049
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Small oceanic islands, such as São Miguel, frequently experience overcast conditions
for extended periods, making it challenging to find suitable time windows to capture
cloud-free images. This limitation impacts the temporal resolution of satellite imagery,
hindering the effective monitoring of changes over time, such as vegetation growth, urban
development, or environmental changes on the islands [39].

The geographical positioning of our study area is on the highest mountainous part
of São Miguel Island, which often correlates with an increased cloud cover. Due to this,
the manual selection of satellite images is usually needed. The manual selection allows
researchers to meticulously identify images less affected by cloud cover, ensuring the
accuracy and reliability of the data obtained.

2.4. Methodological Workflow

The present study is grounded in a Python code developed for a Rao’s Q-based
agricultural land cover change detection application [26] (available at https://github.com/
AndreaTassi23/spectralrao-monitoring, accessed on 1 March 2023). Adopting the code
from [26] as our starting point, we aimed to harness its foundational structure and expand
and adapt its functionalities. It was done by integrating improvements and introducing
new features in response to our investigation’s emergent demands and needs.

This research utilized Google Colab with GEE integration, employing Python as the
programming language in a stepwise manner: (1) accessing the satellite imagery reposi-
tory (including ASTER, Landsat 8 (L8), and Sentinel-2 (S2) sensors) on the GEE catalog;
(2) extracting the red, green, near-infrared (NIR), and SWIR 2 bands of the imagery and
calculating the NDVI; (3) calculating the Rao’s Q classic [15] using the NDVI; (4) calculating
Rao’s Q multidimensional (MD 1, MD 2, and MD 3); (5) calculating the square root of the
post-image minus the pre-image for each project duration; (6) calculating the threshold; and
(7) validation of the results through statistical analysis for each LIFE project, complemented
by information from reports and historical high-resolution images obtained from satellites
(Figure 3).

The GEE (https://earthengine.google.com/, accessed on 7 April 2023) is a cloud-
based geospatial data analysis platform that allows users to access and analyze large-scale,
multidimensional satellite imagery and other geospatial data [40]. This allows users
to access and control the data efficiently, perform rapid prototyping, and visualize the
results [40–43].

Throughout these LIFE projects (2002 to 2021), we utilized a progression of satellite
sensors, starting with ASTER, followed by L8, and ultimately transitioning to S2.

For the ASTER imagery, the “ASTER/AST_L1T_003” data collection was used (https:
//developers.google.com/earth-engine/datasets/catalog/ASTER_AST_L1T_003, accessed
on 13 June 2023). For the L8 imagery, the “LANDSAT/LC08/C02/T1_L2” data collection
was used (https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_
LC08_C02_T1_L2, accessed on 13 June 2023). For the S2 imagery, the “COPERNICUS/
S2_SR_HARMONIZED” collection was utilized (https://developers.google.com/earth-
engine/datasets/catalog/sentinel-2, accessed on 22 May 2023).

Despite the inherent constraints of the GEE, particularly regarding the maximum
number of pixels that can be accessed concurrently, the platform offers many significant
advantages. Foremost, the GEE provides swift and efficient access to an extensive repository
of satellite images, which markedly enhances spatial analysis processes.

However, when dealing with areas that exceed 262,144 pixels, downloading data in the
raster file format becomes necessary. Recognizing the significance of a refined and seamless
user experience, we devised an automated solution for images up to 262,144 pixels. This
innovation ensures that users swiftly acquire the desired images for areas that do not
surpass the aforementioned pixel count.

https://github.com/AndreaTassi23/spectralrao-monitoring
https://github.com/AndreaTassi23/spectralrao-monitoring
https://earthengine.google.com/
https://developers.google.com/earth-engine/datasets/catalog/ASTER_AST_L1T_003
https://developers.google.com/earth-engine/datasets/catalog/ASTER_AST_L1T_003
https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LC08_C02_T1_L2
https://developers.google.com/earth-engine/datasets/catalog/LANDSAT_LC08_C02_T1_L2
https://developers.google.com/earth-engine/datasets/catalog/sentinel-2
https://developers.google.com/earth-engine/datasets/catalog/sentinel-2
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2.4.1. NDVI Processing

The NDVI [44] of the RS imagery was calculated before and after each LIFE project
intervention. The NDVI is a prevalent index extensively adopted to estimate the veg-
etation vigor and heterogeneity and consequently identify eventual LULCCs [17]. The
mathematical representation for the NDVI is provided by Equation (1):

NDVI =
NIR − Red
NIR + Red

(1)

This index is critical in ecological and agricultural studies [45–47], aiding in monitoring
changes in vegetation over time and across different landscapes [48], including identifying
alterations such as vegetation removal [49] or changes in vegetative vigor [50].

2.4.2. Calculating Rao’s Q Index

As described by Rocchini [51], Rao’s Q is a quantitative measure used to assess the
similarity or dissimilarity between spatial patterns or distributions of ecological variables.



Land 2024, 13, 666 7 of 18

Rao’s Q was determined by using a fixed window size of 9 × 9 pixels, selected for index
retrieval [23,51]. The formula to calculate the Rao’s Q Index was used according to [29]:

Rao′s Q = ∑ dij × pi × pj

In this context, dij represents the spectral separation between pixel i and j, while pi
signifies the proportion of pixel i relative to others within a window of n × n pixels (i.e.,
pi = 1

n2 ).
The open-source repository created and developed for this research was named

“Raoq_GEE” and is accessible on GitHub at https://github.com/rafaelatiengo/Raoq_GEE.
Users can locate the Python-implemented methods within the repository to reproduce the
research results.

Defining the study area can be accomplished within the code by specifying geographic
coordinates or drawing the polygon of interest directly on the map. This approach offers
considerable flexibility in data processing, catering to different types of usage and various
strategies that future users may adopt. Such versatility facilitates code customization to
meet a range of needs and specific applications, enabling the greater adaptability and utility
of the system. It is also possible to add shapefiles of the study area if the users have the
area on their device in vector format.

The difference among each pair of Rao’s Q maps (e.g., RaoC_2014-2010 or RaoC_2015-
2020) is determined by the pixel values associated with the estimated change intensity [26]
using Equation (2).

Root Square Di f f erence =

√(
RaoA f ter − RaoBe f ore

)2
(2)

Rao’s Q classic NDVI was calculated across various temporal intervals corresponding
to each LIFE project development. Concurrently, according to spectral data availability, the
multidimensional Rao’s Q Index was computed in one mode for ASTER (MD 1) and three
modes for L8 and S2 (MD 1, MD 2, and MD 3)—see Table 1.

Table 1. Combination of bands used to calculate Rao’s Q with the different sensors.

Rao’s Q Classic
(ASTER, L8, and S2)

Rao’s Q MD 1
(ASTER, L8, and S2)

Rao’s Q MD 2
(L8 and S2)

Rao’s Q MD 3
(L8 and S2)

NDVI Red + Green NDVI + SWIR2 Red + Green + SWIR 2

These different methods (classical, MD 1, MD 2, and MD 3) were calculated in order
to demonstrate the performance of Rao using different band combinations. To compare the
results, the vegetation index most widely applied in island environments (NDVI) [17] was
used in the classic mode.

We sought to test whether other combinations of bands would have good accuracy
in identifying LULCCs, as different combinations of bands (and sometimes combined
with the NDVI, as in MD 2) can demonstrate different results for the same area. The
bands chosen for the composition of the different processes (red, green, and SWIR 2) were
chosen based on (i) the availability of sensor bands and (ii) the sensitivity of the bands to
vegetation/change detection.

With this methodology’s capability to identify and assess heterogeneity, it becomes
feasible to detect regions where changes occurred within the project sites and the timeframe
during which these underwent interventions.

2.4.3. Threshold-Based Change Detection

The dissimilarity between each pair of Rao’s Q maps (before and after) is represented
by pixel values indicative of change intensity estimates. Following each methodological
approach (classic, MD 1, MD 2, and MD 3), a definitive binary map featuring “change” and

https://github.com/rafaelatiengo/Raoq_GEE
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“no change” classes was generated using a threshold value. The optimal threshold value
was determined by identifying the maximum perpendicular line intersecting the secant line
between the highest and lowest points of the histogram. This criterion ensures that only
significant changes beyond normal variations are identified, contributing to the accuracy of
the CD process [26]. Figure 4 is an example of how the threshold is determined.
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2.4.4. Overall Accuracy Assessment

To evaluate the accuracy of the several Rao’s Q-based approaches in generating binary
maps (referred to as C, MD 1, MD 2, and MD 3), we calculated the overall accuracy (OA)
in percentage (%) of a correct classification [52]. This procedure involved generating and
analyzing 100 random points individually created using QGIS 3.10, with 50 points classified
as change and 50 indicating no change for each case study (LIFE project). Each classified
point was analyzed and assessed as correctly/incorrectly classified through a GIS-based
photo interpretation of very high-resolution orthophotomaps and satellite imagery (e.g.,
Google Earth), supported by each project’s monitoring reports.

The parameters to classify the values in these categories were based on the meth-
ods’ accuracy classification as low agreement (below 40), moderate agreement (41 to 60),
good agreement (61 to 75), excellent agreement (76 to 80), and almost perfect agreement
(above 80) [17,53–55].

3. Results

During the different LIFE projects developed on the island of São Miguel since 2003,
not all project areas underwent direct interventions in land cover. In this work, only ar-
eas of LIFE projects with direct interventions in land cover (ecological restoration and
control/eradication of invasive alien species actions) were analyzed, leaving aside inter-
ventions unrelated to land cover (e.g., rodent control and the creation of greenhouses
and nurseries).
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3.1. Priolo Project (2003–2008)

Throughout the Priolo project, extensive removal of invasive alien plant species (e.g.,
Clethra arborea and Hedychium gardnerianum) occurred across vast areas [56]. By consulting
the false color composite in Figure 5, changes in the area before and after the interventions
conducted by the Sociedade Portuguesa para o Estudo das Aves (SPEA) become apparent.
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The classic Rao’s Q with the NDVI (Figure 5c) could not identify a relevant portion of
the area with clearcutting (the primary intervention carried out), presenting an OA of 62
(good agreement) nevertheless. In areas with high rainfall and humidity levels, like the
Azores, vegetation reestablishes its vegetative vigor very quickly, which can influence the
results obtained using the vegetation index alone.

Rao’s Q MD 1 (Figure 5d) showed the best results in identifying the vast intervention
area by the Priolo project, with an OA showing an almost perfect agreement (83).

3.2. Laurissilva Sustentável Project (2009–2013)

Several actions were carried out during the Laurissilva Sustentável project at the
“Mata dos Bispos” area. Examining the false color composite comprehensively depicts the
LULCC before and after the interventions (Figure 6).



Land 2024, 13, 666 10 of 18
Land 2024, 13, x FOR PEER REVIEW 11 of 20 
 

 
Figure 6. Laurissilva Sustentável project area intervened: ASTER false color composite of before (a) 
and after (b) the interventions implemented in the area. Comparison between change detection with 
the classic Rao’s Q Index using the NDVI (c) and multidimensional Rao’s Q (MD 1) using green and 
red bands (d). Images from the ASTER sensor dated 5 September 2010 and 1 March 2014 were used. 

In this area, the classic Rao’s Q with the NDVI (Figure 6c) proved a good agreement 
(OA: 73), demonstrating robust results in identifying areas affected by interventions dur-
ing the execution of the Laurissilva Sustentável project. 

Rao’s Q MD 1 (Figrue 6d) showed more promising and accurate results with excellent 
agreement (OA: 79), effectively identifying an extensive and continuous area affected by 
changes. 

3.3. Terras do Priolo Project (2013–2019) 
The Terras do Priolo project’s intervention area was in the core area of the “Pico da 

Vara/Ribeira do Guilherme” Special Protection Area. Before the intervention, this area was 
dominated by dense patches of alien invasive plant species. 

According to the project report, the activities commenced in 2016 at lower elevations 
within a Pittosporum undulatum invaded area where a clearcutting was carried out. 

Following this action, 1.4 hectares of Pittosporum undulatum patches along the Ribeira 
do Guilherme water stream banks were intervened. Due to the steep slopes in that area 
and the impossibility of removing vegetative debris that could endanger the flow of the 
stream, the girdling technique was employed in this area [35]. 

In the areas above 450 m, characterized by forests dominated by native and endemic 
species, an intervention to control Hedychium gardnerianum patches was conducted. The 
girdling technique was applied for the two invasive tree species (Clethra arborea and Pit-
tosporum undulatum) [35]. 

Figure 6. Laurissilva Sustentável project area intervened: ASTER false color composite of before
(a) and after (b) the interventions implemented in the area. Comparison between change detection
with the classic Rao’s Q Index using the NDVI (c) and multidimensional Rao’s Q (MD 1) using
green and red bands (d). Images from the ASTER sensor dated 5 September 2010 and 1 March 2014
were used.

In this area, the classic Rao’s Q with the NDVI (Figure 6c) proved a good agreement
(OA: 73), demonstrating robust results in identifying areas affected by interventions during
the execution of the Laurissilva Sustentável project.

Rao’s Q MD 1 (Figrue 6d) showed more promising and accurate results with excellent
agreement (OA: 79), effectively identifying an extensive and continuous area affected
by changes.

3.3. Terras do Priolo Project (2013–2019)

The Terras do Priolo project’s intervention area was in the core area of the “Pico da
Vara/Ribeira do Guilherme” Special Protection Area. Before the intervention, this area was
dominated by dense patches of alien invasive plant species.

According to the project report, the activities commenced in 2016 at lower elevations
within a Pittosporum undulatum invaded area where a clearcutting was carried out.

Following this action, 1.4 hectares of Pittosporum undulatum patches along the Ribeira
do Guilherme water stream banks were intervened. Due to the steep slopes in that area
and the impossibility of removing vegetative debris that could endanger the flow of the
stream, the girdling technique was employed in this area [35].

In the areas above 450 m, characterized by forests dominated by native and endemic
species, an intervention to control Hedychium gardnerianum patches was conducted. The
girdling technique was applied for the two invasive tree species (Clethra arborea and Pit-
tosporum undulatum) [35].
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In total, 26 hectares were intervened in this area, establishing an altitudinal gradient
of native vegetation ranging from 300 to 900 m. For further details regarding this action,
please refer to Figure 7.
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Analyzing the L8-derived false color composite, it depicts the comprehensive changes
in land cover before and after interventions in the designated Terras do Priolo project area
(Figure 8).
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between change detection with classic Rao’s Q Index using the NDVI (c); multidimensional Rao’s
Q 1 (MD 1) using green and red bands (d); multidimensional Rao’s Q 2 (MD 2) using the NDVI and
SWIR 2 band (e); and multidimensional Rao’s Q 3 (MD 3) using green, red, and SWIR 2 bands (f).
Images from the L8 sensor dated 10 August 2015 and 10 April 2020 were used.

Rao’s Q classic with the NDVI (Figure 8c) identified LULCCs with a good agreement
(OA: 64). Rao’s Q MD 1 (Figure 8d) showed slightly better accuracy (OA: 74) by detecting
mainly the clearcut area previously unidentified by classic Rao’s Q with the NDVI. Rao’s Q
MD 2 (Figure 8e) was highly effective in identifying the most altered areas with an almost
perfect agreement (OA: 94), including the subarea where Pittosporum undulatum girdling
interventions were carried out. This result demonstrates that Rao’s Q MD 2 can effectively
detect changes in areas with mixed interventions. In contrast, Rao’s Q MD 3 approach
(Figure 8f) showed similar results to Rao’s Q MD 1, with an OA of 74 (good agreement).

3.4. IP Azores Natura Project (2019–2027)

The IP Azores Natura project was initiated in 2019, including an intervention area that
was previously intervened under the Laurissilva Sustentável project.

When analyzing the S2-based false color composite from December 2018 (Figure 9a), it
is possible to observe the regeneration of vegetation that occurred in the intervened area of
the Laurissilva Sustentável project, which concluded in 2013. In the March 2021 false color
composite, it is also possible to observe the first interventions carried out in the LIFE IP
Azores Natura’s intervention area.
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Figure 9. IP Azores Natura project area intervened: S2-based false color composite of before (a) and
after (b) the initial interventions implemented in the area as part of the LIFE IP Azores Natura
project. Comparison between change detection with classic Rao’s Q Index using the NDVI (c);
multidimensional Rao’s Q 1 (MD 1) using green and red bands (d); multidimensional Rao’s Q 2
(MD 2) using the NDVI and SWIR 2 band (e); and multidimensional Rao’s Q 3 (MD 3) using green,
red, and SWIR 2 bands (f). Images from the S2 sensor dated 7 December 2018 and 8 March 2021
were used.
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The intervention area in the LIFE IP Azores Natura project covers the entire upper
section of “Ribeira dos Bispos”. The density of patches dominated by Pittosporum undulatum
has emerged as the most concerning issue in this area, and, therefore, the priority was to
control this species initially to prevent its spread. An area of 29.3 hectares of Pittosporum
undulatum has been intervened using the girdling technique, employing herbicide injection.
In total, an additional 4.5 hectares were intervened in an area dominated by the native
species Myrica faya and the alien invasive species Clethra arborea. The interventions targeted
the understory through chemical control, aiming to prevent the reinvasion of areas subse-
quently restored by the project. In the riparian zone, a strip of 10 m along watercourses
was intervened, involving the permanent removal of alien invasive plants. An area of
1.1 hectares, dominated by Myrica faya, Clethra arborea, and Pittosporum undulatum, was
intervened using chemical control and girdling techniques [36]. This project is underway
until 2027, and its operational plan states that specific interventions will apply the girdling
technique in this area.

Classic Rao’s Q analysis using the NDVI (Figure 9c) revealed almost perfect agreement
results (OA: 88) in detecting and identifying the most relevant project-driven LULCCs.
Nevertheless, Rao’s Q MD 1 (Figure 9d) could not identify the most altered areas, showing
a moderate agreement (OA: 60). Rao’s Q MD 2 (Figrue 9e) showed the best results for
this case study using S2 spectral bands (OA: 91), while Rao’s Q MD 3 (Figure 9f) showed
limited effectiveness in identifying LULCCs, with an OA of 68 (good agreement).

3.5. Overall Accuracy Assessment

Table 2 shows the OA results for the Rao’s Q-based methodological approaches.
Overall, the approach showing the best results was Rao’s Q MD 2, illustrating a high
potential to identify project-driven land cover changes.

Table 2. Overall accuracy results for each Rao’s Q methodological approach.

Study Area (Sensor) Rao’s Q Classic
(NDVI)

Rao’s Q MD 1
(Green + Red)

Rao’s Q MD 2
(NDVI + SWIR2)

Rao’s Q MD 3
(Green + Red + SWIR2)

Priolo (ASTER) 62 83
Laurissilva

Sustentável (ASTER) 73 79

Terras do Priolo (L8) 64 74 94 74
IP Azores Natura (S2) 88 60 91 68

4. Discussion

This research focused on identifying land cover changes driven by the development of
EU-funded LIFE conservation projects on S. Miguel Island (Azores Archipelago, Portugal)
since 2003 to assess the effectiveness of their ecological restoration and invasive alien plant
species control and eradication activities.

This research employed several remote sensing-based approaches applying Rao’s Q
Diversity Index (in its classic and multidimensional forms) to spectral indices (NDVI) and
combinations of spectral bands (green, red, and SWIR 2) from open satellite data: ASTER
(Priolo and Laurissilva Sustentável projects), L8 (Terras do Priolo project), and S2 (IP Azores
Natura project) sensors.

The results from different sensors and band combinations were analyzed. Regarding
the results obtained using ASTER data (Priolo and Laurissilva Sustentável projects), the
application of classic Rao’s Q with the NDVI showed good agreement (OA = 62 and 73).
Nevertheless, excellent agreement (OA = 79) and almost perfect agreement (OA = 83) were
performed when applying Rao’s Q MD1 approach (with green and red spectral bands)
utilizing green and red bands in conjunction with processing (MD 1). The lack of quality
(due to topographic and atmospheric effects) of the available ASTER’s NIR bands necessary
to compute the NDVI might explain these better results without the NDVI. Although there
is low seasonality throughout the year in the case study area due to the altitudinal gradient
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(high altitude, mountainous topography, and high humidity all year), the fact that both
pairs of ASTER images were caught in different months (April/September for Priolo and
September/March for Laurissilva Sustentável) might also affect negatively the accuracy of
the results. Furthermore, it was impossible to compute Rao’s Q MD 2 approach (NDVI and
SWIR 2) due to the absence of ASTER’s SWIR data since April 2008.

Concerning the results obtained using L8 data (Terras do Priolo project), classic Rao’s
Q using the NDVI; Rao’s Q MD 1 (using green and red spectral bands); and Rao’s Q MD 3
(using green, red, and SWIR 2 spectral bands) showed only a good agreement (OA = 64,
74, and 74, respectively). In contrast, Rao’s Q MD 2 (using the NDVI and SWIR 2) showed
an almost perfect agreement (OA = 94). This project’s area had different types of field
interventions. The classic Rao’s Q using the NDVI showed more aptitude for detecting
changes in girdling areas. Rao’s Q MD1 and Rao’s Q MD 3 presented more responsiveness
in clearcutting areas. The constant high humidity implies a quick recovery of vegetation,
which could explain the higher difficulty in identifying land cover changes when using only
the NDVI. Nevertheless, the integration of SWIR spectral bands has been recognized in
previous studies [57–59] for the high capability to improve discerning vegetation patterns,
especially in areas with shadows due to topography, as in our study area. Although there is
low seasonality throughout the year in the case study area due to the altitudinal gradient,
the fact that the pair of L8 images analyzed were caught in different months (August/April)
might also negatively affect the results’ accuracy. Despite the lower spatial resolution of
L8 imagery (30 m), the excellent results obtained with Rao’s Q MD 2 (using the NDVI
and SWIR 2), which was able to detect both girdling and clearcutting areas, demonstrate
that the correct combination of high-quality spectral data can somehow mitigate its lower
spatial resolution impacts in larger intervention areas.

Regarding the results achieved using the S2 sensor applied to the IP Azores Natura
project assessment, classic Rao’s Q using the NDVI and Rao’s Q MD 2 (using the NDVI and
SWIR 2 bands) established an almost perfect agreement (OA = 88 and 91, respectively). As
occurred with the previous L8-based case study, combining the NDVI and SWIR2 spectral
bands was the most reliable and accurate approach to detect land cover changes in the
intervention area. In contrast, Rao’s Q MD 1 (with green and red bands) demonstrated
moderate agreement (OA = 60), and Rao’s Q MD 3 (using green, red, and SWIR 2 bands)
exhibited only good agreement (OA = 68). Both approaches could not detect some of
the most relevant changes in the intervention area. Although there is low seasonality
throughout the year in the case study area due to the altitudinal gradient, the fact that the
pair of S2 images analyzed were caught in different months (December/March) might also
negatively affect the results’ accuracy. Nevertheless, these results show that the high spatial
resolution (10 m) of the S2 data constitutes a significant advantage in implementing this
methodological monitoring approach of conservation projects implying land cover changes.

Numerous studies have effectively applied Rao’s Q Index to analyze LULCC patterns
from satellite-derived data. Our research aligns with prior investigations. For instance,
Tassi et al. [26] achieved a classification accuracy of 0.91 using Rao’s Q classic method
with the NDVI, while our study attained 88 accuracy using Rao’s Q classic with the NDVI
derived from Sentinel-2 imagery.

Similarly, Tassi et al. [26] reported an accuracy of 0.88 when employing Rao’s Q in
multidimensional mode, whereas our investigation achieved a higher accuracy rate of 94 in
the same mode.

Our findings are in accordance with previous studies, such as the work conducted
by Khare et al. [24] and Liccari et al. [28], who utilized NDVI data as input for estimating
Rao’s Q diversity.

One of the main limitations was the limited availability of satellite images for the
study areas due to cloud cover, a recurring issue in oceanic islands. Additionally, the
study areas were located at the highest part of the island, further increasing the difficulty
of obtaining high-quality images. Another limiting factor was the fact that the ASTER
sensor’s SWIR stopped functioning, preventing a direct comparison to the results obtained
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using the SWIR 2 from L8 and S2, which showed better outcomes. Moreover, the use of
free sensors with different spatial resolutions may have impacted the comparative results
between the sensors.

In summary, for these case studies, the ideal land cover change monitoring approach
using open satellite data would be operated by using Rao’s Q MD 2 with S2-based NDVI
and SWIR 2 data captured during the same season of the year (despite the low meteoro-
logical and physiographical variability in the study areas). As previously explained, the
low historical and chronicle availability of open satellite data (especially L8 and S2) for this
study area is due mainly to cloud cover and significantly restricts its use for operational and
management purposes. Therefore, the use of commercial very high spatial and temporal res-
olution satellite data with good spectral resolution (e.g., available SWIR bands) such as the
Worldview-3 mission (https://www.satimagingcorp.com/satellite-sensors/worldview-3/,
accessed on 9 March 2024) might provide a cost-effective solution to overcome most techni-
cal limitations on the use of the methodological approaches presented in this research in
well-funded conservation projects such as the EU-LIFE Programme. The same reasoning
can be applied to commercial UAV-based solutions offering very high spatial resolution,
unlimited temporal resolution (revisiting time depending only on fieldwork planning), and
good spectral resolution (VNIR + SWIR sensors).

This methodology has proven to be an effective tool for analyzing and quantifying
changes in land over time, especially on small islands. The limits used to assess accuracy
are indicated in the reports as intervention areas. In this sense, the present study made it
possible to confirm the interventions carried out. As a result, Rao’s Q Index has become
a fundamental component in assessing and monitoring land dynamics, significantly con-
tributing as a powerful tool to remotely monitor the EU-LIFE investments and actions
during and after the projects.

5. Conclusions

This study presented a methodology for monitoring actions during and after EU-
funded LIFE conservation projects on S. Miguel Island, Portugal. This demonstrated the
potential to identify whether actions were unrolled in accordance with planned strategies and
reported activities, serving as a method of verifying the utilization of financial investments.

The methodology extended the spectral analyses of Rao’s Q Index with new band com-
binations. The use of the SWIR band minimized the impacts of shadows and atmospheric
attenuation in the satellite images, thereby enhancing the identification of intervened
areas in conjunction with the NDVI. This facilitated the identification of a greater num-
ber of interventions (e.g., clearcutting and girdling), capitalizing on the sensitivities of
different wavelengths.

The results from the ASTER, Landsat 8, and Sentinel 2 sensors were analyzed. Multidi-
mensional approaches with the NDVI and SWIR 2 bands showed the highest agreement in
detecting changes. However, seasonal differences in image acquisition affected the results.

Overall, the ideal approach for LULCC monitoring would involve using S2-based
NDVI and SWIR 2 data captured during the same season of the year. However, the limited
availability of open satellite data due to cloud cover necessitates exploring commercial very
high spatial and temporal resolution satellite data or UAV-based solutions for the effective
monitoring of conservation projects such as the EU-LIFE Programme.

Therefore, this research represents a significant advancement in using RS techniques,
specifically Rao’s Q Index, for monitoring and assessing the development and achievements
of conservation projects with land cover implications like those funded by the EU-LIFE
Programme. This monitoring approach might be implemented from different perspec-
tives by scientists, conservation managers/practitioners, funding agencies, and further
stakeholders to increase ecological restoration activities’ cost-effectiveness.

This study also sets the stage for further exploring and developing alternative Rao’s
Q-based methodological approaches, encouraging future research to explore novel combi-
nations of bands, spectral indices, and sensors. Such advancements are crucial for refining

https://www.satimagingcorp.com/satellite-sensors/worldview-3/


Land 2024, 13, 666 16 of 18

methodologies in ecological monitoring and land cover dynamics analysis, particularly in
island ecosystems where conservation efforts are paramount. Furthermore, we encourage
future studies to test this methodology in different geographic areas and ecosystems, ex-
panding its applicability and robustness beyond island ecosystems, thus contributing to
the refinement of methodologies for monitoring and analyzing land cover dynamics on a
global scale.
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