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Abstract: This study investigates the impact of artificial light at night (ALAN) along the Sicilian
coasts, using satellite data from 2016 to 2023, focusing on three distinct spatial domains: terrestrial
areas within 1 km from the coastline, marine areas extending up to 1 km offshore, and marine areas
up to 1 nautical mile from the coast. In coastal zones, ALAN is a significant anthropogenic pressure
with potentially detrimental effects on ecosystems. By integrating satellite data with geographic
datasets such as Corine Land Cover (CLC), Natura 2000 protected areas, and Posidonia oceanica
meadows, this study aims to characterize and analyse the temporal and spatial variations in ALAN
across these domains. The findings reveal substantial differences in light pollution between domains
and over time, with coastal terrestrial areas exhibiting the highest levels of ALAN. In contrast,
marine areas further offshore experience reduced light pollution, particularly within the 1-nautical-
mile domain. This study also indicates that protected areas, especially those within the Natura
2000 network, show significantly lower ALAN levels than non-protected areas, highlighting the
effectiveness of conservation efforts. Statistical analyses, including ANOVAs, demonstrate that
factors such as geographic domain, year, province, and CLC classes significantly influence ALAN
distribution. This study advocates for considering ALAN as a critical factor in environmental impact
assessments, such as those under the Maritime Spatial Planning Directive (MSP) and Marine Strategy
Framework Directive (MSFD), providing valuable insights to support policies aimed at mitigating
the environmental impact of light pollution on coastal and marine ecosystems.

Keywords: artificial light at night; coastal zone management; Corine Land Cover; habitat directive;
Posidonia oceanica; geographical information systems; Marine Strategy Directive; Maritime Spatial
Planning Directive

1. Introduction

The growing issue of nighttime light pollution, also known as artificial light at night
(ALAN), is of increasing concern, particularly in coastal areas where intensified human
activities exert significant pressure on both terrestrial and marine ecosystems [1].

This is especially problematic in areas like Sicily, with its extensive coastal zones and
rich biodiversity, making it particularly vulnerable to these impacts [2].

Despite the global recognition of ALAN’s effects, detailed studies that assess its
spatial variability in Mediterranean regions, like Sicily, are still limited. This study aims to
address this gap by characterizing ALAN levels along the Sicilian coasts from 2016 to 2023,
examining three distinct spatial domains: terrestrial areas within 1 km from the coastline,
marine areas extending up to 1 km offshore, and marine areas up to 1 nautical mile from
the coast.

Previous studies [3,4] have provided valuable insights into the global and ecological
consequences of ALAN. However, few investigations have focused on the Mediterranean, a
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region characterized by high biodiversity and by complex interactions between natural and
human systems [5]. In this context, understanding ALAN’s specific local impacts is critical,
particularly in areas hosting sensitive ecosystems, such as Posidonia oceanica meadows or
habitat directives protected areas.

Effective resource assessment and management and environmental protection ne-
cessitate balanced exploitation and conservation through a complex set of policies and
regulations, both locally and across larger marine basins. The European Union has a well-
established legislative framework for maritime protection, consisting of over 200 directives
and regulations pertinent to the marine–maritime domain [6,7]. Key policies, such as the
Marine Strategy Framework Directive (MSFD) and the Maritime Spatial Planning Directive
(MSP), aim to enhance environmental sustainability and support the growth of the marine
sector. These directives seek to focus on achieving good environmental status (GES) [8,9]
and promoting a coordinated decision process within the framework of the Integrated
Maritime Policy (IMP) [10]. The IMP advocates harmonizing the use of marine spaces
to support endangered habitats and species, reflecting the broader scientific consensus
that high environmental quality in coastal and marine areas positively impacts human
well-being [11,12].

Despite these efforts, challenges such as chemical pollution, coastal erosion, habitat
loss, eutrophication, and overfishing continue to exert significant pressures on marine life
and human health [13,14]. In this context, the study of Land–Sea Interactions (LSIs) is
increasingly important for the conservation of marine protected areas, where anthropogenic
pressures should be minimized compared to non-protected areas.

Light pollution caused by artificial light at night (ALAN) represents a growing threat
to marine and coastal ecosystems as documented by Ferretti [15]. Recent studies have
highlighted ALAN’s effects on biodiversity and the behavior of many species, contributing
to significant ecological disturbances. For instance, Grillo et al. [16] documented how
ALAN alters the composition of infralittoral communities along the Maltese coast, while
Sanna et al. [17] demonstrated changes in the locomotor behavior of sea urchins in the
Mediterranean. Furthermore, Weschke et al. [18] observed an increased prevalence of
nocturnal predators on coral reefs, with repercussions on marine community structure.
The synergistic effects of ALAN and other factors, such as global warming, have also been
studied, with Caley et al. [19] highlighting antagonistic impacts on habitat-forming species
like marine algae. These studies underscore the urgency of deepening the understanding
of the mechanisms underlying ALAN’s impacts and developing strategies to mitigate its
effects on marine ecosystems.

To assess ALAN in these varied environments, satellite data from the Visible and
Infrared Imaging Suite (VIIRS) were used, offering detailed nighttime brightness mea-
surements at a resolution of approximately 500 m [20,21]. These data were integrated
with geographic datasets, such as the Corine Land Cover (CLC) for land use classification,
Natura 2000 protected areas, and Posidonia oceanica meadows. Data analysis was conducted
using ArcGIS for spatial management and R for statistical analysis, following the method-
ologies established by Gaston and Davies [22] and Falchi et al. [3] to evaluate ALAN in
both natural and anthropogenic contexts.

This study is innovative due to its integrated approach, which combines an eight-
year temporal analysis with a detailed spatial evaluation of different coastal domains,
aiming to analyse the spatio-temporal variability of ALAN along the Sicilian coasts. This
research tests the hypothesis that terrestrial and marine areas located near high-density
anthropogenic zones exhibit significantly higher levels of ALAN compared to protected
areas or those subjected to lower human pressure. This methodology not only enhances
the characterization of ALAN trends over time but also identifies critical areas most im-
pacted by light pollution. The results can contribute to maritime spatial planning and
environmental management, ensuring more effective conservation strategies. Additionally,
the integration of diverse geographic datasets into a single spatial model represents a
significant advancement over previous studies, which often focused on a single domain or
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shorter time periods. By providing a more comprehensive understanding of ALAN at finer
spatial scales, this research offers valuable insights into the local impact of light pollution
and supports the development of targeted conservation strategies in coastal areas.

2. Materials and Methods

This study was conducted in the coastal and maritime area of the eight coastal Sicilian
provinces (CSPs), as detailed in Figure 1. Within the study area, three specific domains
were identified: Land (from 1 km inland to the coastline); Sea 1 km (from the coastline to
1 km on the sea); Sea 1 nm (from 1 km to 1 nm offshore).

The assessment of ALAN in Sicilian coastal zones was based on three geographic
datasets (GDs), rearranged in spatial domains (SDs) for the analysis (Table 1). The methods
proposed by Gaston and Davies [23,24] were used to measure nighttime light pollution.
Data processing was performed using ArcGIS 10.3 for data handling and R Core Team for
the statistical analysis [25]. The three datasets, downloaded and rearranged for the next
analysis processes, are listed below.

1. GD1—Coastal Zone Land Cover/Land Use (CZ-CLC). This dataset provides de-
tailed land cover and land use information for 71 thematic classes for areas along
the European coastline for the 2018 reference year. It was downloaded in May 2024
from Copernicus Land Monitoring Service (http://land.copernicus.eu (accessed on
1 September 2024)) and has a Minimum Mapping Unit (MMU) of 0.5 ha and a Mini-
mum Mapping Width (MMW) of 10 m. It is available as vector data.

2. GD2—Natura 2000. This dataset represents the borders of the European ecological
network of protected areas, set up to safeguard Europe’s most valuable species and
habitats. The dataset, updated in 2022, was downloaded in May 2024 from Natura
2000 (https://natura2000.eea.europa.eu/ (accessed on 1 September 2024)).

3. GD3—Posidonia oceanica. This dataset shows the current known extent and distribution
of seagrass meadows in European waters, collated by EMODnet Seabed Habitats. The
dataset, downloaded from EMODnet (https://emodnet.ec.europa.eu/ (accessed on
1 September 2024)) in May 2024, was updated in 2023.

4. SAT—artificial light at night (ALAN).

The annual satellite dataset from 2016 to 2023 was downloaded from the Earth Obser-
vation Group (https://eogdata.mines.edu/products/vnl (accessed on 1 September 2024))
using the Visible and Infrared Imaging Suite (VIIRS) “vnl” version, which excludes any
data affected by stray light. The dataset provides data at a resolution of approximately
15 arc second (~500 m at the Equator) and the measure unit is nW/cm2/sr [20,26]. It should
be noted that the VIIRS instrument has a spectral response that is insensitive to wavelengths
below 500 nm, rendering it less effective at detecting light sources, such as LEDs, with peak
emissions near 450 nm.

Table 1. This table summarizes the three spatial domains (SDs) individuated and geodatabases (GDs)
used for ALAN assessment. Grey highlights the domains analyzed.

Geographical Dataset
Spatial Domains (SD)

Land Sea 1 km Sea 1 nm

GD1 Coastal Zone Corine Land
Cover level I III

GD2 Natura 2000 vs. No Natura
2000

GD3 Posidonia oceanica vs. No
Posidonia

SAT Artificial Light at Night
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Figure 1. The figure shows: (A) ALAN diffusion along the coast of Sicily. (B) Study area and ana-
lysed Sicilian coastal provinces, with the zoomed-in area highlighted in red, shown in panels C to F 
to illustrate the datasets and domains analysed. (C) Representation of the analysed coastal domains 
(Land in brown; Sea 1 km in blue; Sea 1 nm in light blue). (D) Zoom on the Posidonia dataset with 
different colours representing domains and conditions. (E) Zoom on the Corine Land Cover dataset, 
with different colours representing the eight different land-cover types assessed in this study. (F) 
Zoom on the Natura 2000 dataset, with different colours highlighting the analysed conditions and 
domains. 

Figure 1. The figure shows: (A) ALAN diffusion along the coast of Sicily. (B) Study area and analysed
Sicilian coastal provinces, with the zoomed-in area highlighted in red, shown in panels C to F to
illustrate the datasets and domains analysed. (C) Representation of the analysed coastal domains
(Land in brown; Sea 1 km in blue; Sea 1 nm in light blue). (D) Zoom on the Posidonia dataset
with different colours representing domains and conditions. (E) Zoom on the Corine Land Cover
dataset, with different colours representing the eight different land-cover types assessed in this study.
(F) Zoom on the Natura 2000 dataset, with different colours highlighting the analysed conditions
and domains.
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3. Results
3.1. Data Processing and Analysis

Before processing, all datasets were projected using the ETRS-LAEA coordinate refer-
ence system (CRS). The data were analysed for eight Sicilian coastal provinces [23,24,27,28]
and organized into spatial domains (SDs) to examine how the ALAN conditions spread
across the three datasets.

The satellite ALAN data, provided in raster format, were associated with the GD1,
GD2, and GD3 datasets, using the Zonal Statistics tool in ArcGIS 10.7. Specifically, the
tool was used to calculate the average ALAN values for all the pixels falling within the
polygons defined in the GD1, GD2, and GD3 datasets. The Zonal Statistics tool works
by identifying which polygon each ALAN raster cell belongs to and then calculating the
average ALAN value for all cells within the same polygon.

The Corine Land Cover (GD1) analysis was performed to characterize and compare
the annual ALAN effect on several uses of soils, both in coastal zone areas and terrestrial
coastal areas (SD/GD1). This data collection allowed for quantitative and qualitative
measurement and comparison of the levels of nighttime light pollution in all SDs in GD1,
GD2, and GD3 (Table 1). The measures of nighttime light pollution were correlated to
the CLC map to identify the main light soils sources. The brightness was measured in
nanowatts per square centimeter per steradian (nW/cm2/sr) for each Level I of the CLC
(Figure 1) to obtain a nighttime light pollution profile for Sicilian provinces and domains.

The GD2 dataset (Natura 2000 vs. non-Natura 2000) was created to compare the
average ALAN values among areas and provinces within Natura 2000 boundaries and
those outside, across the three considered domains.

Using data from EMODnet on Posidonia oceanica meadows, the dataset GD3 was
created to study the effect of ALAN on these ecosystems. This dataset allows for comparison
and assessment of ALAN differences between Posidonia oceanica meadows and areas not
covered by meadows over the study period.

The ANOVA model was performed to explore statistical differences of ALAN among
several factors (years, spatial domains, provinces, CLC classes, and conditions). The factor
“condition” relates to the comparison between the protected natural areas (Natura 2000)
and those not classified as Natura 2000 in the GD2 and between areas with the presence or
absence of Posidonia in the GD3. The model also investigated interaction effects, which
assessed whether the combination of two or more factors affects ALAN differently than
each factor alone.

Moreover, the coefficient eta squared was calculated when significant results with
the ANOVA test were found, to assess how impactful the group factor is on the variance
in ALAN. It indicates how much of the total variance in the dependent variable can be
attributed to the group factor.

Density plots of ALAN were generated using Kernel density estimation to visually
interpret the distribution among different factors and their interactions, complementing
the results from the ANOVA model.

ANOVA analysis showed significant statistical differences in ALAN spread for the
analysed factors: years, domains, provinces, and conditions (Table 2). The significant
differences found could suggest that light pollution impacts or spreads differently in
protected areas and specific environmental habitats. Significant differences were also
observed when analysing the interaction effects between different factors, as shown in
Table 2.
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Table 2. Results of ANOVA test for each analysed dataset. Highly significant ***; very significant **;
not significant, no star.

Analysed Factors
Corine Land Cover Natura vs. No Natura Posidonia vs. No Posidonia

F Value Pr (>F) F Value Pr (>F) F Value Pr (>F)
Year 11.513 1.05 × 10−14 ** 34.706 <2 × 10−16 *** 3.255 0.00186 **

Domain 97.238 <2 × 10−16 *** 1231.205 <2 × 10−16 *** 1781.537 <2 × 10−16 ***
Provinces 1263.550 <2 × 10−16 *** 2212.51 <2 × 10−16 *** 200.924 <2 × 10−16 ***

CLC Level I 2244.943 <2 × 10−16 *** No CLC Level I Data No CLC Level I Data
Condition No condition Data 88,019.652 < 2 × 10−16 *** 1272.787 <2 × 10−16 ***

Years * Domain 0.006 1.00000 0.106 0.999987 1.156 0.99323
Years * Condition No Condition Data 4.058 0.000186 *** 0.455 0.86731
Years * Provinces 1.813 0.000434 *** 4.058 <2 × 10−16 *** 1.659 0.00257 **

Years * CLC LEVEL I 0.118 1.00000 No CLC Level I Data No CLC Level I Data
Years * Domain * Provinces 0.003 1.00000 0.067 1.00000 0.427 0.99985

Years * Provincie * Code CLC 0.109 1.00000 No CLC Level I Data No CLC Level I Data
Years * Condition * Domain * Provinces no Condition Data 0.191 1.00000 0.053 1.00000

Condition * Domain no Condition Data 1867.2810 <2 × 10−16 *** 193.886 <2 × 10−16 ***
Condition * Provinces no Condition Data 376.832 <2 × 10−16 *** 63.759 <2 × 10−16 ***

Condition * Provinces * Years no Condition Data 0.9980 0.476587 0.240 1.00000
Condition * Domains * Provinces no Condition Data 36.1740 <2 × 10−16 *** 12.524 3.57 × 10−12 ***

Condition * Year * Domain no Condition Data 0.249 0.997861 0.075 0.99934

3.2. ALAN on Corine Land Cover

The ANOVA results indicated significant differences between years (F= 11.513, p < 0.01),
domains (F = 97.238, p < 0.01), and provinces (F = 1.263.55, p < 0.01). However, the eta
squared coefficient, calculated for the model with the year factor, was about 0.00045, sug-
gesting that 0.045% of the total variance in ALAN was explained by the group factor. There-
fore, the independent factor accounts for only a very small portion of the variance in the
dependent variable. This implies that changes in ALAN levels over time can be negligible.

The eta squared coefficient, calculated for the model with the domain factor and
province factor indicated that 1.1% and 5% of the total variance in ALAN was explained
by the two factors, respectively. While the first result is still relatively small in effect size,
it is larger than that of the year factor, with the province factor already having a more
meaningful impact on the variance in ALAN.

The density plots of ALAN by CLC, shown in Figure 2, describe how the light pollution
varies across different land-cover types.

In the three different SDs for GD1, the results revealed that the Land SD had 12.54%
of the surface analysed by the zonal statistic tool and had a mean brightness level of
12.46 nW/cm2/sr, while Sea 1 km and Sea 1 nm with 48.44% and 39.31% of surfaces
analysed showed a mean brightness level of 3.32 and 0.58 nW/cm2/sr, respectively.

Conversely, the analysis revealed different ALAN values for distinct CLC classes. The
highest ALAN levels were observed in the urban areas in all years with an 18.56 nW/cm2/sr
mean and an 11.52 nW/cm2/sr median (50th percentile) and a very wide distribution range.
In the croplands, moderate ALAN levels were observed, but levels were significantly lower
than urban centres (mean 7.91 nW/cm2/sr and median 5.06 nW/cm2/sr), followed by
grassland and heathland and scrub, with mean ALAN levels of 10.33 nW/cm2/sr and
14.27 nW/cm2/sr (median of 3.93 and 11.52 nW/cm2/sr), respectively. The water areas also
exhibited notable ALAN levels, with a mean value of light pollution of 10.50 nW/cm2/sr
and a median of 5.10 nW/cm2/sr.
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Figure 2. The figure summarizes the density plots of ALAN in the eight Level I Corine Land Cover
types in spatial domains (SD Land) and geodatabases (GD1).

3.3. CLC ALAN Interaction Effect Results

The density plot in Figure 3 shows variations in the distributions of ALAN across
different land use types and provinces. Urban areas consistently exhibit higher ALAN
values in all provinces, with a wide range of distribution. In certain provinces artificial
lighting extends beyond urban centres. Indeed, high ALAN levels are also observed in
grasslands, croplands, woodlands, and forests in the provinces of Caltanissetta, Catania,
Palermo, Ragusa, and Siracusa. Moreover, some provinces, notably Caltanissetta, Catania,
and Ragusa, show significant light pollution in areas with minimal vegetation, such as
beaches and rocky areas.
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(SDs) in the eight Sicilian coastal provinces using the geodatabases (GD1).

3.4. Results of ALAN on Natura 2000

The ANOVA test showed statistically significant differences in ALAN levels based
on various factors such as years (F= 34.706, p < 0.01), domains (F = 1231.205, p < 0.01),
provinces (F = 2212.51; p < 0.01), and conditions (F = 88,019.51; p < 0.01), as well as their
interactions. The eta squared coefficients indicated that the condition had the largest effect
(18.18%), with significantly higher light pollution being observed outside natural areas.
Minor effects were registered for provinces (9.34%) and domains (6.49%), while the year
factor showed minimal impact (0.05%). The negligible variance explained by the year factor
suggests that ALAN levels may not be changing significantly over time.

Density plots in Figure 4 illustrate how the ALAN was distributed among domains,
categorized into protected and non-protected areas.

Natura 2000 areas, both on land and in marine regions, exhibit significantly lower
ALAN levels, reflecting the protective impact of these zones on light pollution. Non-
Natura 2000 areas have much higher levels of light pollution, particularly in land domains,
indicating a strong influence of human activity and infrastructure. ALAN levels decrease
as distance from the coast increases in both Natura 2000 and non-Natura 2000 marine areas,
but non-protected regions consistently have higher values.

In Natura 2000 land areas, the average ALAN value is 2.25 nW/cm2/sr, median
0.82 nW/cm2/sr, covering 48.64% of the surfaces considered. In marine areas located 1 km
from the coast, the average ALAN value drops to 1.53 nW/cm2/sr, median 0.68 nW/cm2/sr,
covering 12.84% of the surfaces. At 1 nautical mile from the coast, the average ALAN
value decreases to 0.3763 nW/cm2/sr, medina 0.26 nW/cm2/sr, representing 19.21% of the
surfaces. Overall, in natural areas, the average ALAN value is 1.87, spread over a surface
area that accounts for 16.59% of the total.

In non-Natura 2000 land areas, a higher average ALAN value is observed, amounting
to 12.82 nW/cm2/sr, covering 51.36% of the surfaces. In the Sea 1 km domain, the average
ALAN value is 5.63 nW/cm2/sr, with a coverage of 18.32%. In the Sea1 nm domain, the av-
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erage ALAN value reduces to 0.58 nW/cm2/sr, affecting 18.16% of the surfaces. The overall
average ALAN value in non-natural areas is 12.21 nW/cm2/sr, median 6.74 nW/cm2/sr,
distributed over a surface area accounting for 14.88% of the total.
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protection across three distinct coastal domains (SDs), with geodatabases (GD2) utilized for ALAN
assessment in the eight Sicilian coastal provinces.



Land 2024, 13, 2219 10 of 21

3.5. Results of Alan on Posidonia

The results of the ANOVA test revealed statistically significant differences in ALAN
levels among years (F = 3.255, p < 0.01), domains (F = 1781.537, p < 0.01), provinces
(F = 200.924; p < 0.01), and condition (F = 1272.787; p < 0.01), as well as their interactions.
The condition has the largest effect (percentage of explained variance = 4.71%), followed by
domains (4.25%) and provinces (3.54%), while the years have a negligible effect (percentage
of explained variance = 0.05%).

Density plot of ALAN in Posidonia and No Posidonia areas among different domains
indicate that the areas with an absence of Posidonia have slightly higher values of light
pollution than areas with Posidonia in all domains. In areas with Posidonia, the average
value of ALAN is 2.03 nW/cm2/sr, median 0.84 nW/cm2/sr, in a total area of 827.41 km2,
with higher values in the Sea 1 km domain (average rises to 2.59 nW/cm2/sr; median
0.84 nW/cm2/sr) compared to the Sea 1 nm domain (average decreases to 0.67 nW/cm2/sr;
median 0.47 nW/cm2/sr). In areas with an absence of Posidonia, a significantly higher
average value is observed, amounting to 4.73 nW/cm2/sr, median 0.56 nW/cm2/sr,
in a total area of 1870.23 km2. In the Sea 1 km condition domain, the average ALAN
value was 5.11 nW/cm2/sr, median 0.84 nW/cm2/sr, while in the Sea 1 nm domain, it is
0.76 nW/cm2/sr, median 0.47 nW/cm2/sr.

The difference between the Sea 1 km and Sea 1 nm domains is notable, suggesting that
proximity to the coast (1 km from the shore) has a marked influence on the data values in
both conditions (Figure 6).
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Figure 6. Measurement of ALAN in Posidonia oceanica habitats compared to areas outside Posidonia
meadows across two distinct coastal domains (SDs), with geodatabases (GD2).

Density plots of the distribution of ALAN among different provinces highlight signifi-
cant patterns of light pollution. Catania is identified as the most polluted province, with a
notable difference in ALAN levels between areas with and without Posidonia. Palermo,
Ragusa, and Siracusa, while still experiencing significant light pollution, do not have a
clear distinction in ALAN levels between areas with and without Posidonia (Figure 7).
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4. Discussion

The analysis results highlight the spatial and temporal variations in ALAN and its
significant impact on both coastal and marine ecosystems, focusing on the Sicilian coasts. A
comparative analysis with similar studies from other countries provides valuable context
to assess the broader implications of these findings. For instance, research conducted in the
United Kingdom by Davies et al. [29] emphasizes the ecological consequences of ALAN
on marine habitats, particularly seagrass meadows, which mirrors the impact observed
in Posidonia oceanica habitats along the Sicilian coast. Similarly, studies in Australia [30]
have documented the disruption of nocturnal foraging behaviors in marine species due
to artificial lighting, echoing the challenges faced by Sicilian coastal ecosystems. These
comparisons underscore the universality of ALAN as a global issue while highlighting
region-specific ecological sensitivities that require tailored interventions.

4.1. Relationship Between ALAN and Corine Land Cover

This manuscript presents an analysis of artificial light at night (ALAN), highlighting spatial
and temporal dynamics in various land-cover types (as classified by Corine Land Cover).

The significant differences observed for the year factor, while statistically evident
(F = 11.513, p < 0.01), reveal a very small effect size, as indicated by the eta squared coeffi-
cient of 0.00045. This suggests that only 0.045% of the total variance in ALAN is explained
by temporal variations across the years, implying a negligible practical impact. Although
changes in ALAN over time appear significant in a statistical context, they do not represent
a substantial shift in overall ALAN levels. This may reflect short-term fluctuations or exter-
nal events that, while detectable, did not lead to a lasting impact on ALAN. Such changes
could be linked to temporary factors such as adjustments in public lighting policies, climate
variations, or shifts in energy demand. For example, Hao et al. [31] showed that temporal
variations in ALAN in urban areas of China were primarily attributable to seasonal shifts
in energy consumption and temporary events, rather than long-term trends.

Several studies suggest that year-to-year differences in satellite-detected lighting may
stem from intrinsic variations between the sensors used [32]. Additionally, temporal
dynamics related to nighttime activities, such as streetlights, illuminated windows in
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residential and commercial buildings, and vehicular movement, can further contribute to
ALAN variability over time and align with previous studies, such as those by Kyba et al.
and Barà et.al [33,34]. Moreover, the impact of annual changes on ALAN may be modulated
by regional energy regulation measures that vary across geographic contexts [33,34].

By contrast, spatial factors such as “province” demonstrated a larger effect (explaining
5% of the variance), highlighting the more pronounced influence of geographic differences,
local policies, or regional infrastructures compared to annual temporal changes, in line
with the evidence found by Xiao et al. [35]. Similarly, the domain factor, while contribut-
ing less than the province factor, still explains a more relevant portion of the variance
than the year factor, emphasizing the predominance of spatial elements in understanding
ALAN variance.

Moreover, the results revealed that the domains exert a significant impact on ALAN,
indicating that the geographic context, whether terrestrial or marine, plays a crucial role in
determining different light pollution levels [36].

The Land, which represents the coastal terrestrial domain, likely exhibits the high-
est levels of ALAN due to its proximity to urbanized regions. Coastal areas are often
densely populated and developed, leading to significant artificial lighting, particularly
from residential areas, commercial establishments, and infrastructure such as roads and
ports, as evidenced from Halpern [37]. This pattern is consistent with previous studies that
have identified coastal regions as major hotspots for light pollution, due to intense human
activities [38–40]. Urban areas tend to exhibit much higher levels of artificial light compared
to rural areas [41], a trend that can be attributed to ongoing urbanization [42], shifts in
public lighting policies, or the increasing use of artificial lighting in various regions [41].

The Sea 1 km domain, which extends from the coastline up to 1 km offshore, likely
experiences moderate levels of ALAN. Light from coastal sources can still penetrate this
marine area, though its intensity diminishes with distance. The effect of ALAN in these
marine domains might be influenced by factors such as the proximity of coastal cities,
industrial activities, and maritime infrastructures. Studies have shown that light pollution
can extend into marine environments, affecting marine ecosystems, particularly in areas
close to the shore [4,22].

According to Smyth’s results [43], the 1 nm sea domain, which extends from 1 km
to 1 nautical mile offshore, likely experiences the lowest levels of ALAN, as it is farther
from direct coastal light sources. However, light from ships, fishing activities, offshore
installations, and distant urban areas may still contribute to ALAN spread. The lower
intensity of ALAN in this area could mitigate some of the ecological impacts compared to
the nearer coastal regions. Nonetheless, research has indicated that even low levels of light
pollution can disrupt marine life, particularly in areas with sensitive ecosystems [1,44,45].

The provinces factor shows the most significant effect on ALAN, underscoring the
importance of provincial boundaries in explaining its distribution. This result suggests that
variations in urban development, population density, and local policies across different
provinces play a critical role in determining light pollution levels because the regional
differences in light pollution have been linked to local governance, urban planning, and
economic activity [45–48]. This finding aligns with previous research that emphasizes the
importance of considering regional dynamics in studies of light pollution [36,46,49].

The analysis of Corine Land Cover Level I showed significant differences in the ALAN
values among the different types of land use [3,50]. Previous studies, focusing on the
use of ALAN data at the regional dynamics scale, have often failed to adequately explain
how NTL signals respond to different land-use/land-cover types as well as socioeconomic
activities, such as population distribution, energy consumption, and building density. A
thorough understanding of the relationship between illuminated pixels and the associated
land surface features and human activities could advance the application of nighttime light
data, but this aspect has not been adequately explored in prior research [51–54].

The obtained results do not show significant differences in ALAN values between
year and domains. This suggests that each domain is characterized by its specific level of
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light pollution over time, further supporting the effect of the spread of anthropogenic light
on coastal and marine domains [46,55].

In contrast, the interaction between year and provinces is significant, indicating that
the ALAN values have been maintained over time across different provinces. This result
reinforces the idea that the observed phenomenon is closely tied to territorial characteristics,
such as variability in orographic features, land use patterns, local policies, or developments
in lighting infrastructure, which have changed at different rates in different provinces [22].

However, other interaction effects, such as those between year and domain or year
and CLC Level I, do not show a significant influence on ALAN. This indicates that the
main effects of these factors are largely independent, with limited synergistic impacts. The
lack of significant interaction effects, except for the year * provinces interaction, suggests
that, while the individual factors are important, their combined influence on ALAN is
not pronounced. This pattern has been observed in other studies where the main drivers
of light pollution acted independently rather than interactively [56]. The significance of
the interaction between the factors of year and CLC Level I suggests that, over the study
period, different land use types consistently showed significant differences in ALAN levels.
These findings highlight that, within the scope of this study, temporal variations did not
substantially modify the established relationship between land-cover types and ALAN.
Furthermore, the result reinforces the understanding that ALAN is strongly dependent
on land use characteristics, emphasizing its spatial variability based on different land use
patterns and their specific attributes at the local scale [1,57,58].

Finally, the interactions between year, domain, and provinces, as well as between year,
provinces, and CLC, show very low F-values, indicating no significant interactions. This
suggests that the combination of these factors does not significantly influence the annual
variations in ALAN levels. Despite the presence of multiple factors that could potentially
explain differences in ALAN at a local scale, no significant differences were detected. This
finding, supported by cross-correlation analyses, further confirms that while ALAN may
vary on a broader scale, its patterns are strongly defined and characterized at the local
level [1,55].

In conclusion, the analysis showed that spatial and temporal factors, particularly
provinces and domains, are the main determinants of ALAN levels, while interactions
between these factors and land-cover types do not appear to have a significant impact.

These results underscore, as highlighted in other studies [59,60], the importance
of considering local and regional differences in lighting management policies to better
understand and mitigate the impact of artificial light on the environment and human
health [61].

4.2. Discussion on Natura 2000

This study’s observation that protected areas, such as those within the Natura 2000
network, exhibit significantly lower ALAN levels aligns with research by Mu et al. [62],
who highlighted the ALAN in protected areas. The findings further corroborate the work
of Falchi et al. [3], who reported that protected areas in Europe generally experience lower
light pollution levels due to stricter regulations and reduced anthropogenic activities.

The analysis showed that the effect of the year is highly significant, highlighting how
the amount of artificial light at night (ALAN) has varied considerably over time (Table 2).
This finding is consistent with the global trend of increasing light pollution observed in
recent decades, as reported by various studies [46].

The effect of the domain is extremely significant, and this is in accordance with existing
literature which indicates that urban or entropized areas tend to show higher levels of
ALAN compared to more natural habitats [3,61,63].

Similarly, the effect of provinces is highly significant, underlying the importance of
geographic distribution in determining ALAN levels. Previous studies have highlighted
significant variations in light pollution at the regional level, often influenced by factors
such as population density and economic activity [64–66].
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Regarding the condition factor (e.g., whether it is a protected area like Natura 2000 or
not), the effect is also extremely significant, suggesting that protected sites may have very
different levels of ALAN compared to unprotected ones. The literature supports this idea,
indicating that protected areas tend to have stricter light management policies, thereby
reducing light pollution [41,66].

The interaction between the factors of year and condition is significant, suggesting
that the ALAN intensity has been maintained differently over time between Natura 2000
and non-protected sites, likely reflecting the effect of differentiated management policies
over time.

Similarly, the interaction between factors of year and provinces and condition and
provinces showed significant differences, suggesting that the variation in ALAN value
levels has been maintained differently across provinces, possibly due to local policies or
different urban development, as highlighted in others’ results of this study topic.

Furthermore, the highly significant interaction between condition and domain indi-
cates that the effect of condition (Natura 2000 vs. No Natura 2000) is strictly dependent on
the type of habitat and ecological domain considered in this study.

This complex three-way interaction, involving condition, domain, province, and
condition, domain, year, shows that the combined effect of these factors on ALAN does
not present significant differences in either case. This reinforces the hypothesis that ALAN
remains a stable and constant value at the local scale, indirectly defining the levels of
anthropogenic pressure in different habitats and domains.

Moreover, interactions such as year * domain and other more complex interactions
(e.g., year * domain * provinces; year * condition * domain * provinces) did not show
significant differences, suggesting that the time variation in ALAN levels is not influenced
by the complex interaction of these factors. This may indicate that, while some effects are
significant, not all combinations of factors significantly influence ALAN levels.

The results of this ANOVA indicate that factors such as year, domain, province,
and condition significantly influence ALAN levels in both Natura 2000 and non-Natura
2000 sites. The interactions among some of these factors suggest that the impact of ALAN
is complex and may vary depending on the specific combination of environmental and
geographical conditions. These findings are consistent with existing literature highlighting
that light pollution is a varied phenomenon, strongly dependent on both anthropogenic
and natural factors.

The observed differences in ALAN between Natura 2000 areas and non-protected areas
(No Natura 2000) align with existing studies that highlight the impact of anthropogenic
activities on light pollution. For instance, Falchi et al. [3] have shown that urbanized areas
tend to have much higher levels of light pollution compared to natural and protected
areas. The fact that No Natura 2000 areas exhibit an ALAN value of 12.82 nW/cm2/sr
in the land domain, which is significantly higher than the 2.25 nW/cm2/sr observed in
Natura 2000 areas, underscores the effectiveness of conservation efforts in mitigating light
pollution in protected areas.

The Sea 1 km and Sea 1 nm domains also reflect this trend, with ALAN values in non-
protected areas (5.63 nW/cm2/sr and 0.58 nW/cm2/sr, respectively) being consistently
higher than those in protected areas (1.53 nW/cm2/sr and 0.3763 nW/cm2/sr). This
is consistent with research by Kyba et al. [31], which indicates that coastal and marine
environments, especially those near urbanized regions, are increasingly affected by ALAN,
posing risks to marine ecosystems.

The overall average ALAN value of 6.36 nW/cm2/sr across all surfaces highlights the
pervasive nature of light pollution, but the stark contrast between natural and non-natural
areas emphasizes the role of land management and protection status in controlling light
pollution. Jägerbrand et al. [67] discusses how areas with stricter environmental regulations,
such as Natura 2000 sites, are better equipped to limit the spread of ALAN, thus preserving
both terrestrial and marine biodiversity.
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4.3. Discussion Alan on Posidonia

The extension of light pollution into marine environments has been widely docu-
mented, with studies like that of Pothukuchi et al. [59] showing that light from coastal
cities and industrial activities penetrates offshore areas, affecting marine ecosystems [59].
This study complements these findings by highlighting the diminishing intensity of ALAN
as distance from the coast increases, with the Sea 1 nm domain experiencing the lowest
levels of light pollution. Such results are consistent with the work of Davies et al. [43],
who reported that light pollution in marine areas decreases sharply beyond the immediate
vicinity of coastal sources

The ANOVA analysis performed to assess the effects of artificial light at night (ALAN)
in Posidonia oceanica meadows reveals insights into how this pollutant is spread in areas
covered and not covered by meadows (condition factor).

The condition factor, which distinguishes between areas with and without Posidonia
meadows, is also highly significant (Table 1). The presence of Posidonia seems to drastically
influence ALAN levels, which could suggest that Posidonia either mitigates the effects of
artificial lighting or that areas with Posidonia are less exposed to ALAN due to protective
regulations. A third hypothesis could be considered: Posidonia meadows are more likely
to thrive in areas with low ALAN [68].

Firstly, the year factor is statistically significant (Table 2). This indicates that the
levels of ALAN have changed significantly over the years studied. Such changes could
be attributed to evolving regulations, infrastructure development, or other environmental
and societal shifts, not excluding the technological upgrade of public lighting through
LED technologies.

Similar to the other datasets analysed in this study, the analysis of single factors,
like domain or province, shows a very high level of significance (Table 1), indicating
that ALAN values decrease progressively from land to sea. This finding suggests that
geographical and ecological differences play a crucial role in determining the exposure
of different ecosystems to artificial lighting. Such variations may be influenced by local
factors, including population density, urban planning policies, and regional approaches to
managing light pollution.

Multiple interaction between year * domain and year * condition show non-significant
differences (Table 2). This result, as in the other cases analysed, confirms how the domain
and condition factors, even when combined with the year factor, do not exhibit significant
differences. This supports the conclusion that the spread of ALAN is primarily influenced
by the type and proximity to the main sources of diffusion.

However, the interaction between year and provinces is significant (Table 2), implying
that the effect of provinces on ALAN has changed over the years. This could be due to
changes in provincial policies or shifts in urban development patterns.

The more complex interactions, such as year * domain * provinces (Table 1) and year *
condition * domain * provinces (Table 2), are not significant, indicating that ALAN does
not have a meaningful impact on the results for the factors of year, domain, and province.

On the other hand, the interaction between multiple factors that show highly signifi-
cant differences (Table 2) suggests the impact of ALAN on Posidonia when multiple factors
are considered.

The characterization of the phenomenon is further strengthened by the results, which
reveal significant differences in the multiple interactions between ALAN and condition
* domain, condition * province, year * province, year * domain * province, and year *
condition * domain * province. All these findings confirm the influence of these factors in
shaping the phenomenon on a local scale that had a trend that was maintained over time.

The existing literature supports the notion that artificial light can have detrimental
effects on marine ecosystems, particularly in coastal areas where species like Posidonia
oceanica are found. Gaston et al. [41,50] and Longcore and Rich [69] have documented how
ALAN can interfere with healthy nocturnal biological processes and disrupt biodiversity in
coastal ecosystems. The findings of this study align with these observations, suggesting
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that the presence of Posidonia may offer some protection against the impacts of ALAN,
although this protection appears to vary depending on the geographical and ecological
context [70].

The data provided reveal notable differences in average values of artificial light at
night (ALAN) between marine areas with Posidonia oceanica and those without. Here is a
detailed analysis based on the scientific context.

Posidonia oceanica meadows can significantly affect the penetration of light into the
water column. The dense meadows of Posidonia can reduce the amount of light reaching
the seafloor, which might explain the lower ALAN values in areas with Posidonia. This
effect is consistent with the findings that areas with Posidonia show a lower average ALAN
value compared to areas without [71,72].

The higher ALAN values in areas without Posidonia suggest that these regions experi-
ence less attenuation of artificial light [73–75]. The absence of vegetation means there is less
filtering of light, leading to higher observed values [68]. This is particularly evident in the
Sea 1 km domain where the difference in ALAN values between areas with and without
Posidonia is most pronounced.

The variation in ALAN values between different domains (1 km and 1 nm) highlights
the spatial influence of Posidonia. In the Sea 1 nm domain, ALAN values are generally
lower in the presence of Posidonia, likely due to its impact on light attenuation over a
smaller spatial scale. Additionally, the differences in ALAN values between areas with
and without Posidonia in the 1 nm domain are smaller, partly due to greater depths and
the resulting homogeneity in backscattering, which diminishes the distinctive effect of
vegetation on artificial light at night.

Conversely, the absence of Posidonia results in higher ALAN values, as seen in the
broader Sea 1 km domain [76].

The results indicate a clear distinction in ALAN values between marine areas with
and without Posidonia oceanica. Areas with Posidonia exhibit lower average ALAN values,
which is consistent with the known effects of seagrass meadows on light attenuation. These
findings suggest that Posidonia may play a significant role in modifying the distribution
and intensity of artificial light in marine environments. Further research involving direct
measurements could explore the specific mechanisms by which Posidonia affects ALAN
and investigate other environmental factors that might contribute to these observations

5. Conclusions

This study highlights the significant influence of temporal, geographic, and admin-
istrative factors on the distribution of artificial light at night (ALAN) across Corine Land
Cover (CLC) classes, successfully achieving its primary research objective of identifying key
drivers of light pollution in Sicilian coastal and marine areas. The domain factor highlights
how geographic context, ranging from coastal terrestrial areas to marine zones, influences
light pollution levels. The coastal land domain is most affected, followed by the immediate
offshore areas, with the outer marine zones experiencing the least impact. Additionally, the
provincial factor emerges as a critical determinant, reflecting the importance of regional
differences in understanding the dynamics of light pollution. These results contribute to
a growing body of literature that seeks to understand the complex interplay of factors
influencing ALAN and offer valuable insights for future research and policymaking in this
field [56,77–79].

Moreover, the results of this study confirm the importance of the European Union to
suggest national and regional policies in managing and mitigating nighttime light pollution
(ALAN) along the coasts. These policies are reflected in a complex regulatory framework
that includes specific laws on light pollution, the promotion of LED technologies to reduce
energy consumption and environmental impact, and strategic maritime planning [80].
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5.1. About the Legislation and Policies on Light Pollution Mitigation

In Italy, Law No. 22/97 on environmental protection from light pollution, also known
as the “Veneto Regional Law”, was one of the first regional laws to introduce specific regu-
lations for controlling light pollution [81]. This law promotes the use of low-consumption
and low-environmental-impact lighting sources. It was followed by various regional regu-
lations that established rules to limit light dispersion upwards and towards unnecessary
areas, with particular attention to protecting natural areas and parks [82].

The introduction of LED technologies, also promoted by the European Directive
2012/27/EU on energy efficiency, has played a crucial role in reducing energy consump-
tion [83]. Compared to incandescent bulbs, LED lamps emit light more directly and with
less dispersion, reducing the amount of light that escapes into the night sky. Furthermore,
LEDs offer the ability to control the colour temperature of the light, an important factor in
managing environmental impact. However, it is essential to consider that, if not properly
managed, LED installations can contribute to light pollution due to their high efficiency
and luminous intensity.

Unlike incandescent lamps, which emit light in all directions and consume more
energy to produce the same amount of light, LED lamps are more efficient and can be
designed to minimize light dispersion. This results in a significant reduction in ALAN,
especially in urban and coastal areas where artificial light sources are more intense [80,84].

5.2. About the Integration of ALAN into European Directives

The Marine Strategy Framework Directive (2008/56/EC) mentions the distribution
of energy in the marine environment as a critical element to be monitored and managed.
However, this directive primarily focuses on energy forms such as underwater noise and
vibrations, largely neglecting the impact of ALAN on marine ecosystems. Despite growing
evidence that light pollution can have detrimental effects on marine organisms, particularly
in coastal areas and protected sites like Posidonia oceanica meadows, ALAN is not yet
adequately integrated into maritime spatial planning policies.

This study emphasizes the need to update existing regulations and incorporate ar-
tificial light at night (ALAN) into the good environmental status (GES) indicators of the
Marine Strategy Framework Directive (MSFD), similar to other pollutants. Adopting a more
integrated approach to maritime spatial planning could help mitigate the impact of light
pollution, protect sensitive marine habitats, and enhance the environmental sustainability
of coastal areas.

5.3. Conclusions Based on the Results

The results obtained clearly show how light pollution varies significantly depending
on the geographical domain, with coastal terrestrial areas being more affected than offshore
marine areas. A plausible explanation for the lower ALAN levels observed in protected
areas, such as those within the Natura 2000 network, is that these areas are subject to
regulatory constraints that indirectly limit light pollution. Specifically, the prohibition of
activities associated with land cover classes (CLC) characterized by higher ALAN emissions
may contribute to this difference, highlighting the indirect protective effect of conservation
measures. The use of LED technologies has demonstrated the potential to reduce the impact
of ALAN, but it requires careful management to avoid negative side effects.

This study highlights the potential for systematic monitoring and analysis of ALAN
trends over time to better understand the evolution of light pollution in Sicily. By identify-
ing priority coastal areas with elevated ALAN levels, the findings can guide policymakers
in developing targeted regulatory and management strategies aimed at mitigating ALAN
impacts and preserving ecological and cultural heritage [3,4,50,73,78]. In a historical mo-
ment where public awareness and knowledge of anthropogenic contaminants are growing,
focusing attention on ALAN is increasingly relevant. The creation of detailed maps for
monitoring ALAN levels across different geographical contexts would provide valuable
tools for assessing its spread and impact. Such an approach could contribute additional
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insights for evaluating progress toward achieving the good ecological status of ecosystems,
aligning with broader environmental conservation goals [1,85].

In conclusion, to reduce the impact of ALAN on the Sicilian coasts and marine ecosys-
tems, it is essential to continue implementing and strengthening conservation policies at
both the European and national levels, with a particular focus on integrated approaches
that include light pollution control in spatial planning and marine strategies. These inter-
ventions not only protect biodiversity but also contribute to the long-term sustainability of
marine resources, in line with the United Nations’ sustainable development goals.
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