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Abstract: The ongoing climate warming is affecting high-elevation areas, reducing the extent
and the duration of glacier and snow covers, driving a widespread greening effect on the Alpine
region. The impact assessment requires therefore the integration of the geomorphological context
with altitudinal and ecological features of the study areas. The proposed approach introduces
chronologically-constrained zones as geomorphological evidence for selecting deglaciated areas in
the alpine and non-alpine belts. In the present study, the protected and low-anthropic-impacted
areas of the Gran Paradiso Group (Italian Western Alps) were analysed using Landsat NDVI time
series (1984–2022 CE). The obtained results highlighted a progressive greening even at a higher
altitude, albeit not ubiquitous. The detected NDVI trends showed, moreover, how the local factors
trigger the greening in low-elevation areas. Spectral reflectance showed a general decrease over time,
evidencing the progressive colonisation of recently deglaciated surfaces. The results improved the
discrimination between different greening rates in the deglaciated areas of the Alpine regions. The
geomorphological-driven approach showed significant potential to support the comprehension of
these processes, especially for fast-changing areas such as the high mountain regions.

Keywords: Landsat; spectral signature; Lateglacial; Egesen; Little Ice Age

1. Introduction

Anthropogenic global warming over the last few decades has been well docu-
mented [1–3] and mountainous regions are particularly sensitive to climate change [2,4,5].
This phenomenon is particularly intense in the European Alps, where significantly increas-
ing temperatures were recorded with higher rates than the global average [6–8]. As a
consequence, the European Alps are experiencing a decrease in snow and glacier covers
associated with strong negative glacier mass balances [9], and for these reasons, the differ-
ent sectors of the mountain range are becoming vulnerable to changes in the hydrological
cycle [2,10]. In particular, climate variations affect the cryospheric components of the
Alpine system and the induced glacier shrinkage causes responsible for the reduction of
clear-water reservoirs [9]. Glaciers react to climate variations through changes in volume,
extent and shape, and rising temperatures trigger the progressive reduction of the area
covered by glacial bodies in mountainous regions [11–14].
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In the Alpine range, the last major re-advancement phase of Holocene glaciers occurred
during the Little Ice Age (LIA), which spanned chronologically between the mid-14th
century and the mid-19th century [15–17]. Climatic conditions during the LIA presented a
large regional variability, characterised by non-synchronous maximum glacier expansions
across the European Alps [18–20]. Since the LIA, the early-21st century is witnessing a
historically unprecedented glacier decline led by the ongoing global warming, which is
affecting the entire planet [21]. The response of the morphoclimatic system to climate
change and warming produced a significant landscape change, shifting from a glacial to
a periglacial environment, characterised by alpine and subalpine ecosystems and their
related ecotones. The retreat of glaciers creates new areas available for colonisation by biota
successions [22]. Indeed, this process was already active in the past with different rates
than those active in the present time, highlighting an acceleration of the greening process
in the last few decades [22–25].

Land cover is a primary essential climate variable, since it regulates water and energy
exchanges with the atmosphere [26]; thus, the evolution of land-cover conditions in terms
of seasonality and spatial distributions are strictly linked to regional climatic conditions.
Changes in cover can be caused by climate change at a regional scale as well as by human
activities [27]. Considering the Alpine deglaciated areas, the land-cover types include
cryospheric end-members (snow and ice), bare rocks (function of local conditions), pioneer
flora (lichens and mosses), and climax communities (grass and low shrubs). The impact of
climate change is expected to drive the evolution under this sequence and succession [28].

The primary target of this process is the energy budget of the involved areas, since the
snow cover features the highest capacity to reflect sunlight in the whole spectral range, gen-
erally defined as broadband albedo (ρbb). The ice and snow reflectance values are generally
high (0.7 < ρbb < 0.9), whereas the exposure of ice in glaciated bodies differs from this range
due to its lower reflective feature in the shortwave infrared domain (0.5 < ρbb < 0.7). In the
occurrence of rocks not being covered by snow and ice, the optical behaviour is heavily
impacted. In fact, rocks have low reflectance in the visible range and in the shortwave
infrared (ρbb < 0.5). Finally, where vegetation starts to develop, the albedo strongly de-
creases (ρbb < 0.3) and the solar radiation is absorbed even more in the visible and shortwave
infrared wavelength domains, leaving a specific reflectance feature in the near-infrared
spectral region (700–900 nm). The optical behaviour of the above-mentioned land-cover
types offers the opportunity to detect this evolution by using remotely sensed observations.
The spectral feature characterised by the occurrence of vegetation is, in fact, the so-called
‘red edge’, which is identified by the Normalised Difference Vegetation Index (NDVI), and
can be used to quantify vegetation greenness. The NDVI is also useful for understanding
vegetation density and assessing health changes in plants. Despite the NDVI being largely
used to monitor forested areas and land-cover changes by generally using a coarse spatial
resolution (based on the MODIS instrument) [29–34], few studies are now focused on
the use of NDVI obtained with a higher spatial resolution for monitoring variations of
vegetation over time and to assess changes in deglaciated areas [22,28,35].

This study presents the analysis of NDVI time series that were selected in protected,
natural, and scarcely-populated areas, located in the Italian Western Alps. Here, the
deglaciation onset is a well-established time reference, and the NDVI analysis on trends was
focused on characterising the non-alpine and alpine ecosystems. Particular attention was
devoted to their associated ecotones in both past- and recently deglaciated areas. Further
effort was focused on assessing variations of the optical behaviour in the deglaciated area
in relation to the recent warming.

2. Study Area

The study area is located in the Gran Paradiso Group (Graian Alps; 45.40–45.75°N
7.01–7.60°E; Figure 1), belonging to the Northwestern Alps according to the International
Standardised Mountain Subdivision of the Alps (ISMSA-SOIUSA; [36]). The Gran Paradiso
is the highest peak (4061 m a.s.l.) in the study area, which was limited northerly by the
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Dora Bàltea river and southerly by the Torrente Orco. The region includes the valleys of
Rhêmes, Valsavarenche, Cogne, and the northern sector of the Orco catchment.

Figure 1. Location map of the study area. The thick solid black line represents the study area; thin
dashed black lines represent the Italian national border; the solid red line in the inset represents
the main map’s footprint. Glaciers outlines at 1989 CE modified after [37–39]. Key: 1: Rhêmes
valley; 2: Valsavarenche; 3: Cogne valley; 4: Orco valley. LR: LIA–Recent; ELA: Egesen–LIA (alpine);
ELN: Egesen–LIA (non-alpine). Basemap: Microsoft™ Bing.

The Gran Paradiso Group represents an internal crystalline massif that outcrops in the
Italian Western Alps (Pennidic Domain); it is a tectonic window surrounded by units that
derive from the Ligure-Piemontese ocean basin [40–43]. The area is mainly characterised
by the presence of crystalline lithotypes, in particular by Permian augen gneiss and meta-
granites, deriving from porphyritic granitoids, intruded into a polymetamorphic unit
characterised by fine-grained gneiss, paragneiss and micaschists. Oceanic and ophiolite
Mesozoic units are composed by Cretaceous calcschists, micaschists, black phyllite, and by
Jurassic foliated and massive prasinite, meta-basalt, amphibolite, and serpentinite [44–47].

The area retains the morphology inherited by the Pleistocene and Holocene glacial
activities, characterised by a typical Alpine landscape with erosional and depositional
landforms (U-shaped valleys, glacial cirques, horns, arêtes, trimlines, moraines, blockfield,
etc.) [48]. Glacial deposits are, in fact, rife in the area [37,48]. Older glacial moraines were
dated by applying the 10Be Surface Exposure Dating, which furnished an age related to the
regional Egesen stadial Auct. [37]. Well-shaped moraines, characterised by sharp ridges
and a sparser vegetation cover compared to the older glacial moraines, testify the most
advanced position reached by glaciers in the Holocene during the LIA [20,37]. Nowadays,
72 glaciers exist in the area, extending for about 37 km2, making the Gran Paradiso Group
one of the most glacierised massifs of the Italian Northwestern Alps [38].

According to the Köppen–Geiger climate types, climatic conditions in the selected area
are classified as continental (i.e., absence of dry season with warm or cold summers, Dfb
or Dfc) or as polar tundra (ET), depending on the geographic location and altitude [49,50].
Precipitations are scarce compared to the Italian Eastern Alps [51–53] with a range between
480 mm year−1 for valley floors and 1400 mm year−1 in the valleys’ head [7,54,55]. Mean
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temperatures in the 1961–1990 period range from −6.4 °C in January to 9.2 °C in July, with
an annual mean of 0.9 °C. However, in the 1991–2020 period mean temperatures range from
−5.3 °C in January to 10.5 °C in July, with an annual mean of 1.9 °C (CRU TS 4.06 cell centre
45.75°N, 7.25°E, accessed 4 July 2023) [56].

The ecological context of the study area is characterised by a primary succession,
with pioneer species (lichens) colonising the recently exposed rocks, followed by vascular
plants, shrubs, and trees. This phase ranges from the early- to the mid-stages, depending
on the post-deglaciation exposure length of rocks in terms of time, altitude, topography,
and water availability [57]. The region of interest is mostly covered by alpine grassland,
which includes three vegetation subtypes: natural, sparsely vegetated (on rocks, scree,
or gravel), and wet grasslands [58,59]. Despite the fact that species assemblages are
generally representative of alpine grasslands, the different valleys have local dominance
and abundance patterns, for the different vegetation subtypes [58]. While pure grasslands
are dominated by Nardus (L.), Trifolium (L.) and Carex (L.) genus, wetlands are dominated
by Nardus, Carex, Salix (L.) and mosses. The dominating species in the rocky subtype
belong to the Silene (L.), Festuca (L.), Salix, and Plantago (L.) genus [58]. Concerning non-
alpine vegetation, the lower elevations extending to the sub-alpine belt are characterised
by coniferous forests (CLC90 level 3 classes 3.1.2), composed by various associations of
Pinus sylvestris L., Picea abies (L.) H.Karst., Pinus cembra L., and Larix decidua Mill. Above
the coniferous forests, the landscape shows shrub and/or herbaceous associations (CLC90
level 2 class 3.2), dominated by Alnus viridis (Chaix) DC., Juniperus communis L., Juniperus
communis var. saxatilis Pall., Calluna vulgaris (L.) Hill, Rhododendron ferrugineum L., and
Vaccinium myrtillus L.

3. Materials and Methods
3.1. Datasets

We selected deglaciated areas bracketed by key glacial advances that have occurred
since the Lateglacial Period: the first deglaciated area comprised between the Egesen
moraines, depicting the last Lateglacial advance, and the LIA moraines, which outline
the Holocene most advanced glaciers’ position (EL here hence; ranging in age between
13.8 ± 0.8 ka–1820 CE in the area) [37,60]. The second deglaciated area extends between
the LIA maximum positions and the 1989 CE glaciers’ limits (henceforth referred to as
LR). The 1989 CE is the closest glacier snapshot since the launch of Landsat 4, which took
place 16 July 1982. The Egesen and LIA glaciers outlines were derived from [37], while the
1989 CE glacial limits were manually digitalised from orthophotos available from web map
services (WMS) provided by the ‘Portale Cartografico Nazionale’ [61,62].

The deglaciated areas pertaining to the above-mentioned time range were obtained by
combining the different polygon vector files and by defining additional and geomorpho-
logically driven areas of interest. The defined polygons were then filtered excluding those
with an extent smaller than 900 m2. In addition, polygons associated with the Egesen–LIA
range were further divided using the ecosystems’ classification [63], creating two sets of
polygons respectively identified as Egesen–LIA non-alpine (ELN, hence here) and Egesen–
LIA alpine (ELA) (Figure 1, Table 1). Finally, the optimisation of the processing time was
obtained by converting vector data of deglaciated areas to raster grids with the Landsat
spatial resolution.

The CORINE Land Cover raster dataset referring to the 1986–1998 time period (CLC90,
hence here; https://land.copernicus.eu/pan-european/corine-land-cover/clc-1990?tab=
mapview, accessed 20 January 2023) was resampled with the satellite product spatial
resolution (i.e., pixel size xy: 30 m). This raster layer was used to tag satellite pixels with
the associated land cover class (see Sections 3.2 and 3.4).

https://land.copernicus.eu/pan-european/corine-land-cover/clc-1990?tab=mapview
https://land.copernicus.eu/pan-european/corine-land-cover/clc-1990?tab=mapview
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Table 1. Deglaciated belt summary.

Time Span Ecosystem Belt 1 Total Area Elevation Elevation
[km2] Median [m] Range 2 [m]

ELN
Egesen–LIA non-alpine 29.38 2183 1742

(13.8± 0.8 ka–1820 CE ca.) 2359

ELA
Egesen–LIA alpine 142.86 2680 2407

(13.8± 0.8 ka–1820 CE ca.) 3036

LR LIA–Recent alpine 67.21 2866 2380
(~1820–1989 CE) 3248

1 following [63]. 2 minimum and maximum elevation range are here intended as 5th and 95th percentile of the
pixel elevation distribution.

3.2. Satellite Data

Among several Earth Observation missions, the Landsat Program provides the longest
image time series since the first platform was launched in 1972 [29], even if the spatial
and spectral resolution of the first satellites were coarse. The launch of the Landsat 4 in
1982, equipped with the Thematic Mapper (TM) instrument, represented a significant
improvement in terms of spatial and spectral image resolutions. The program continued
with the same instrument onboard the Landsat 5 (launched in 1984) and with a new sensor,
the Operational Land Imager (OLI) instrument, deployed on the Landsat 8 and 9 (launched
in 2013 and 2021, respectively). This study considered the Landsat 4, 5, 8, and 9 platforms,
with particular attention to the product collection 2 at the Level 2 processing. Scenes
(path: 195; row: 28) with values of the bottom-of-atmosphere surface reflectance cover the
last portion of the ablation season (i.e., July–September) of the 1984–2022 period. Data were
filtered considering the cloud coverage. Thus, scenes with cloudiness lower than 20% in
the study area were selected and the computational time was reduced by cropping scenes
using the area of interest. The NDVI values were calculated according to Equation (1):

NDVI =
ρNIR − ρRED
ρNIR + ρRED

(1)

This index was introduced by [64,65] and it estimates the difference between the
near-infrared reflectance (ρNIR) and the red reflectance (ρRED). These radiative features are
influenced both by the presence of chlorophyll, which absorbs the photosynthetic active
radiation (400–700 nm), and by the vegetation functionality (leaf area, biomass, phenology,
etc). The NDVI value ranges from +1 to −1, and shows negative values in the occurrence
of water, soil, snow, and man-made surfaces. Vegetated areas, on the other hand, have
positive values between 0.2 and 1. Dense vegetation canopy always has a value higher
than 0.5, while sparse vegetation such as shrubs and grasslands or senescent crops can vary
between 0.2 and 0.4.

The Regions Of Interest (ROIs) include pixels belonging to the defined deglaciated
areas (LR, ELA, and ELN). The ROI pixels were differentiated using the quality assurance
layer. Pixels classified as “Clear with lows set” were selected (i.e., quality assurance layer
pixel value = 5440 for Landsat 4 and 5, and pixel value = 21824 for Landsat 8 and 9). The
whole dataset was subset in terms of each calendar year, only considering the late-summer
season. Each summer season subset was analysed pixel-by-pixel, looking for the NDVI
maximum producing the NDVI-maxima on a yearly basis (called ‘yearly scene’, here
hence). This process homogenises the NDVI, retaining the values related to the peak of the
vegetation period, independent from the ground’s first snow-free calendar date, while the
use of the median tends to flatten the differences among them [30]. Moreover, the advantage
of adopting this procedure is the reduction of discarded pixels (e.g., cloud-covered pixels
in one scene), thus increasing the statistical significance of each yearly scene.
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3.3. Spectral Libraries

The identification of the spectral endmembers (Figure 2a) was approached consid-
ering different spectral measurements in the visible and shortwave infrared domain
(400–2500 nm) available in the literature. We considered the ECOSTRESS library [66,67] for
rocks and vegetation species, the SISpec collection [68] for snow and ice, the SpecLib cata-
logue for lichens observations [69] and the ECOSiS collection for moss measurements [70].
The selected vegetation species and rock types were identified considering the descriptions
presented in Section 2. Further improvements will be possible with future ground-based
surveys aimed at developing a specific spectral library for the study area.

Figure 2. (a) Spectral endmembers identified using observations available in the literature. (b) Land-
sat 5 TM resampling of spectral endmembers identified using observations available in the literature.
(c) NDVI value for the selected spectral endmembers. To be noted the different vertical scale.

3.4. Statistical Analysis

The classification of the NDVI values extracted by each yearly scene was based
on the criteria of elevation, slope, and aspect. This procedure allows grouping pixels
with matching physical properties (i.e., elevation, slope, and aspect), in order to evalu-
ate the influence of such parameters on the final NDVI. Geomorphological information
was obtained from the European Digital Elevation Model (EU-DEM), version 1.1 tile
E40N20 (https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1, accessed
4 January 2023). The original EU-DEM spatial resolution of 25 m, with a vertical accu-
racy of ±7 m, was resampled to homogenise its datum and spatial resolution to those of
the other raster data used in this study (UTM WGS84, pixel size xy: 30 m).

Non-parametric Mann–Kendall and Theil–Sen slope tests were used to assess the
presence of a monotonic trend and its magnitude in the time-series. Non-parametric
tests were preferred, since the entire data of the time series does not show normality and
stationarity, according to Anderson–Darling and Kolmogorov–Smirnov normality tests.
Although normality and stationarity are fundamental assumptions for parametric tests,
under non-normality conditions the non-parametric tests offer higher statistical power
and robustness than parametric tests [71,72]. Mann–Kendall Tau, Sen’s slope, and their

https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1
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respective p-values were considered and evaluated, and the difference between slopes were
assessed by means of Equation (2) [73]:

z =
β1 − β2√

SEβ2
1 + SEβ2

2

(2)

where β1 and β2 are the Sen’s slope index of the considered time series and SE their
standard error.

The spectrum for each yearly scene was calculated considering the median of the
pixels belonging to each satellite band. Non-parametric Kruskal–Wallis tests were used to
check if the difference between each band of the considered pair of spectra is significant. To
limit the high-frequency effect of the time series on the tests, data belonging to the decades
of 1990–1999 and 2013–2022 have been grouped. Moreover, the existing differences between
couples of spectra were evaluated using the spectral contrast angle (θ; [74]), defined as:

cos θ =
∑n

i=1 ai bi√
∑n

i=1 a2
i ∑n

i=1 b2
i

(3)

where ai and bi are the surface reflectance value at band i for median spectra a and b.
Following Equation (3), a multi-dimensional space was simplified to a bi-dimensional
space, where the spectra are characterised by a vector. Similar spectra, independent of
their intensities, are characterised by similar vectors in this new bi-dimensional space
and, consequently, a low θ exists between them. This condition implies a cos θ near to 1.
Conversely, dissimilar spectra are characterised by a θ of 90°at maximum, thus implying a
cos θ equal to 0.

All computations were performed using the R project 4.2.1 software [75], raster (v. 3.5-21,
https://CRAN.R-project.org/package=raster, accessed on 29 July 2023), nortest (v. 1.0-4,
https://CRAN.R-project.org/package=nortest, accessed on 29 July 2023), and trends (v. 1.1.4,
https://CRAN.R-project.org/package=trend, accessed on 29 July 2023) packages.

4. Results

The analysed dataset included a total of 83 scenes available for the period 1984–2022 CE;
in each scene, data were cropped using an ensemble ROI area of 262,457 pixels. Satellite
data were available for each year except for 1987, 2002, 2005, 2007, and 2012 CE (Figure 3).
The cloud coverage, despite considering a selection of mostly clear-sky images, caused a
decrease of the available pixel count from a minimum of 9.67% in 2022 CE, to a maximum of
75.33% in 1986 (µ = 36.51%, median = 30.72%, σ = 19.13%). The available pixel count grouped
by year and aspect spanned from a minimum of 4.27% of the ROIs pixels facing southward
in 1986 CE, to a maximum of 26.24% of the ROIs pixels facing westward in 2022 CE. The
slope-oriented analysis showed that pixel distributions were non-normal, being mainly
platykurtic and negatively skewed (i.e., a higher number of pixels characterised by low
slope values). Finally, each deglaciated ROI was considered and the number of pixels was
analysed in terms of aspect, showing that the minimum number of considered pixels is
0.05% of ROI pixels for LR facing southward in 1995 CE, whereas the maximum number is
17.37% of ROI pixels for ELA facing westward in 2022 CE.

The NDVI time series were built considering all the pixels available in each yearly
scene, grouped by ROIs and aspect, and the obtained median values showed different
means and trends among the considered deglaciated areas. Pixels belonging to ELN
returned higher values than those belonging to ELA time-series, but both had a comparable
trend. The highest NDVI median values were detected since 2013 CE on eastward-facing
pixels associated with the ELN deglaciated area. Regarding the recently deglaciated area
(i.e., LR), pixels always showed low NDVI median values with no significant trends, with
the exception of the southward-facing pixels (Figure 3; Table 2). Despite this, ELN area
resulted in the steepest trend slope followed by ELA and LR (Table 2).

https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=nortest
https://CRAN.R-project.org/package=trend
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Figure 3. NDVI time series grouped by aspect and deglaciated area. Shaded areas around the
lines identify the confident interval of the pixel distribution (α = 0.001); dots on the top-left facet
identify the used scenes; the vertical line identifies the passage from the Thematic Mapper (TM) to
the Operational Land Imager (OLI).

Table 2. Mann–Kendall test Tau (τ) and Sens slope (S; reported as 10−3) values.

ELN ELA LR 1

τ S τ S τ S

N 0.665 2.15 0.155 * 0.62 * −0.143 * −0.18 *
E 0.519 1.73 0.390 † 1.39 † −0.039 * −0.04 *
S 0.515 2.11 0.412 1.54 −0.365 † −0.28 †

W 0.658 2.61 0.326 † 1.31 † −0.015 * −0.03 *
1 Mann–Kendall and Sens slope tests were performed on the 1990–2022 time period. * identifies value not
significant at α = 0.05 level. † identifies value not significant at α = 0.001 level.

Further analyses were approached reducing the complexity of the considered datasets,
subsetting pixels considering different criteria based on ROIs, slope, elevation, and land-
cover class (CLC90 at level 2). The aim of this additional step was the reduction of interfer-
ence related to topographic or pedological factors, which cause critical issues in the NDVI
analysis. More precisely, we only considered pixels characterised by a slope of less than
30°, belonging to two elevation ranges (i.e., 2400–2600 m a.s.l. and 2800–3000 m a.s.l.), and
land-cover classes associated with open spaces with little or no vegetation (i.e., bare rocks
and sparsely vegetated areas identified by CLC90 level 3 classes 3.3.2 and 3.3.3, respec-
tively). The selection of the open spaces with little or no vegetation (CLC90 3.3), removed
the contribution of artificial surfaces (CLC90 1) and agricultural areas (CLC90 2), which
were present especially in the ELN ROI. Consequently, the subset criteria also limited the
influence of well-developed vegetation, which is identified as forest occurring especially
in ELN (CLC90 3.1), and shrubs and/or herbaceous vegetation associations (CLC90 3.2),
present significantly in the ELA ROI, and scarcely in the LR ROI. The CLC90 3.3 criteria
enhanced, in conclusion, the selection of common land-cover classes present in the three
deglaciated ROIs (Figure S1 in Supplementary Material to compare the number of con-
sidered pixels), excluding from the analysis those areas characterised by well-developed
vegetation (CLC 90 3.1) or by grassland (CLC 3.2) that are not common to all the interested
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ROIs. To avoid excessive fragmentation of the dataset, and thus less robust statistics, the
following analysis were performed on the selected pixels not grouped by their aspect.

Considering only the selected pixels, the NDVI values were comprised between
−0.01 and 0.27, and, therefore, comparable with the NDVI values of the CLC90 class
to which they belong (bare rocks and sparsely vegetated areas). Moreover, significant
monotonic trends in NDVI values were visible in all the categories (Figure 4; Table 3),
except for bare rocks occurring at any considered elevation range in ELN and only at
the 2800–3000 m a.s.l. elevation range in LR. The NDVI time series derived from the
2400–2600 m a.s.l. bare rock ELA and LR, and sparsely vegetated areas’ LR pixels showed a
breaking point in the trend in the 2011 CE, with the most recent portion reporting a slope of
NDVI values from 74% to 364% steeper than the pre-2011 CE portion (Figure 4).

Figure 4. NDVI time series of pixels located at 2400–2600 m a.s.l. and 2800–3000 m a.s.l. elevation
ranges characterised by bare rocks and sparsely vegetated areas CLC90 classes. Shaded area around
lines identifies a confident interval of the pixels distribution (α = 0.001) for time series characterised
by at least 50 pixels.

Table 3. Mann–Kendall test Tau (τ) and Sens slope (S; reported as 10−3) values of selected pixels.

Elevation
Class

CLC90
Class ELN ELA LR 1

(m a.s.l.) τ S τ S τ S

2400–2600 3.3.2 −0.212 * −0.30 * 0.565 1.16 0.591 1.27
3.3.3 – – 0.668 2.34 0.586 1.70

2800–3000 3.3.2 0.138 * 0.14 * 0.269 † 0.34 † 0.044 * 0.03 *
3.3.3 – – 0.572 1.74 0.328 † 0.68 †

1 Mann–Kendall and Sens slope tests were performed on the 1990–2022 CE time period. * identifies value not
significant at α = 0.05 level. † identifies value not significant at α = 0.001 level.

The comparison of trends evidenced that, subsequent to the 1989 CE, the NDVI of
ELA’s sparsely vegetated areas increased significantly faster (α < 0.05) than the NDVI of
bare rock areas, at both elevation levels considered. Conversely, the NDVI of LR sparsely
vegetated areas increased significantly faster than the NDVI of ELN bare rocks areas within
a 2400–2600 m a.s.l. elevation range. It also increased faster than the NDVI of LR bare
rock areas at 2800–3000 m a.s.l. elevation range. Comparing the time series’ slope among
elevation ranges, it was found that bare rock areas’ NDVI time series are always steeper
(α < 0.05) within a 2400–2600 m a.s.l. than within a 2800–3000 m a.s.l. elevation range
except for the ELN 2400–2600 m a.s.l. time series that showed a negative slope even if
not significant. Regarding the sparsely vegetated NDVI time series, the only significant
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difference in trend (α < 0.05) was observed between LR 2800–3000 m a.s.l. NDVI time
series and both ELA and LR 2400–2600 m a.s.l. NDVI time series, with the former showing
a flatter slope (Figure 4).

The spectra obtained by the considered classes showed that bare rock ELA and LR
at both considered elevation ranges were comparable among them, as well as the spectra
obtained for ELA sparsely vegetated areas at both elevation ranges and those obtained
for LR at 2400–2600 m a.s.l. Other similar spectra were those obtained for ELN and those
obtained for the LR sparsely vegetated areas at 2800–3000 m a.s.l. (Figure 5).

The Kruskal–Wallis test was used to compare similar distributions to highlight significant
difference between the median of two distributions (Figure S2 in Supplementary Material).
Each single deglaciated areas and land cover classes were analysed separately in terms of
time ranges (1990–1999 CE against 2013–2022 CE). The cross-comparison of decades distribu-
tions was only possible for bare rocks in ELA and LR (Figure S2 in Supplementary Material).

All tests returned remarkable results (α = 0.001), indicating that a difference existed in
all the cases considered between the 1990–1999 CE and the 2013–2022 CE spectra. However,
the contrast angle distances between the spectra always return θ lower than 1 degree,
denoting high similarities in the considered spectra, despite their significant distance.

Figure 5. Median spectra for 1990–1999 CE and 2013–2022 CE decades at 2400–2600 m a.s.l. and
2800–3000 m a.s.l. elevation ranges characterised by bare rocks or sparsely vegetated areas.

5. Discussion

The entire dataset, which includes all the land-cover classes described in the CLC90, high-
lighted that the difference between the ELN and the ELA NDVI, equal to 0.127 ± 0.096 (Figure 3),
was strongly influenced by the fractional composition of land-cover classes in the different
ROIs. The large variability observed in the whole dataset is explained by pixels identified
as forests (CLC90 3.1) and as shrub and/or herbaceous associations (CLC90 3.2) (Figure S1
in Supplementary Material). In fact, these classes, being representative of the already devel-
oped association and not of pioneer species, impact on trends observed for the different
ROIs, having different reaction times, in terms of greening, to climate change. The selection
of pixels with low and sparse vegetation (CLC90 3.3) was the most reliable approach for
assessing the greening process in the selected area of interest. Filtering the CLC90 classes,
NDVI resulted in trends with the lowest slopes of −0.30 × 10−3 year−1, obtained for bare-
rock areas (CLC90 3.3.2) located in ELN at 2400–2600 m a.s.l. The highest trend slope was
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2.34 × 10−3 year−1, obtained for sparsely vegetated areas (CLC90 3.3.3) located in ELA at
2400–2600 m a.s.l. (Table 3). These values depicted a different environmental condition
from the one inferred by the whole dataset (compare Figures 3 and 4). In fact, both forests
and shrubs and/or herbaceous associations were characterised by higher NDVI values
than the bare rocks and sparsely vegetated areas classes, implying a higher median in
pixels grouped by aspect and not by elevation range and land cover. Moreover, the LR ROI
offered the opportunity to further simplify the framework, isolating the aspect contribution
in the absence of altitude and land-cover related variability. Although LR NDVI values
grouped by aspect showed negligible trends (Figure 3, Table 2), pixels characterised only
by sparse vegetation evidenced the presence of a significant NDVI trend (Figure 4, Table 3).
Thus, specific information for land cover change in the study area was obtained by filtering
the pixels based on each land-cover class, elevation, and deglaciated area. These results
were supported by the different Sens slope values performed on the different considered
pixel groups (Table 2). The aspect-oriented analysis was unfortunately limited by statistical
issues related to the limited pixel number.

Considering the pixels filtered by their elevation and land-cover classes, the starting
NDVI values described land-cover types characterised by loosely developed vegetation for
most of the ROIs (compare Figures 5 and 2b). Additional descriptions about the vegetation
associations were not possible, since the spatial resolution and the spectral mixing issue
impact on the pixel spectral signature. The spatial resolution of Landsat data constrained
the study, as well as the lack of specific spectral libraries for the study area. The Landsat-
derived spectra (Figure 5) highlighted, in fact, a mixed pixel issue, which affected the
fractional composition at a 30 m pixel resolution. Further interpretation of the land cover
composition requires a specific spectral unmixing analysis that will be possible in the future
with the development of in situ spectral libraries. Longer time-series will be, moreover,
potentially available when sensors with higher spatial resolution will be included. On the
other hand, only a qualitative recognition was possible with the analysis of the spectral
similarity between pixels, belonging to bare rocks (CLC90 3.3.2), and signatures, available
in spectral libraries, for lichens and rocks (compare Figures 5 and 2b). Similar affinities
were identified between pixels associated with sparsely vegetated areas (CLC90 3.3.3) and
spectral signatures, which are potentially produced by a mixture of mosses–grasses and
lichens–rocks. The rock weathering, the soil moisture content, and even the vegetation
variability represented a limit for a more quantitative determination at this stage of the
study. Nonetheless, NDVI values were used to assess the vegetal biomass in relation
to deglaciation and altitude. The trend analysis confirmed the statistical significance
of the observed increments, which can be associated with the biomass accumulation,
coherently with a general lowering of surface reflectance in 2013–2022 CE compared to
the 1990–1999 CE time periods (Figure 5). The detected evolution was consistent with
the regional observations reported for the Northwestern Alps [76], the French Western
Alps [33], the Austrian Northeastern Alps [22], the Eastern Alps [35], and more in general
for the European Alps [34]. Rock weathering processes and other external factors (biotic
and/or abiotic) were the possible drivers of NDVI negative trends showed by bare rocks
areas located in ELN at low altitudes. Both components limited the development of the
pioneering stage of floral successions. Especially in the last few years, the detected increase
of biomass was not confirmed by CORINE datasets, since they did not report significant
changes in pixel classification in the last two published versions (i.e., CLC 2012 and 2018;
Figures S3 and S4 in Supplementary Materials). Although an increase of pixels classified
as vegetated areas was observed in the first datasets (CLC 2000 and 2006), it is relevant to
notice a meaningful change in the spatial resolution of the CORINE products. Nevertheless,
further analyses are required to assess such variations to real land-cover changes concerning
the satellite sensors used by the different CORINE products. In addition, further analyses
are required for land-cover changes, involving more spatially resolved investigations, to
better understand the NDVI negative trend in the study area. This novel information will
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be relevant especially in the framework of the hydrological and the geomorphological
settings of the European Alps [25,34,77].

The snow cover dynamics represent an additional key driver for the greening
processes [78]. The analysis of the snow-related index was, in fact, already performed by [55]
on the same satellite product collection over the considered time window (1984–2022 CE).
The time series related to the Snow Cover Extent (SCE) showed negligible trends and
outliers between winter 1984 and 2017 CE for the study area [55]. Comparing this snow-
related dataset to the presented NDVI time series, the negative NDVI outlier detected in
1991 CE (Figure 4) can be related to climatic anomalies that occurred during the vegetative
season. Further specific analyses will be required to investigate such anomalies as well as
the additional 2018 outlier, when few satellite data were available (i.e., only one scene was
processed due to cloud-cover limitations in 2018). The picture of the greening evolution
during the last few decades will be enhanced in the future using additional spectral indexes
(e.g., Normalized Difference Snow Index), focused on describing more precise SCE timing
from Landsat and/or other Earth Observation missions. The support from further data
sources, such as meteorological time series (both measured and/or synthetic [51,54]), will
provide key information identifying the drivers impacting on NDVI trends, their breaking
points and outliers (Figure 4) [32].

The proposed approach, based on the geomorphological-driven selection of deglaciated
areas, supported the characterisation of the behaviour of vegetation in colonising newly
formed surfaces in the alpine and non-alpine belts. This approach provided relevant
information in both recently-deglaciated and fast-changing areas, and past-deglaciated
locations, characterised by long-lasting developing soil. Our methodology enhanced
the capability to compare greening trends on surfaces where soil had the possibility to
develop up to 11–13 ka (EL) or up to 150 years (LR). Only Egesen–LIA (EL) areas, not
exposed to active mass-wasting processes, can be assumed as an area retaining long-
lasting developed soils and climax successions [37]. Such areas were also sensitive to the
greening process driven by the ongoing climate change as underlined by the NDVI rise.
The vegetative period in high-elevation sites at mid-latitude could, in fact, be extended
due to the increasing temperature and to the shorter snow cover duration [79]. The tree
species belonging to the treeline ecotone support the extension of the vegetative period, as
demonstrated in other sectors of the European Alps (i.e., Larix decidua Mill. [80–83] and
Pinus cembra L. [84–87]), whereas shrubs confirmed the shorter snow cover duration [79].
This implies a higher quantity of biomass in both non-alpine and alpine ecosystems, thus
resulting in a higher NDVI index. The ongoing strong glacial retreat testifies that the climate
warning enhanced at the highest elevation both on a global and a local scale [21,48,88–90].
The observed increasing NDVI values in the LR between the 1984 and the 2022 CE, but
especially after 2011 CE, highlighted a major efficient colonisation by pioneer species and,
therefore, the presence of a higher quantity of land-cover biomass, as also recorded in other
proglacial areas [22,25,35].

6. Conclusions

The use of the Landsat time series, which combines long-term analysis with medium
spatial resolution (30 m), can offer a useful tool for the characterisation of vegetation also
in high mountain areas which are particularly affected by the ongoing climate warming.
The recent deglaciation offers the opportunity for analysing the development of primary
and secondary vegetation. The detection of greening in mountain areas using satellite
data can be significantly improved by using geomorphological selection of deglaciated
areas for which exposure times are known. This approach has improved the analysis of
greening rates, which is usually carried out considering only land cover and altitude. The
selection of deglaciated areas through landscape analysis improved the ability to isolate
pixels characterised by similar topographic features (e.g., altitude and slope) and land
cover types (e.g., bare rock and sparsely vegetated areas), but with different exposure
times (e.g., different deglaciated areas). The known chronological constraint of deglaciated
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areas allowed the comparison of land cover types in which soil processes had different
timescales for soil development. The final observations highlighted an overall ongoing
greening in the entire analysed area and underlined the necessity to apply specific pixel
selection criteria for the trend analysis. The results showed, therefore, that the largest part
of the study areas were affected by a significant greening process, with rates inversely
associated with elevation (i.e., steeper rates were found at lower elevations). Such an
observation was not confirmed by non-alpine bare rocks areas deglaciated since the Egesen
(11–13 ka, i.e., ELN). Preliminary inferences suggested the increase of vegetation covers
or, at least, a more intense biomass accumulation of pioneering associations, although
further analyses are required to quantitatively assess these observations. Our results did
not reveal a strong land cover change that could imply a variation in terms of CORINE
classification, as the greening degree is not sufficient to justify a new classification. However,
considering the land cover types’ spectral behaviour, the reflectance values underlined a
general decrease in the different considered classes, comparing the 1990–1999 decade to the
2013–2022 CE period.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15153847/s1, Figure S1: Number of analysed pixels grouped
by deglaciated area and CORINE 1990 land cover class. Dark bars identify the total number of
pixels; dots identify the median elevation of the pixel groups together with their standard deviation;
Figure S2: Density distribution of surface reflectance values. Bands’ names were standardised
compliant with the Landsat 4–5 Thematic Mapper definition; Figure S3: Spatial distribution of the
CORINE Land Cover classes1 of the pixels comprised in 2400–2600 and 2800–3000 m a.s.l. elevation
belts. Only pixels classified as “bare rocks” and “sparsely vegetated areas” in CLC90 were considered.
All CORINE Land Cover published datasets were compared; Figure S4: Distribution of the CORINE
Land Cover classes1 of the pixels comprised in 2400–2600 and 2800–3000 m a.s.l. elevation belts.
Only pixels classified as “bare rocks” and “sparsely vegetated areas” in CLC90 were considered. All
CORINE Land Cover published datasets were compared.
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Abbreviations
The following abbreviations are used in this manuscript:

CE Common Era
ELA Egesen–LIA alpine (sensu [63]) deglaciated belt
ELN Egesen–LIA non-alpine (sensu [63]) deglaciated belt
ka kilo annum
LIA Little Ice Age
LR LIA–Recent alpine (sensu [63]) deglaciated belt
NDVI Normalized Difference Vegetation Index
OLI Operational Land Imager
SCE Snow Covered Extent
TM Thematic Mapper
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