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Abstract: Biodiversity loss occurring in mountain ecosystems calls for integrative approaches to
improve monitoring processes in the face of human-induced changes. With a combination of
vegetation and remotely-sensed time series data, we quantitatively identify the responses of land-
cover types and their associated vegetation between 1987 and 2016. Fuzzy clustering of 11 Landsat
images was used to identify main land-cover types. Vegetation belts corresponding to such land-
cover types were identified by using species indicator analysis performed on 80 vegetation plots.
A post-classification evaluation of trends, magnitude, and elevational shifts was done using fuzzy
membership values as a proxy of the occupied surfaces by land-cover types. Our findings show that
forests and scrublands expanded upward as much as the glacier retreated, i.e., by 24% and 23% since
1987, respectively. While lower alpine grassland shifted upward, the upper alpine grassland lost 10%
of its originally occupied surface showing no elevational shift. Moreover, an increase of suitable sites
for the expansion of the subnival vegetation belt has been observed, due to the increasing availability
of new ice-free areas. The consistent findings suggest a general expansion of forest and scrubland
to the detriment of alpine grasslands, which in turn are shifting upwards or declining in area. In
conclusion, alpine grasslands need urgent and appropriate monitoring processes ranging from the
species to the landscape level that integrates remotely-sensed and field data.

Keywords: colonization credit; extinction debt; fuzzy clustering; global change; high-mountain
environment; land-cover; thermophilization

1. Introduction

Mountain landscapes offer a valuable source of information to evaluate the effect of
global environmental changes [1,2]. The altitude-for-latitude substitution restricts ecosys-
tems to well-defined and narrow altitudinal belts, such as forests at low altitudes or glaciers
and their forelands with pioneer species on the top [3]. Along this well-defined zonation,
changes in the ecosystems’ distribution due to rising temperature and a long history of
different land-use practices are particularly evident [2]. Global warming is causing the re-
treat of glaciers increasing the extension of new ice-free areas where colonization processes
of pioneer plants could advance [4,5]. With increasing warming, increasing dynamics of
glaciofluvial systems and related vegetation types are foreseen [6]. A fast upward shift of
plant species linked to rising temperature has caused abrupt biodiversity changes possibly
affecting ecological functions and services in the future [7]. The abandonment of traditional
land-use practices caused the development of ecosystems towards more late-successional
phases, such as the reforestation observed in Europe [8]. While the upward shift of high-
mountain species is driven mainly by climate change [9,10], the upward shift of forest
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species and forest ecosystems greatly depend upon land-use changes [11,12]. In the context
of national and international nature conservation programs [13], an appropriate measure-
ment and monitoring of these profound changes occurring in mountain landscapes can
efficiently focalize conservation practices and actions on most affected ecosystems.

Remotely-sensed approaches support ecological studies by providing Earth obser-
vations crossing a wide range of spatio-temporal scales [14]. The use of satellite-based
metrics such as vegetation indices allows the mapping of plant communities using stan-
dardized and continuous measurements [15]. By combining satellite images and plant
communities’ samples, a good connection between the variation of satellite signals and
vegetation composition has been demonstrated, which in turn enables accurate mapping of
plant communities [16–18]. Moreover, long-term satellite programs, such as the LANDSAT
program, provide observations over the last three decades. Accordingly, combining a time
series of standardized satellite-based measurements with field observations on species
diversity enables us to analyze landscape and vegetation dynamics over a time gradient.

In this study, we used a time series of Landsat images to estimate landscape changes
that occurred during the last 30 years in the surroundings of the Adamello glacier, i.e., the
largest Italian glacier. To this aim, we applied a post-classification comparison of the main
land-cover types performing an unsupervised fuzzy clustering approach. Accordingly,
we defined land-cover types and corresponding vegetation belts performing a posteriori
identification by using very high-resolution images and plant community data, respec-
tively. The unsupervised clustering approach enables a more objective classification of
land-cover types based on the multispectral structure of pixels without having prior knowl-
edge of the studied landscape [19]. Thus, it allows grouping pixels in homogeneous and
consistent spectral classes over space and time under the assumption that they represent
delimited land-cover types. Furthermore, with fuzzy clustering, we could consider the
spatial continuity of natural landscapes including transitional areas where more than one
type of land-cover occurred [20]. Indeed, conversely to the conventional hard classification
algorithms (e.g., maximum-likelihood classification), the fuzzy clustering assigns a mem-
bership value for each class, thus considering the ecosystem complexity comprised in each
pixel [21]. In detail, our goals are (i) to evaluate trends and magnitude of changes of main
land-cover types and associated vegetation belts and (ii) to quantify elevational shifts of
these types over the last 30 years. We show that remotely-sensed data should be combined
with ecological field data to improve our understanding of spatio-temporal vegetation
variation in response to global environmental change.

2. Materials and Methods
2.1. Study Area

We delimited the study area using a circular plot of 10 km radius (31,400 ha) centered
in the largest Italian glacier in the Adamello-Brenta National Park (46◦1487653016 N
10◦5230462715 E; Figure 1). It occupies an elevational range of about 2370 m (from 1184 m
to 3554 m a.s.l.) covered by subalpine forests, sub-alpine and alpine grasslands, subnival
plant communities, glacier forelands, and the glacier itself. The mean annual temperature
varies from 5 to −3 ◦C and precipitation varies from 800 to 1500 mm per year [22].
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Figure 1. Location of the study area. The circular area of 10 km radius centered in the Adamello glacier (Geographic 

coordinate system WGS84: 10.52 E, 46.15 N) is shown with (a) the distribution of land-cover types derived from the hard 

classification of the latest Landsat image (2016); (b) reliefs highlighted by a green-brown color gradient with vegetation 

plots represented by red dots; the (c) earliest (1987) and (d) latest (2016) images of the time series are shown using false-

colors images (green, red, near-infrared bands). Unreliable pixels not considered in the analyses due to shadows and snow 

occurrences are highlighted in yellow. 

2.2. Collection and Manipulation of Satellite Images 

We collected eleven available late-summer Landsat TM/ETM images (30 m × 30 m of 

resolution) spanning from 1987 to 2016 minimizing cloud and snow cover within the 

study area (Table 1). However, the high-mountain landscape of the study area is affected 

by frequent summer cloudiness, preventing the selection of more images for the central 

part of the summer period. Yet, the temporal distribution of selected satellite images was 

almost regular over the last 30 years, where on average, two years of gap occurred be-

tween two images (Table 1). 

Table 1. List of the eleven Landsat images composing the thirty-years time series. Details about 

images are provided in the table. 

Nr. Acquisition Date Mission Sensor Identifier 
Scene Cloud 

Cover 

1 20 September 1987 Landsat 5 TM LT51930281987263XXX02 6% 

2 12 September 1990 Landsat 5 TM LT51930281990255FUI00 5% 

3 20 September 1993 Landsat 5 TM LT51930281993263FUI00 3% 

4 26 July 1996 Landsat 5 TM LT51930281996208FUI00 3% 

5 22 August 2000 Landsat 5 TM LT51930282000235FUI00 10% 

6 16 September 2003 Landsat 5 TM LT51930282003259MTI01 2% 

Figure 1. Location of the study area. The circular area of 10 km radius centered in the Adamello glacier (Geographic
coordinate system WGS84: 10.52 E, 46.15 N) is shown with (a) the distribution of land-cover types derived from the hard
classification of the latest Landsat image (2016); (b) reliefs highlighted by a green-brown color gradient with vegetation plots
represented by red dots; the (c) earliest (1987) and (d) latest (2016) images of the time series are shown using false-colors
images (green, red, near-infrared bands). Unreliable pixels not considered in the analyses due to shadows and snow
occurrences are highlighted in yellow.

2.2. Collection and Manipulation of Satellite Images

We collected eleven available late-summer Landsat TM/ETM images (30 m × 30 m
of resolution) spanning from 1987 to 2016 minimizing cloud and snow cover within the
study area (Table 1). However, the high-mountain landscape of the study area is affected
by frequent summer cloudiness, preventing the selection of more images for the central
part of the summer period. Yet, the temporal distribution of selected satellite images was
almost regular over the last 30 years, where on average, two years of gap occurred between
two images (Table 1).

The collected images were aggregated in a time series. Given the high morphological
heterogeneity of the studied landscape, topographical shadows were calculated using solar
elevation and a digital elevation model at 25 m resolution using the doshade function of the
‘insol’ R package [23]. The occurrence of clouds and their shadows were detected using
the F-mask function (probability threshold = 0.25) in QGIS software. Areas occupied by the
topographic shadows and clouds and their shadows were combined with unreliable pixels
due to defective functioning of the Landsat 7 sensor. Accordingly, the obtained mask was
completed adding a buffer area of 60 m that was filtered out from selected images, which
meant 32.7% of the study area. To reduce redundancy given by correlation of spectral
bands, we transformed digital numbers of the obtained images to normalized indices
which amplified characteristic signals of the different entities occurring in the study area.
Accordingly, the use of digital numbers instead of surface reflectance did not affect the
calculation of normalized indices. In detail, to account for vegetated pixels, we used the (1)
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Normalized Difference Vegetation Index (NDVI), to account for unvegetated pixels, we
used the (2) Normalized Difference Soil Index (NDSI), and to account for ice and water,
we used both the (3) Normalized Difference Water Index (NDWI) and the (4) Modified
NDWI (MNDWI).

Table 1. List of the eleven Landsat images composing the thirty-years time series. Details about images are provided in the
table.

Nr. Acquisition Date Mission Sensor Identifier Scene Cloud Cover

1 20 September 1987 Landsat 5 TM LT51930281987263XXX02 6%
2 12 September 1990 Landsat 5 TM LT51930281990255FUI00 5%
3 20 September 1993 Landsat 5 TM LT51930281993263FUI00 3%
4 26 July 1996 Landsat 5 TM LT51930281996208FUI00 3%
5 22 August 2000 Landsat 5 TM LT51930282000235FUI00 10%
6 16 September 2003 Landsat 5 TM LT51930282003259MTI01 2%
7 11 September 2007 Landsat 5 TM LT51930282007254MOR00 13%
8 8 September 2009 Landsat 7 ETM LE71930282009251ASN00 1%
9 21 August 2011 Landsat 5 TM LT51930282011233MOR00 1%

10 3 September 2013 Landsat 7 ETM LE71930282013246ASN00 1%
11 26 August 2016 Landsat 7 ETM LE71930282016239NSG00 15%

2.3. Time Series of Land-Cover Types

We adopted a post-classification comparison of the time series of satellite images which
enabled us to evaluate changes in the occupied surfaces by land-cover types. The lack of
historical field data in the study area prevented the use of supervised clustering approaches
in which ground truth data can be used to train and validate a priori selected classes over
space and time. Accordingly, we performed an unsupervised clustering approach to
partition the spectral space into comparable and homogeneous classes over time. The
clustering was followed by a posteriori evaluation of the temporal and spatial coherence
of obtained classes and their definition in terms of spectral and entity composition. In
detail, we grouped pixels into classes using a fuzzy k-means clustering performed on
their normalized indices composition using the FKM function of the ‘fclust’ R package
using 2 as the parameter of fuzziness [24]. This unsupervised technique of clustering
assigned a membership degree (from 0 to 1) to each pixel for each class according to the
similarity between the centroid of the group and the target pixel composition. The sum of
membership values for each pixel corresponded to 1. Additionally, we converted fuzzy
membership values to Boolean values using the highest values to obtain a corresponding
hard classification of land-cover types (Figure 1a). We clustered separately each image,
that represented a specific time window on the study area. After an evaluation of several
combinations of classes’ numbers (i.e., 3, 6, and 7), 6 classes were then selected as the
most exhaustive representation of the studied landscape without neglecting coherence
among classes’ compositions from different time windows. Indeed, differently from the
other classes’ combinations, the obtained 6 classes were coherent in each time window in
terms of (i) centroid values defined by the four normalized indices values, (ii) geographic
distribution of membership values, and (iii) entities’ coverages (Figures S1–S8). The latter
evaluation consisted of defining hard classes using occupied elevations and composition
in terms of main entities (i.e., trees, shrubs, herbs, unvegetated ground, and water and
ice) obtained from very high-resolution images (VHR images) of the study area. For a
more complete evaluation of classes’ composition, we included also a class composed
of those pixels with membership values below 0.5 for all classes and, thus, resulted in a
weaker assignment. In detail, we used two VHR images provided by Google Earth (i.e.,
2007 and 2011 resulted to be visually interpretable) with the assumption that two was the
minimum number of time windows needed to assess the temporal coherence of classes.
Accordingly, we assessed a random sampling design stratified on membership values on
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the obtained fuzzy maps with a total of 1800 samples for each VHR image. We visually
assessed percentage covers of the main entities for each sample, i.e., a 30 m × 30 m Landsat
pixel. Details on the stratification of sampling design are provided in Figure S1. Eventually,
the obtained land-cover types resulted in (1) herbaceous, shrub, and tree coverage in
descending order of mean cover, and unvegetated ground, (2) high cover of herbaceous
species and a low cover of unvegetated ground, (3) high cover of unvegetated ground and
a low cover of herbaceous species, (4) unvegetated ground, (5) ice, and (6) water and ice.
Among all, the sixth class was the weakest defined in terms of entities’ composition. The
occurrence of temporary water pools (melting ice during summer, floods, and streams) due
to the local daily weather made the delimitation of that land-cover type ambiguous in both
high and medium resolution satellite images.

2.4. Definition of Vegetation Belts

The obtained land-cover types were assigned to vegetation belts based on their plant
species composition. Therefore, a field sampling on plant communities was performed
in 2018 and 2019 for all the land-cover types, except for 5 and 6. Due to the impervious
landscape in the study area, complete randomization of the sampling design was not
possible. We thus adopted a random sampling design assessed in the field following an
altitudinal gradient in more accessible pathways. For each of the four land-cover types,
20 vegetation plots were assessed using the latest crisp map as a reference. The plot size
was fixed according to the sampled plant community [25], ranging from 1 m2 for sparse
alpine grasslands to 100 m2 for the forest stands. The taxonomy of species followed the
most recent national checklist [26]. In each plot, a percentage cover of occurring species was
visually estimated for each community layer which included the tree (growth height > 5 m),
shrub (1 m < height > 5 m), and herb layer (height < 1 m). In total, a matrix composed
of the percentage cover of 80 vegetation plots per 226 taxonomical entities was obtained.
In order to test for differences in the taxonomical composition of classes, an analysis of
similarities was performed using the Bray-Curtis dissimilarity (statistic R = 0.5599; p-value
= 0.001). The Bray-Curtis dissimilarity metric results are suitable for community data,
ignoring double zeros and having an upper limit of 1, in contrast to most used metrics
such as the Euclidean distance [27]. For this, we used the anosim function of the ‘vegan’ R
package with 999 permutations [28].

In order to evaluate ecological patterns of communities and dominant species along
the elevational gradient, Non-Metric Multidimensional Scaling (NMDS) based on natural
logarithm data transformation and Bray-Curtis dissimilarity was used (final stress = 0.1137;
Figure 2).

Accordingly, dominant species were identified as those species that reached a cover
exceeding 35% for more than the 5% of samples within the class samples. Indicator species
analyses were performed to obtain significant species, which occur mainly, or only, in the
target class. Therefore, the multipatt function of the ‘indicspecies’ R package was used with
999 permutations [29]. Based on the species composition summarized in Table S1, the first
land-cover type was associated with the subalpine forest vegetation, dominated mainly
by Picea abies and Alnus alnobetula, and characterized by dwarf shrubs and herbs such as
Milium effusum, Prenanthes purpurea, and Vaccinium myrtillus. The second land-cover type
was associated with lower alpine grasslands (hereinafter LA grassland). The LA grassland
is dominated mainly by Festuca scabriculmis and Nardus stricta and is characterized by
species such as Juniperus communis and Carex sempervirens. The third land-cover type was
associated with the upper alpine grasslands (hereinafter UA grassland) dominated by
Carex curvula and Kalmia procumbens. The UA grassland is characterized by species such
Salix herbacea and Agrostis rupestris. The fourth land-cover type was associated with the
subnival vegetation which mainly occurred in small patches over rocky screes. Such a class
is dominated by Carex curvula and characterized by species such as Ranunculus glacialis,
Poa alpina, Saxifraga bryoides, Leucanthemopsis alpina, and Saxifraga bryoides. The remaining
two land-cover types were defined as the water bodies and glaciers.
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Figure 2. The Non-Metric Multidimensional Scaling (NMDS) bi-plots of the 80 vegetation plots sampled for the four
vegetation belts. (a) A spider plot of the samples grouped according land-cover types and (b) a bi-plot with the main
occurrence of dominant species and the corresponding elevation gradient are shown. Dominant species were defined as
those with a cover higher than 35% for more than the 5% of samples within vegetation type. Species layers are shown in
brackets–i.e., T for tree, S for shrub, and H for herb layers.

2.5. Trends and Magnitude of Land-Cover Changes

The surface occupied by a land-cover type in a specific time window was calculated
summing membership values of the target type, which were assumed as an estimate of
the occupied pixel portion [30–32]. This sum was then converted to hectares considering
a surface of 900 m2 for each pixel. Trends in the occupied surface by land-cover types
were obtained smoothing calculated values for all time windows with a local polynomial
regression (loess function in R). The magnitude of change in the occupied surface for each
land-cover type was obtained by subtracting surfaces of the earliest time window from
the latest one. Accordingly, absolute (hectares) and relative (percentages) magnitudes of
changes were calculated in relation to the earliest time window. To test for the elevational
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shift of types over time, a t-test was applied to elevations corresponding to target crisp
pixels of the earliest and latest time windows. Elevation values were obtained from a
digital elevation model of 25 m of resolution readapted to the 30 m × 30 m Landsat grid.

All the analyses were performed using R [33] and QGIS software [34]. The general
workflow was graphically summarized in Figure 3 and provided in an R coding script
(File S2). Results were illustrated using graphic functions of the ‘ggplot2′ package in R [35].
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Figure 3. The general workflow graphically summarized in five steps. It consists of a post-classification comparison of
land-cover types and vegetation belts over a time series using a posteriori definition of classes.

3. Results

Trends and magnitude of changes in the occupied surfaces by the defined land-cover
types are shown in Figures 4 and 5, respectively.
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Figure 4. Trends in the occupied surfaces (ha) by the six land-cover types over thirty years (1987–2016) obtained using
local polynomial regression. Vegetated and virtually unvegetated areas are shown in the two panels separately. Surfaces
were obtained summing membership values of fuzzy clusters for each time window. The shaded colored areas refer to 95%
confidence intervals.
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Figure 5. Magnitude of changes in the occupied surfaces estimated for the six land-cover types over
the last thirty years. The (a) absolute (hectares) and (b) relative (percentage) magnitude values were
estimated subtracting sums of fuzzy membership values in 1987 from those of the 2016 time window.
Magnitude values for each type are delimited by a white line, whereas increasing and decreasing
values are delimited by the vertical black line.

While the forest type showed a continuous positive trend in the surface which acceler-
ated from 2009 on, LA grassland remained almost stable in their occurrence. The former
increased in surface area by 24% (862 ha) from 1987, whereas the latter decreased by 0.9%
which means 40 ha less. The UA grassland showed an opposite trend to the forest type,
reaching a loss of 10% (−480 ha) in the occupied surface in 2016. The surface of the subnival
vegetation belt fluctuated over time but overall increased by 8% which equals 336 ha. The
glacier type showed a strong decrease in the occupied surface during the first half of the
time series (1987–2003) which slowed down in the second half (2003–2016). The overall
decrease of the glacier surface amounts to 23% which is 774 ha less. The class referencing
water bodies showed a slight alternation of decreasing and increasing phases with a final
increase of 11% (96 ha). We performed the t-test to verify an elevational shift from 1987
to 2016 for all the land-cover types, except the water type due to its poor reliability on
distribution over time and space. All the tested types showed a significant shift in mean
elevation (Figure 6). We observed the major upward shift in the subnival land-cover type
(70 m) followed by forest (45 m), glacier (33 m), and LA grassland (24 m). The UA grassland
showed instead a slight downward shift with −8 m.
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Figure 6. Elevational distribution of land-cover types over time derived by Landsat images and corresponding indicator
species for the four vegetation belts derived by field sampling. (a) Significant elevational shifts of the occupied surfaces
by land-cover types that occurred between 1987 and 2016. Curves were smoothed using 115 elevational breaks of 20 m.
(b) Density plots of the most significant indicator species (p-values < 0.001) along the elevational gradient. Species are
grouped in vegetation belts following land-cover types. Species layers are provided between brackets (T for tree, S for
shrub, and H for herb layers).

4. Discussion

Regional and global studies demonstrated that ranges of plants occurring in mountain
landscapes are shifting upwards due to global warming, although downward shifts can
also occur [9,36–38]. However, species occupying lower elevations resulted in having a
faster upward shift than species at higher elevations [37]. Despite the general agreement
on the urgent need to monitor dynamic processes of alpine plants, there is a lack of studies
proposing an approach to measure and evaluate vegetation upward shifts and ranges
shrinking at the landscape level. The present study combines a thirty-years Landsat time
series (i.e., 1987–2016) with knowledge gained from plant communities’ surveys to measure
mountain vegetation responses in the era of climate change and the Anthropocene.

The comparison of land-cover types’ distribution over time highlighted rapid and
profound changes ongoing in the surrounding of the Adamello glacier in N Italy over
the last three decades. The surface occupied by forest has expanded upward as much as
the glacier has retreated which means little less than a quarter of their initial occupied



Remote Sens. 2021, 13, 134 10 of 14

surface. Different surface tradeoffs and altitudinal shifts occurred between the previously
mentioned lowest and highest elevational zones. While LA grassland has shifted at higher
elevations maintaining stable its occupied surface, UA grassland showed a similar decrease
in the occupied surfaces at both, its lower and higher edges, for a total loss of 10% of
its original surface. On the other hand, the subnival vegetation belt has gained 8% of
surface area from the glacial retreat with an upward shift of 70 m. In line with previous
studies [9,36,37], the faster upward shift of species at lower elevations than those at higher
elevations is reducing the surface area occupied by alpine vegetation. This divergent spatio-
temporal distribution pattern of land-cover types and associated vegetation belts suggests a
differential role of biotic and abiotic factors across the altitudinal zonation. Amongst them,
we addressed large topographic differences within the zones of the elevational gradient.

The unsupervised approach applied here, allows us to map and identify mountain
and alpine systems such as glaciers, water bodies, and different vegetation belts in terms
of satellite-based signal and, where applicable, plant species composition of such veg-
etation belts. Indeed, the obtained land-cover types resulted to be coherent over time,
thus, overcoming the lack of historical field data commonly used to train and validate
(semi)supervised clustering approaches. The adopted fuzzy approach provided values
of the occupied surfaces considering both the continuous distribution of systems as well
as the uncertainty of pixel classification [39]. However, empirical studies are needed to
evaluate the accuracy of the delimitation of fuzzy surfaces [30–32]. Accordingly, training
and validation ground truth data should be used in a (semi)supervised approach where
fuzzy matrices are implemented for the accuracy assessment of land-cover mapping [21].
Our results show that the Landsat resolution can better identify forest stands than subnival
community patches. Indeed, the low values of plant coverage characterizing this latter
vegetation belt prevented an accurate delimitation of poorly vegetated pixels at a medium
resolution of Landsat images. Given this evidence, the obtained surfaces of the subnival
vegetation belt should be considered as the potential area of occupancy, which comprises
both occupied and suitable but not occupied areas. Additionally, the water bodies were
poorly delimited by our approach. Since water occurrence in such an environment strongly
depends on local weather, its identification was limited by the low spatio-temporal reso-
lution of the time series. A further improvement of the presented approach should be to
consider intra-annual variation of the satellite signal using high-frequency images, such as
those from the Sentinel-2 program, enabling the derivation of satellite-based phenological
metrics [17,40]. An advantage of the fuzzy approach is the easy conversion towards a crisp
classification of pixels which enabled robust descriptions of group cores in terms of entities
and species co-occurrences. Once the above-mentioned exceptions of the approach are
considered, the overall estimation of main system changes in the occupied surfaces can be
considered as reliable for estimating past landscape changes.

The most rapid and strong changes that occurred in the study area refer to the glacier
retreat and forest expansion, which are mainly driven by climate and land-use changes,
respectively [39,41]. The rapid decrease registered during the 1980s and 1990s in the
occupied surface by the Adamello glacier is in line with the results of local as well as
regional studies [41–45]. However, during the second period of the time series (2003 to
2016), we found a slower glacier retreat in terms of surface area. This disparity in the retreat
velocity can be due to an initial rapid decrease in the occupied surfaces by valley glaciers
(e.g., Mandrone or Salarno), which are characterized by a lower thickness than the plateau
area (Pian di Neve, ~270 m of depth [43,46,47]). This drastic reduction in the extension of
the Adamello glacier has most likely been followed by a reduction in the thickness of the
plateau and valley glaciers, which is, however, undetectable by satellite images. At the
same time, the latter process could have been slowed down by the thermal inertia of the
glacier mass [48]. On the lower elevations of the studied area, the reported expansion of
the forest type should be considered as the result of stands’ development and maturation
driven by land abandonment, which occurred during the last century [12,41]. The recorded
upward shift in the mean occupied elevation by this vegetation belt may be due to the
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shrub encroachment colonizing from steep to moderate rocky slopes and screes because of
the decreased grazing pressure. This has been reported in the Alps for Alnus alnobetula [49],
a forest indicator species in our study.

Between these two opposite trends shown by the glacier and forest types, a more
complex dynamic resulted from the temporal distribution of the three land-cover types
characterized by herbs, grasses, and unvegetated soil. The moderate upward shift of the
occupied surface by the LA grasslands corresponded to a virtually absent elevational shift
and a reduction of the surface occupied by the UA grasslands. The upward expansion
of warm-adapted alpine species occupying lower elevations to the detriment of the cold-
adapted alpine species occupying higher elevations has been explained as an effect of
global warming which is also called the thermophilization phenomena [7,50]. On the
other hand, UA grasslands dominated by Carex curvula showed no ability to follow this
general upward shift of alpine vegetation. Several studies observed a similar time lag in the
upward shift of species occurring at the transitional zone between the alpine and subnival
zones, such as Carex curvula and Poa alpina [51–57]. The declining trend of UA grasslands
contrasts with the increasing availability of ice-free sites of the subnival land-cover type.
This could depend on the instability of new ice-free sites due to the permafrost degradation
which increases the number of unsafe sites to colonize [5,50,52]. Recent studies based on
field resurveys reported a decline of subnival species at their lower border mainly driven
by global warming [5,48]. The decreasing availability of safe sites and dispersal limitations
of subnival species due to environmental changes can lead to a threat and decline of this
vegetation belt [5,58]. In the context of increasing temperature, the different observed
spatio-temporal trends in the occupied surfaces suggest a decline of the available surface at
the transitional zones of alpine and subnival belts. This trend may rise both the extinction
debt and colonization credits of high-mountain species, which are the results of a delay
in the colonization or extinction processes following environmental changes [48,59]. Such
scenarios depend on the temporal and spatial magnitude of the lack of available surface of
respective vegetation belts [7,58].

5. Conclusions

The combination of field vegetation and remotely-sensed data enabled a consistent
evaluation of land-cover changes and vegetation responses in an Alpine landscape to the
last 30 years of environmental changes. Despite the poor time series in terms of time
windows due to the low temporal frequency of the used satellite products and mountain
cloudiness, our findings resulted in line with studies based on field observations. We
indeed observed a general upward shift of mid-elevation vegetation with a consequent
reduction of surfaces occupied by high-elevation vegetation. We suggest that medium-
to high-resolution remotely sensed data should be used in combination with ecological
data to analyze vegetation over wide spatio-temporal scales and different biological levels.
Moreover, the future collection of high-frequency images, such as Sentinel-2 products, will
enable a more effective mapping of land-cover types throughout the use of satellite-based
phenological indices. These reliable techniques and data will enable an accurate monitoring
system of land-cover and vegetation dynamics detecting their expansion, retreat, or shift in
the context of current global change and enabling an accurate evaluation of the magnitude
of changes. The standardized observations freely accessible from satellite programs could
be used to track critical sites in natural reserves over time and space reducing the workload
on the field, and in turn, to optimize practices for the conservation of biodiversity at a
large scale. Because climate change is expected to threaten the mountain vegetation across
the whole globe, monitoring networks using standardized protocols are important to
assess such changes to a large geographical extent. Although a rigorous protocol cannot
be deduced from our study, our approach can be intended as a starting point to identify
vegetation change that can be applied in different mountain and glacier systems worldwide
for a much larger comparison.
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40. Wakulinśka, M.; Marcinkowska-Ochtyra, A. Multi-temporal sentinel-2 data in classification of mountain vegetation. Remote Sens.
2020, 12, 2696. [CrossRef]

41. Tasser, E.; Walde, J.; Tappeiner, U.; Teutsch, A.; Noggler, W. Land use changes and natural reforestation in the Eastern Central
Alps. Agric. Ecosyst. Environ. 2007, 118, 115–129. [CrossRef]

42. Diolaiuti, G.; Bocchiola, D.; D’agata, C.; Smiraglia, C. Evidence of climate change impact upon glaciers’ recession within the
Italian Alps: The case of Lombardy glaciers. Theor. Appl. Climatol. 2012, 109, 429–445. [CrossRef]

43. Festi, D.; Schwikowski, M.; Maggi, V.; Oeggl, K.; Jenk, T.M. Significant mass loss in the accumulation area of the Adamello glacier
indicated by the chronology of a 46 m ice core. Cryosphere Discuss. 2020, 1–13. [CrossRef]

http://doi.org/10.1016/j.ecoinf.2010.06.001
http://doi.org/10.3390/rs12071132
http://doi.org/10.3390/rs11121506
http://doi.org/10.1016/j.ecocom.2009.08.002
http://doi.org/10.1016/j.cageo.2012.05.022
http://doi.org/10.1007/s11258-013-0190-1
https://cran.r-project.org/package=insol
https://journal.r-project.org/archive/2019/RJ-2019-017/RJ-2019-017.pdf
http://doi.org/10.32614/RJ-2019-017
http://doi.org/10.1111/j.1654-1103.2003.tb02183.x
http://doi.org/10.1080/11263504.2017.1419996
http://doi.org/10.2307/1942268
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://doi.org/10.1890/08-1823.1
http://www.ncbi.nlm.nih.gov/pubmed/20120823
http://doi.org/10.1016/j.ecoinf.2006.02.002
http://doi.org/10.1016/j.rse.2012.12.025
http://www.qgis.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
http://doi.org/10.1111/geb.12774
http://doi.org/10.1073/pnas.1713936115
http://doi.org/10.1111/j.1600-0587.2010.06279.x
http://doi.org/10.1177/0309133311399491
http://doi.org/10.3390/rs12172696
http://doi.org/10.1016/j.agee.2006.05.004
http://doi.org/10.1007/s00704-012-0589-y
http://doi.org/10.5194/tc-2020-334


Remote Sens. 2021, 13, 134 14 of 14

44. Gardent, M.; Rabatel, A.; Dedieu, J.P.; Deline, P. Multitemporal glacier inventory of the French Alps from the late 1960s to the late
2000s. Glob. Planet. Chang. 2014, 120, 24–37. [CrossRef]

45. Maragno, D.; Diolaiuti, G.; D’Agata, C.; Mihalcea, C.; Bocchiola, D.; Janetti, E.B.; Riccardi, A.; Smiraglia, C. New evidence from
Italy (Adamello Group, Lombardy) for analysing the ongoing decline of Alpine glaciers. Geogr. Fis. Din. Quat. 2009, 32, 31–39.

46. Festi, D. Now or never: The study of disappearing ice archives in the time of global warming. Alp. Mediterr. Quat. 2018, 31, 73–78.
47. Picotti, S.; Francese, R.; Giorgi, M.; Pettenati, F.; Carcione, J.M. Estimation of glacier thicknesses and basal properties using

the horizontal-to-vertical component spectral ratio (HVSR) technique from passive seismic data. J. Glaciol. 2017, 63, 229–248.
[CrossRef]

48. Lamprecht, A.; Semenchuk, P.R.; Steinbauer, K.; Winkler, M.; Pauli, H. Climate change leads to accelerated transformation of
high-elevation vegetation in the central Alps. New Phytol. 2018, 220, 447–459. [CrossRef]

49. Caviezel, C.; Hunziker, M.; Khun, N.J. Green alder encroachment in the European Alps: The need for analyzing the spread of a
native-invasive species across spatial data. Catena 2017, 159, 149–158. [CrossRef]

50. Gottfried, M.; Pauli, H.; Futschik, A.; Akhalkatsi, M.; Barančok, P.; Benito Alonso, J.L.; Coldea, G.; Dick, J.; Erschbamer, B.;
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