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What do trees reveal about the sliding of the lateral
moraine of the Belvedere Glacier
(western Italian Alps)?
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ABSTRACT

The debris-covered Belvedere Glacier is an iconic place for investigating glacier dynamics and geomorphological processes typical
of high mountain environments. Moreover, being located in an area highly suited to tourism, glacial and geomorphological hazards
can evolve into risk scenarios. Particular attention has been paid during this research to the surge-type event that occurred at the
beginning of the 21st century, and to the recent sliding of a lateral moraine nearby the chairlift station. Tree sampling was per-
formed (19 trees on the lateral moraine; 10 undisturbed trees), and the results were compared with morphometric measurements
on orthophotos of different years. Besides sampling trunks, the six available exposed roots (13 samples) from a tree located along
the sliding niche were sampled to identify the exposure time. Morphometric measurements of the touristic trail dislocation indicate
a sliding rate of 1.87 m/y — 1.98 m/y (2018-2023), while the regression rate of the sliding niche is 1.70 m/y (2021-2023). The age
of trees along the trench is variable (14—49 years), as is the signal of compression wood, enhancing differentially the passage of the
surge wave and the subsequent glacier downwasting. The beginning of root exposure occurred between 2017 and 2019, before
the effective evidence of large fractures in the ground. Moreover, the roots show traumatic resin ducts in the period between 2020
and 2022, confirming the tree disturbance. In conclusion, the investigated events are recorded differentially in the sampled trees,
especially in roots, anticipating the actual commencement of ground failure. A multidisciplinary approach, including remote sensing,
field survey, and dendrogeomorphological analysis is essential to define the dynamics of complex systems.
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1. Introduction

The debris-covered Belvedere Glacier, located on the
eastern side of Monte Rosa (Western Italian Alps)
(Fig. 1a), is an iconic area in the European Alps.
Together with the Miage Glacier, another peculiar
debris-covered glacier located in the Mont Blanc
Massif (Italian side) (Bollati et al. 2015), it represents
one of the most deeply studied glacial areas in the
[talian Alps. The glacier has an extensive debris cov-
erage, which is not so common in the European Alps,
and a very peculiar morphology, similar to the Miage
Glacier, with the glacial snout divided into two lobes.
[t presents a complex response to climate change,
marked by altered surface ablation rates and spa-
tial patterns of mass loss, as generally observed in
debris-covered glaciers in other mountain ranges
(e.g., Benn etal. 2012). Since debris coverage can
reduce the ablation rate when it exceeds a critical
thickness (e.g., Nakawo et al. 1999; Fyffe et al. 2014;
Mehta et al. 2023), the Belvedere Glacier maintains
its front at relatively low elevations (approximately
1800-1900 m a.s.l.), below the tree line. On the con-
trary, Belvedere tributary glaciers, not covered by
debris, are undergoing a fast retreat in line with the
overall trend in the European (Paul et al. 2020) and
[talian Alps (Smiraglia and Diolaiuti 2015). Even if
this trend may vary depending on the glacier types,
since valley glaciers are found to be less sensitive to
air temperature and precipitation (Serandrei-Barbe-
ro etal. 2022), this trend is leading to the separation
of Belvedere from the tributary glaciers.

Despite the snout of the Belvedere Glacier remain-
ing at relatively low elevations, constant in-situ mon-
itoring (Mortara et al. 2023) and recent photogram-
metric studies provide evidence of downwasting,
gradual glacier retreat, and morphological modifi-
cations (Ioli etal. 2023; Brodsky etal. 2024, in this
issue).

The scientific interest derives from the different
kind of processes (glacial, gravity-, and water-related)
potentially generating hazards in the area (Mortara
etal. 2017). For instance, the Glacier Lake Outburst
Floods (GLOFs) from Lake Locce (1970, 1978, and
the most recent one in 1979; Mortara and Tamburini
2009; Kaab etal. 2004) posed serious issues, since
they affected localities in the municipality of Macug-
naga (i.e., the destruction of the lower chairlift station
and the sudden increase of solid and liquid discharges
along the Anza River). As a response to these events,
several investigations and interventions to mitigate
the risk scenarios were planned in the area (VAW
1983, 1985). Considering the 21st century in more
detail, the most relevant geomorphological process-
es related to the Belvedere Glacier and its surround-
ing areas, interfering in some way with the glacier
dynamic and also generating hazards downvalley,
were: a surge-type event, characterized by glacier
changes between 1999 and 2003, and reaching the

acme between 2000-2002 (Mazza 2003; Kaab etal.
2004); the formation and evolution of an ephemeral
lake (Lake Effimero; Fig. 1a) whose GLOF is a poten-
tial threat to Macugnaga village; significant rock falls
and avalanches (2005, 2007) sometimes also accom-
panied by ice (Fig. 1a); the Castelfranco debris flow
that recently hit the glacier area in August 2023
(Fig. 1a); and, finally, the continuous sliding of lateral
moraines (Fig. 1a).

Most of these processes may be classified as par-
aglacial-type processes i.e., according to Church
& Ryder (1972) “... non-glacial processes that are
directly conditioned by glaciation”. They refer both to
“proglacial processes, and to those occurring around
and within the margins of a former glacier that are
the direct result of the former presence of ice”. Bal-
lantyne (2002) classified a series of paraglacial-type
processes, among which there is the debuttressing of
lateral rocky and debris slopes along glacial valleys,
favoring rock falls and avalanches, and landsliding in
general. The latter is a process continuously affect-
ing the Belvedere area (Mortara et al. 2023), espe-
cially since the end of the Little Ice Age (14th centu-
ry CE - 1850-1860 CE; Ivy-Ochs etal. 2009), but it
became more significant after the sudden exhaustion
of the 2000-2002 surge-type event, as the support
offered by the huge ice volume disappeared quite
rapidly.

Since the snout of the Belvedere Glacier is locat-
ed below the tree line, the moraines bordering the
central-lower part of the glacier, including the one
undergoing sliding, are colonized by broadleaves and
coniferous trees of different species. Among them,
larches (Larix decidua Mill.) are pioneer species also
colonizing unstable surfaces and constituting an early
step in the renewal of the ecological series.

In the literature, dendrochronological analyses,
based on tree rings, have been performed on larch
and coniferous species in high altitude environments
to detect climatic signals (e.g., Leonelli et al. 2016), or
to reconstruct geomorphological disturbances in dif-
ferent geomorphological contexts, such as landslides
(e.g., Fantucci 1997; Guida et al. 2008; Tichavsky et al.
2019), debris flows (e.g., Garavaglia et al. 2009; Bol-
lati et al. 2018), or snow avalanches (Garavaglia and
Pelfini 2011; Bollati et al. 2018; Favillier et al. 2023),
as well as in glacial contexts for detecting glacier fluc-
tuations, mass balance, surface instability (e.g., Pelfini
1999; Richter et al. 2004; Leonelli et al 2008; Leonelli
and Pelfini 2013), and also proglacial stream activity
(e.g., Pelfini et al. 2007; Garavagliaet al. 2010).

Several morphological (micro and macro) indica-
tors in tree rings (i.e., growth anomalies, compres-
sion wood, eccentricity index, traumatic resin ducts;
Pelfini et al. 2007; Stoffel and Bollschweiler 2007)
are used to reconstruct such dynamics. Their reliabil-
ity may vary accordingly; for instance, to the type of
process and to morphological features of the sites (de
Bouchard d’Aubeterre etal. 2019). Moreover, when
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Fig. 1 The head of the Belvedere Glacier hydrographic basin on a Google Earth 3D image with the white square indicating the study area and
referring to Fig. 1b, ¢, and the path of the most significant geomorphic processes affecting the area (a); the tree sampling distribution on the
orthophotos, created in 2023 using a drone flight (b), and an image of a trench related to moraine sliding (c).

tree roots are exposed along erosion surface, they
may also be used to date the sediment removal and
to calculate average erosion rates (e.g., Stoffel et al.
2013; Bollati et al. 2016).

Concerning dendroglaciological analyses in the
[talian Alps in more detail, and firstly considering the
case of a debris-free glacier, Pelfini (1999) detailed
the advance of the Grande di Verra Glacier (Aosta
Valley, Italian Alps) as far as the Little Ice Age (14th
century CE - 1850-1860 CE; Ivy-Ochs etal. 2009),
as well as the retreat phases, through the analysis of

tree ring width anomalies. On the other hand, the gla-
cial dynamic of a debris-covered glacier is even more
particular. The position of the debris-covered glacier
snout remains quite constant despite the mass trans-
ferring through kinematic waves crossing the gla-
cier as far as the snout, the crevasses or the ice cliffs,
where the mass wasting is greatest. In the case of the
Miage glacier (Aosta Valley, Italian Alps), for instance,
there is a proper forest growing on the glacier debris
coverage, and the analyses of tree rings enabled the
passage of a kinematic wave in 1980s to be detected,
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differentially on its two lobes (i.e., 5-years delay; Pelf-
ini etal. 2007; 2012).

In both these cases, the data extracted from the
tree cores provided information at an annual resolu-
tion, which may be further discussed in comparison
with data from remote sensing analyses (e.g., veloc-
ity of the glacier flow, surface topographic change),
based on aerial images and digital elevation models
with different space and time resolution (e.g., Azzoni
etal. 2023).

In this work, the aim was to analyze in detail the
response of the lateral moraine of the Belvedere
Glacier nearby the chairlift station to the pressure it
underwent during the surge-type event, to the ongo-
ing relaxation due to glacier downwasting (e.g., par-
aglacial debuttressing, sensu Ballantyne 2002), and
to water runoff affecting the moraine’s inner flank. To
achieve this, the traditional tree ring indicators and
dendrogeomorphological investigations were used
and compared with field observations, and morpho-
metric data from remote sensing analyses.

2. Study area

The Belvedere Glacier is one of the most famous
debris-covered glaciers in the European Alps,
renowned for its debris coverage and its location
just below the base of the east side of Monte Rosa,
the highest European alpine wall. It is located at the
head of the Anzasca Valley (Western Italian Alps),
on the border with Switzerland (Fig. 1). The debris
coverage is fed by ice and snow avalanches, and rock
falls, frequently originating from the eastern face of
Monte Rosa (Giordan et al. 2022). The Belvedere Gla-
cier is hence featured by an elevated sediment cover-
age (i.e., Monterin 1923, Mazza 1998; Haeberli et al.
2002). The forest surrounding, but also connected
with the glacier environment, is formed by Europe-
an larch (Larix decidua Mill.), Norway spruce (Picea
abies Karst), and other alpine species such as birch
(Betula pendula) and green alder (Alnus alnobetula)
in wetter areas. Above the climatic tree line, located
at2215 ma.s.l. (Tampucci et al. 2017), open environ-
ments prevail, characterized by extensive rocky sur-
faces, screes, moraines, and remnants of acidic sub-
strates from glaciers where alpine scrub or scrubland
comprise primarily of green alder, and rhododendron
(Rhododendron ferrugineum). The vegetation grow-
ing on the Belvedere Glacier is distinct, as exists in
a colder environment compared to the surroundings.
[t hosts unique assemblages of cold-adapted plant
species, which remain unaffected by glaciological
variations within debris-covered glaciers (Tampucci
etal. 2017). This characteristic makes it a potential
warm-stage refuge for cold-adapted species (Caccian-
iga etal. 2011). Compared to similar environments
(i.e., the Miage Glacier, Pelfini et al. 2007; 2012), the

vegetation and trees on its surface have considerably
younger ages, up to 5-6 years old.

Vegetation has to cohabit within a highly dynam-
ic environment. Indeed, despite the seemingly stable
position of its front, composed of two distinct lobes
(left and right in this work; see Fig. 1), the Belvedere
Glacier is undergoing dramatic changes, particular-
ly in terms of glacier thickness (e.g., loli etal. 2021;
De Gaetani etal. 2021; Ioli etal. 2023; Mortara et al.
2023).

Moreover, after the separation from of the Nordend
Glacier and the Nord Locce Glacier, the Belvedere Gla-
cier is now solely fed by the very steep Monte Rosa
Glacier. However, this connection may also be com-
promised in the near future due to global warming if
glacier retreat continues.

Several authors have estimated the losses and
gains of Belvedere ice volumes since the middle of the
20th century using topographic maps, digital eleva-
tion models, and punctual measurements through ice
stakes. Tab. 1 provides a summary of the main results
in the literature of the ice volume variations, and the
ice flow velocities are also included.

An important event that occurred in the study area,
attracting the attention of several scientists, was the
surge-type event (i.e., kinematic wave), that, consid-
ering all the possible evidences, was observed in the
1999-2003 timeframe (Kaab et al. 2004). Details are
provided in section 2.1. De Gaetani etal. (2021) cal-
culated an acceleration of ice thickness (and volume)
reduction during the period between 2001 and 2009,
during and after the end of this surge-type event based
on five surveys conducted on the glacier between
1977 and 2019. In particular, during the 2009-2019
the volume loss propagated towards the glacier snout,
which began in 2001 from higher elevations. In total,
a loss of 54 million m3 of ice was calculated by the
authors during the 1977-2019 time interval.

When, then, the moraine under investigation began
to collapse (2015-2020), Ioli etal. (2021) measured
an ice loss rate of between 2 and 3.5 million m3/y,
lower than the values calculated immediately after
the surge, but detecting an active downwasting
nevertheless.

Mortara et al. (2023) calculated the punctual abla-
tion between 2010 and 2023 testifying to a variable
annual surface lowering of between 270 and 430 cm
with maximum values in 2015. They also recorded
a decrease in velocity during the 1987-2023 time
interval, interpreted as the slowing down of the ice
mass transfer from the accumulation to ablation zone
favoring the glacier snout retreat. Again, in terms of
velocity, loli etal. (2021) found variable values in the
different areas of the glacier. In normal periods, the
data in the literature report a velocity of between
2 and 43 m/y, while during the surge-type event it
reached values of 100-200 m/y (Tab. 1; Kaab et al.
2005; Ioli et al. 2021).
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Tab. 1 Summary of the main measurements of ice volume and surface velocity variations present in literature.

1957-1991 Diolaiuti et al. (2003) +22.7 0.69
1983-1985 Roethlisberger et al. (1985) +1.50
1977-1991 +10.06 +0.72
1991-2001 +10.61 +1.06 Before surge
1977-2001 +20.66 +0.72 Before surge
De Gaetani et al. (2021)
2001-2009 -47.78 -5.97 During surge and after
2009-2019 -27.16 -2.72 Before the moraine collapse
1977-2019 -54.28
2015-2020 loli et al. (2021) 2.0-3.5 Before and during the moraine collapse

1995-1999 32-43
Kaab et al. (2005)
2001 100-200
2015-2020 17-22 Central portion
loli et al. (2021)
2015-2020 2-7 Accumulation zone and glacier snout

After the surge-type event a total retreat of the gla-
cier snout of 300-m was measured by Mortara etal.
(2023). The glacier snout morphological modifica-
tions were also measured by loli et al. (2023) through
an innovative photogrammetric technique, indicating
an average glacier retreat rate of 2.7 m in one month
(July-August 2022), and an ice volume loss of approx-
imately 14 x 103 m3.

In this historical framework of the Belvedere Gla-
cier, two events are considered for the present study,
both affecting the area below the tree line, in a period
overlapping with the tree chronologies: the surge-
type event between 2000 and 2002, and the moraine
collapse at the chairlift station and near the Miravalle
hut and in subsequent years, highlighted by ground
failures in 2019. These events are described in detail
in the following sections.

2.1 The surge-type event

The surge-type event with first evidences in 1999,
reached the acme during the summer of the year
2000 till the late spring of 2002, exhausting in 2003
(Mazza 2003; Kaab etal. 2004). The deep morpho-
logical changes affecting the glacier made this event
quite unique in the European Alps. The three main
features of this event, described by Mortara et al.
(2023), are: i) the increase in superficial velocity, ii)
the intense crevassing of the glacier tongue, and iii)
the local increase in the volume and thickness (up to
20 m; Kaab etal. 2004). This allowed the ice to over-
whelm the Little Ice Age moraines, especially on the
right side, near the Zamboni-Zappa hut, and filling the
breach in the moraine generated during the previous
Lake Locce GLOFs (Mortara and Tamburini 2009).
During the surge-type event, indeed, a glacial mass
transformation and transfer occurred: the glacier
terminus moved downvalley for 40 m. The measured

velocity was 100-200 m/y (Kaab etal. 2005) com-
pared to the normal 20-30 m/y (Mortara and Tam-
burini 2009). According to Haeberli etal. (2002), in
the summer of 2000, the Monte Rosa glacier flowing
into the Belvedere accelerated its flow, as testified
by several crevasses, and induced compression and
deformation on the Belvedere ice mass. Evident new
moraines are now the past witnesses of this surge-
type event, especially along the right moraine, and
the right side of the left lobe, downvalley in regard to
the lobe separation. Haeberli et al. (2002) underlined
how this process may have triggered potential haz-
ards for the infrastructure in the area, and also down-
valley, if pressurized water came out, for instance
from an ephemeral lake formed during the surge-type
event. For this reason, it was observed and monitored
in detail to set specific rescue strategies with the local
authorities (VAW 1983, 1985).

After the event, the dramatic ice downwasting
induced a generalized instability along the lateral
moraines, leading to their subsequent degradation,
and collapse and hazards related to the surge-type
event have continued some years after the end of the
event.

2.2 Sliding of the lateral moraine at the Miravalle hut

After the exhaustion of the surge-type event, the Little
Ice Age degradation of the lateral moraines, for the
paraglacial debuttressing and water runoff on the
inner flank of the moraine no longer covered by ice,
induced sliding and genesis of pseudo-badlands mor-
phology (Curry and Ballantyne 1999; Klimes et al.
2016; Bollati etal. 2017).

The greater effects of the decrease in ice thickness
after the surge-type event were recorded along the
up-valley portion of the right lateral moraine (Mortara
etal. 2023). Along the other moraines, the instability
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is also still ongoing, which is matter of concern due
to the tourist and alpinist trails along the moraines
(Tamburini etal. 2019; Mortara etal. 2023). For
instance, in the summer of 2023, the local authorities
attempted to reconstruct the trail to Zamboni-Zappa
hut through intense excavation on the moraine and
regularization of the glacier surface of the right gla-
cier lobe. The aim was to create a larger path also
usable by excavators. However, this track underwent
rapid degradation (within two months), especially on
the unstable portion descending the inner flank of the
left moraine of the right lobe and crossing the glacier.

Nearby the chairlift station, used by skiers in win-
ter and mountaineers in summer, the right moraine
of the left lobe, the object of interest for this study
(see Fig. 1), has being affected by large fractures
since 2019. This process is decreasing the trail sta-
bility along the moraine ridge, which is not walkable

anymore and has been moved to the external flank
of the moraine. In addition, the Meteo Live VCO web-
cam, located at the lobe divide, undergoing destabili-
zation, eventually fell in May 2024, as a consequence
of heavy rains probably combined with snow melting
(see Fig. 2). During the second half of July 2019, when
the fracture was detected, Tamburini et al. (2019) cal-
culated a glacier surface lowering of approximately
46 cm (4.6 cm/day). During the period between 2015
and 2020, the rate of ice volume loss was estimated
to be 2.0-3.5 million m3/year (Ioli etal. 2021). The
investigated moraine is located in sector S3, one of the
three sectors identified by Ioli etal. (2023). This low
relief sector is particularly stressed: the glacier splits
in two different lobes, the authors detect a velocity
of approximately 2-7 m/y, and the crevassed area up
valley from the glacier division features a very high
variability of surface velocity.

Belvedere right lobe

Fig. 2 Examples of trees in the unstable
portion of the right moraine of the left lobe
of the Belvedere Glacier (a), and a view of the
sliding moraine from the opposite side of the
glacier, as well as from the Meteo Live VCO
webcam, lost in May 2024.
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As the collapsing moraine is at a lower elevation
than the tree line, it is colonized by coniferous and
broadleaves species, as described in detail previous-
ly. Fig. 2a and 2b provide examples of trees along the
sliding niche, which are investigated in this study
as potential data loggers for tracking sliding move-
ments. The aim is to detect the reliability of trees
in understanding, with annual resolution, when the
movement effectively began and whether it corre-
sponded to the opening of the fracture in 2019. Fig. 2
shows the sliding moraine from the opposite side
of the glacier (c) and the extensional trench visible
from the Meteo Live VCO webcam, unfortunately now
lost (d). The trench is also well visible in Figure 1 (c),
and on the orthophoto from the Unmanned Aerial
Vehicle (UAV) flights performed in August 2023
(Fig. 1b).

3. Material and methods

3.1 Geomorphological mapping and morphometric
measurements

Mapping of geomorphological features was per-
formed in detail nearby the sliding moraine, to sur-
vey the main geomorphic signs of the sliding. The
mapping was included in the ongoing broader geo-
morphological mapping activity covering the entire
Belvedere Glacier area. The landforms were classified
according to their genetic processes (e.g., gravity, gla-
cial) and particular attention was paid to morphody-
namic conditions because of their potential relation
to hazard scenarios (Bollati et al. 2024). In addition,
landforms deriving from human activity were also
mapped. The manmade elements, such as the remod-
eled surfaces, the chairlift infrastructure, and the old

SLIDING NICHE

AAN S 2021

2023

— — = 2021-2023
TRAIL
— — = T2a(2018)
T2b (2021)
T2c (2023) [0

2018-2023

2018-2021

TRAIL-MORAINE
RIDGE DISTANCE

— 2018

— 2021

2023

tourist trail along the moraine ridge, leaving evident
signs on the landscape, were also considered.

Morphometric measurements were performed
to quantify the sliding and the retreat of the niche
(Fig. 3). The tourist trail not involved in the sliding
(T1), and the one that ran along the moraine ridge, and
that was lost (T2), were useful for estimating the sur-
face displacement. Two different features were meas-
ured to quantitatively assess the displacement using
the orthophotos from 2018 (the last year before the
appearance of the field evidence, AGEA orthophoto,
average resolution 0.30 m) 2021 (AGEA orthopho-
to, average resolution 0.30 m), and 2023 (year of the
drone survey in the area, 0.05 m):

- Sliding of the moraine ridge using two features:
i) tourist trail displacement calculated as the distance
between the location of trail T2a on the 2018 ortho-
photo, T2b on the 2021 orthophoto, and T2c on the
2023 orthophoto (Fig. 3); ii) difference between the
distance between trail T1, which was not affected by
instability (Fig. 3), and the tree canopy on the moraine
ridge before (2018 orthophoto) and during the slid-
ing (2021 and 2023 orthophotos). The linearity of ele-
ments used for measurement in the i-method provided
more accurate data with an error related to the reso-
lution of the image (variable between 0.05-0.3 m, i.e.,
orthophoto resolution). In the second case (ii-meth-
od), the measurements were based on tree canopies
growing on the moraine ridge, and their detection on
the orthophotos from 2018 and 2021 was quite chal-
lenging. A greater specimen or particular clusters of
trees were considered, since they were more easily
detectable on the images. Nevertheless, these meas-
urements are considered not in an absolute sense but
as a confirmation of the i-measurements.

- Regression of the sliding niche: calculated as the
distance between the position of the sliding niche

Chairlift station |

Fig. 3 Displacement
measurements along

the sliding moraine. The trail and
the moraine ridge displacement
are indicated (different colored
arrows), as well as the regression
of the sliding niche (orange
dashed line) considering the
orthophoto from 2018 2021 by
AGEA; and 2023 resulting from
the UAV flight performed in
August 2023. The latter is also
the background of the image.
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on the 2021 orthophoto and the 2023 orthophoto
(Fig. 3).

In addition to the displacement, average rates of
sliding and retreat were calculated for the different
time intervals. Two rates were calculated: one consid-
ering the year of the last orthophoto available before
the sliding (2018), and another considering the year
of ground fracture observation (2019) reported in the
literature (Mortara et al. 2023).

3.2 Dendrogeomorphological analyses

Field sampling was performed in 2021 and 2022
(Fig. 4b, c) in order to collect samples from trees and
exposed roots mostly stressed by the processes of
sliding. Fig. 1 (b) shows the location of the sampled
trees for dendrogeomorphological analyses. It should
be noted that some tree positions taken with the GPS
represent a cluster of trees due to GPS error (approx-
imately 3 m).

Samples from tree trunks were taken using
a Pressler increment borer. The cores extracted from
the trunks were collected in most cases at the stan-
dard height of the trunk of 1.30 m (chest height), but
because the sample locations were quite unstable,
and in some cases very hard to access, the samples
were sometimes taken nearby the base of the trunk,
also to obtain the longest chronology as possible. Nev-
ertheless, the aim of the analysis was not to date the
germination of the trees or the surface stabilization
and relative colonization by trees; hence, the mini-
mum age of trees was only considered, and no cor-
rections were made based on the sampling height.
In total 19 trees growing along the lateral moraine
(48 cores) in the newly formed trench, and 10 trees
(20 cores) in an undisturbed area were sampled for
a total of 68 cores analyzed. The tree chronologies and
ring features of reference trees were compared with
those of disturbed trees to detect the possible differ-
ences in relation to active geomorphic processes.

Moreover, disks were cut from the available six
exposed roots (13 samples) from one of the trees
(No. 6) located along the sliding niche, to determine
when the effective exposure began. The changes in
the tree root micromorphology, from the production
of root-type wood to trunk-type wood, were used to
detect the exposure year. Root exposure is also use-
ful for estimating the average erosion rate over the
exposure period. This may be calculated as the ratio
between the thickness of the removed sediment and
the time interval since the exposure (e.g., Hupp and
Carey 1991 Pelfini and Santilli 2006; Stoffel et al.
2013; Bollati etal. 2016). A significant uncertainty
may be introduced during this calculation (Bodo-
que etal. 2015), especially in complex contexts of
an exposure of this type. Hence, in this specific case,
we decided not to measure the erosion rate through
the removed sediment thickness, but to focus on
the different years of exposure obtained from roots,

comparing them with the calculated values through
morphometric techniques using orthophotos (see
Section 3.1).

After preparing the tree cores and root disks, the
ring widths were measured (accuracy of 0.01 mm)
using the LINTAB and TSAP systems (Rinn 1996) and
image analysis using WinDENDRO software (Régent
Instruments Inc. 2001). The cross dating of the den-
drochronological series was performed visually with
TSAP, considering the Gleichlaufigkeit (GLK), the
Cross Date Index (CDI) and the Generalized Level of
Significance (GLS) coefficients, to establish the date of
each individual annual ring. GLK (Eckstein and Bauch
1969) compares the similarity between two growth
curves based on the concordance and discordance of
curves’ tendency, while GSL, depicts the significance
of the GLK value, and CDI represents the synthesis
of the similarity tests (GLK, GSL) conducted between
the curves (Schmidt 1987). The detrending of the
tree growth curves for the autocorrelation remov-
al was performed with the Arstan software (Cook
1985), and after this phase, the cross-dating was
checked again. The growth disturbances in the tree
cores were finally analyzed (i.e., compression wood,
growth anomalies, traumatic resin ducts). Since con-
sideration of the percentage of trees affected by dis-
turbance is influenced by the number of trees present
in a specific year, according to the age of the trees,
the time frame considered for the analysis began
in 1997, i.e.,, when at least 50% of the trees were
present.

The following disturbance indicators were selected
for the analysis:

i) Growth anomaly index (e.g., Pelfini et al. 2007;
Bollati etal. 2016): it is useful for analyzing abrupt
growth changes (i.e., release and suppression) and itis
based on the yearly percentage growth variation with
respect to the mean of the four previous years. The
growth anomaly index was calculated after detrend-
ing and autocorrelation removal. For the plotting, spe-
cific threshold values for growth suppression in trees
(Negative Anomaly Index - NAI), potentially related
to suffering, were then considered, with thresholds of
40% and 70% for negative anomalies (as adopted by
Pelfini et al. 2007), while specific thresholds for pos-
itive growth anomalies were not distinguished. The
NAIs were calculated for both disturbed and refer-
ence trees to determine which NAIs may be related to
the local conditions of geomorphic disturbance or to
a more general disturbance according to the consid-
ered species. In NAI investigation, it is important to
consider in particular the climate effect. The growth of
European larix above 1400 m a.s.l. is driven positively
by high summer temperatures, warm autumn tem-
peratures, and abundant July precipitation, also con-
sidering favorable microclimatic conditions (Saulnier
etal. 2019). If the anomalies are common between
trees in disturbed and reference clusters, the anom-
aly may be related to unfavorable climate conditions
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or other regional impacts (e.g., insect attack; Vejpu-
stkova and Jaroslav 2006). The NAI, especially the
positive values, were also considered for raw growth
curves of roots since after exposure a growth release
is usually found (Pelfini and Santilli 2006; Bollati et al.
2016). For the growth anomaly calculation, the analy-
sis extends from 1997 to 2021, since 2022 was not in
all the cases a complete ring.

ii) Compression wood (CW) (Timell 1986): it is
a particular, denser kind of wood, being a response to
mechanical stress. The space-time distribution of CW
among the trees along the trench and sliding moraine
ridge, and sliding niche, was assessed through the
occurrence on the tree cores. Also, a compression-type
wood may appear in roots after exposure (Pelfini and
Santilli 2006). For the compression wood analysis, as
opposed to the NAI analysis, which ended in 2021, the
year 2022 was also considered, even if not completed,

as the CW could be visually detected and it may indi-
cate the continuation of the disturbance.

iii) Traumatic resin ducts (TRDs) (e.g., Bollschwei-
ler et al. 2008): these appear as a continuous row of
resin ducts in earlywood or latewood, and they are
considered indicators of the tree undergoing trauma.
TRDs, often associated to scars, may show when the
plant needs a greater support of resin, during very
intense stress, and they may also appear in roots
(Cruickshank etal. 2006). The disturbance may be
caused by geomorphic events (e.g., debris flows or
snow avalanches, Bollschweiler et al. 2008) but also
by fires and insect attacks (Cruickshank et al. 2006).

The investigation of tree ring anomalies focused
on finding a possible relation to the main glaciologi-
cal events (surge-type event and moraine sliding) that
occurred in the timeframe when the moraine tree and
root chronologies overlap.
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Fig. 4 Geomorphological map showing the location of the sampled trees on the right lateral moraine of the left lobe (a), and the trench in the
timeframe 2021 (b) — 2022 (c).
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4. Results and discussion

4.1 Geomorphological mapping and morphometric
measurements

Fig. 4 (c) shows the geomorphological map with
the sampled trees located in the area of the sliding
moraine. The moraine ridge has moved towards the
glacier debris-covered surface, favoring the opening
of a trench. Moreover, the sliding niche is undergo-
ing regressive erosion. The intensity of erosion is not
homogeneous along the niche (Fig. 3). Tab. 2 shows
the values measured for the time interval between
2018 and 2023 with the error estimated according to
the orthophoto resolution. The considered timeframe
begins one year before the fracture opening during
the field survey in 2019 (2018, available orthophoto)
reported in the literature (Mortara et al. 2023).

The average displacement rates related to the slid-
ing of the moraine are comparable, within the error
related to orthophoto resolution, both using the trail
displacement (1.98 m/y, since 2018, or 2.47 m/y, since
2019; Tab. 2) and the tree canopies growing along
the sliding moraine ridge (1.87 m/y, since 2018, or
2.34 m/y; Tab. 2). The average values for the time
interval between 2021 and 2023 (1.78 m/y for the
trail; 1.96 m/y for the moraine ridge; Tab. 1) are also
comparable, within the error related to orthophoto
resolution, with the sliding niche retreat rate in the
same period (1.70 m/y; Tab. 1). During the analyzed
time interval comparing the available orthophotos
(2018-2023) the rates are quite constant. However, if
we consider the year in which ground fracturing was
surveyed on the field (i.e. 2019) for the rate calculation,
a slowing-down of the sliding from the period between
2019 and 2021 (3.17 m/y for the trail; 2.72 m/y for

Tab. 2 Values of displacement and the related rates affecting the moraine sliding area. The (*) rates are calculated considering the year
of displacement (2019) in relation to ground evidence (Mortara et al. 2023).

Process Indicator 2018-2021 (m) (£ 0.3 m) 2021-2023 (m) (+ 0.3 m) 2018-2023 (m) (£ 0.3 m)
2.96 4.27 7.22
5.18 1.66 6.84
Trail displacement 8.68 4.17 12.85
7.36 3.44 10.79
7.52 4.22 11.74
Average 6.34 3.55 9.89
Rate 2.11 (3.17%) 1.78 1.98 (2.47*)
2 5.24 5.3 10.54
b=l
3 5.60 5.32 10.92
5.88 3.92 9.8
Moraine ridge displacement 5.17 4.35 9.52
5.96 2.52 8.47
6.48 2.11 8.58
3.70 3.92 7.62
Average 5.43 3.92 9.35
Rate 1.81 (2.72%) 1.96 1.87 (2.34%)
5.41
5.25
2.55
3.46
3.5
c 2.75
o
‘S 7.92
o Sliding niche displacement
o 2.97
2
a 3.83
[
& 1.04
<
4.03
2.26
1.05
1.51
Average 3.40
Rate 1.70
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the moraine ridge) to the period between 2021 and
2023 (1.78 m/y for the trail; 1.96 m/y for the moraine
ridge) may be hypothesized. These data are discussed
in relation to the tree and, especially, root information.

4.2 Dendrogeomorphological analyses

Tree cores
Fig. 5 shows the hillshade built from the 2023 DSM
(Digital Surface Model), which highlights the presence
of the trench. In the background, the minimum age of
sampled trees is plotted. The oldest trees were pres-
ent at least from the middle of the 1970s. These data
agree with the orthophotos reconstruction (Fig. 6)
where the trees were absent in 1951 and began to
appear in 1989, when three trees had already germi-
nated (Nos. 1, 5, and 6). In the 1990s, seven addition-
al trees were present at least (Nos. 2, 14-19), while
other nine tree ages indicated their presence from the
2000s (Nos. 3, 4, 7-9, 10, 12, and 13). The youngest
are trees No. 8 and 11, less than 20 years old. The dis-
tribution of age is hence quite random in the moraine
area, despite the fact that oldest trees (Nos. 1, 5, and 6)
are located along the current erosion scarp.
Supplementary File A includes the evolution of the
area through orthophotos since 1951, with the current
position of trees plotted, and specific symbols to show
their germination through time (i.e., minimum age).
The analysis of tree ring width anomalies (NAI)
and of the CW in tree cores is summarized in Fig. 6,

where the percentage of trees affected by NAI (for
reference chronology and sliding moraine trees) and
compression wood (only for the sliding moraine) are
depicted, also indicating the number of trees growing
in each year on the moraine area. The figure shows
the timing of the most important glacial events inter-
fering with the moraine, i.e., the surge-type event (the
wider timeframe in which evidence is indicated in the
literature; 1999-2003; Kaab et al. 2004) and the slid-
ing (considering the field evidence from 2019; Mor-
tara etal. 2023). In the first case, the moraine trees
show a more intense NAI compared to the reference
chronology, not so much during the event itself, but
immediately after, in the years between 2003 and
2004 (30% of the trees with NAI < -40%). Even if
two years of disturbance may be few to be considered
a reliable response to a disturbing event, potential-
ly this anomaly may be put in relation to the ground
destabilization following the glacier downwasting.
Indeed, the surge may have potentially affected the
trees both during the event by the push provoked by
the glacier overwhelming the moraine, or after the
event, under debuttressing conditions. The reference
chronology, on the other side, shows a more intense
NAI only in 2004 (approximately 55% of the trees
with NAI < -40%). Anyway, the less intense NAI in
2004 in the sliding moraine trees may be related to
the NAI calculation itself, which considered the aver-
age of the previous four years. Since the NAI began
in 2003, the disturbance may have been smoothed.

Minimum age of
sampled trees on the
sliding moraine

OOoo

>35  26-35 20-25<20

Sliding moraine trees @

Reference trees

Fig. 5 Distribution of the minimum
ages of sampled trees plotted

on the 2023 Hillshade — Digital
Surface Model from the UAV
flight performed in August 2023
(resolution 0.05 m) (Brodsky et al.
2024, in this issue), showing the
trench in the sliding moraine.
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Considering the meteorological conditions 2004 was
not an extreme year neither in terms of temperature,
nor drought conditions, hence they could not be con-
sidered as a potential influencer on tree ring growth.
Later on, at the beginning of the sliding in 2019,
the NAI does not prove to be a discriminant indica-
tor between the reference chronology and sliding
trees.

Concerning CW, the temporal distribution in rela-
tion to the number of trees is reported in Figure 6,
and the spatio-temporal distribution of the compres-
sion wood for the timeframe 1997-2022 is present-
ed in Supplementary File B. Compression wood is
clearly present in the moraine tree rings since 2001,
slightly after the beginning of the surge-type event.
The increase during and after the surge is evident,
and in some years particularly intensifying, prob-
ably due to the general relaxation of the inner flank
of the moraine parallel to the glacier downwasting.
Other information retrieved is the absence of specific
spatial sub-clusters of trees featured by CW at differ-
ent moments or with different intensities. Consider-
ing the sliding period from 2018 to 2019, different
behavior may be expected between the trees on the
niche, above the erosion scarp, and those located on
the landslide body, as detected in other cases (e.g.,

Bollati et al. 2016). In this case, no significant distinc-
tion occurs, as the disturbance is distributed in the
area quite homogeneously. Concerning climate and its
direct relation with the sliding, and hence its indirect
relation with tree growth, heavy and/or prolonged
rains, as well as snow melting during very snowy
years, may trigger sliding and water-runoff (Man-
coni and Giordan 2015). The CW peak recorded in
2009 may be related to the greater quantity of snow
available until the late spring of 2009 and the intense
related snow melting, destabilizing the moraine. The
moraine flank relaxation finally evolved in 2019 in the
form of ground fracturing and sliding (Mortara et al.
2023). In 2018, in particular, a slight peak is visible
one year before the ground fracturing (Fig. 7; Supple-
mentary File B). It is worth considering that some of
the trees have maintained a relatively stable position,
moving together with the moraine. This may have
caused the apparent decrease in CW during the last
period, with the trees being in a new and relative sta-
ble position during the sliding. As a final observation,
no significant occurrences of TRDs were found in the
tree cores, indicating that during the surge period,
the glacier probably did not mechanically impact the
trees on this moraine as occurred on other moraines
(Mortara and Tamburini 2009).
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Fig. 7 Tree No. 6 and its
sampled roots (1 to 6). Disks
from some of the root samples
indicating the main features
(exposure year, traumatic resin
ducts) as identified under the
microscope. The graph below

ONAI > 0%

% roots

2010
2011
2012
201

2014
2015
2016
2017

plots the NAI resulting for

the timeframe between 2010
and 2021 with the white stars
indicating the growth release in
relation to the moraine sliding.

2018
2019
2020
2021

Root exposure

Along the detachment niche, despite some trees still
being located in precarious positions, only one tree
(No. 6 in fig. 5) showed roots suitable for sampling.

The main aim of the analysis was to detect the
exposure year. Fig. 7 shows the root sections togeth-
er with their position in the sampling field of tree
No. 6.

The roots are concordant in showing an abrupt
release in ring width in these last seven years, also
testified by the NAI (white stars). Despite the field
evidence of trenching along the moraine in 2019, one
root shows an abrupt release in 2017 (root No. 1.2,
Fig. 7), with the majority of roots showing an evi-
dent growth release in the period between 2018 and
2019 (e.g.,, Nos. 1 and 4), with a total positive growth
anomaly (100% of the roots) in 2019, continuing,
even if less intensely, to-date. This may be put in rela-
tion also with the peak of compression wood in the
trunk cores in 2018 (Fig. 6). In two cases (root Nos. 2,
and 4), a small peak in the 1990s was also identified,
and in one of them (root No. 2) also in the second
half of the 2000s, with an evident peak in 2009. As
mentioned before 2009 was a year with an intense
snow melting, potentially favoring local superficial
denudation. Finally, very clear TRDs in the period
between 2020 and 2021 in almost all the roots tes-
tify to disturbance.

4.3 Integration of geomorphic feature survey,
morphometric measurements,
and dendrogeomorphological data

According to De Gaetani et al. (2021), the period when
the downwasting occurred in the glacier snout area,
including the investigated moraine, is between 2009
and 2019. Nevertheless, the trees (trunk and roots)
indicate instability conditions that, even if with dif-
ferent degree of intensity and spatio-temporal distri-
bution, are uninterrupted since the surge-type event
(2000-2002) to-date. Considering the dendrogeo-
morphological data of the roots and trunk cores, and
the year 2018 as the first year with dendrogeomor-
phological signs of ground destabilization along the
moraine, the average displacement rates of the trail
calculated through morphometric techniques for the
time interval between 2018 and 2023 seem to be the
most realistic: 1.87-1.98 m/y (Tab. 2).

This would exclude the hypothesized slow-down
of rates beginning in 2019 and previously discussed
in Section 4.1. In this case, the temporal trend using
2018 for the trail (2.11 m/y to 1.78 m/y; Tab. 2), and
for the moraine ridge (1.81 m/y to 1.96 m/y; Tab. 2)
is discordant. Unfortunately, due to the continuous
vegetation coverage and the unfavorable shadows, the
orthophoto from 2018 could not be used to confirm
these data.
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The results from the tree analyses, field surveys,
and morphometric measurements, if combined, may
provide a more reliable time constraint, and conse-
quently, movement rates to geomorphic processes.
The limitation of remote sensing may be the time
interval between the release of orthophoto or satellite
images and their resolution, the presence of vegeta-
tion coverage or illumination and shadows, masking
the geomorphic evidence (e.g., ground fracturing),
while trees provide a yearly/seasonal time reso-
lution. The remote sensing limitation, has recently
been solved by the widespread use of UAV technolo-
gy, allowing for very high-resolution acquisitions on
demand within very short time intervals according to
the type of events affecting an area, with the most ade-
quate light conditions. The limitation of field surveys
may be related to underground conditions that may
not always produce sudden morphological effects at
the topographic surface, but they may do earlier on
trees and root systems. In this case, trees may reveal
something already occurring below the surface (the
roots are in the ground), while surface effects are
not yet visible. However, in this specific case, the lim-
it of dendrogeomorphology rely in the not-always
clear signal in terms of NAI and CW, and, mainly, in
the number of trees available for coring (trunks and
roots). Concerning roots, specifically, since the data
come in this case from only one tree specimen, the
data obtained through the root exposure, even if very
useful at punctual scale, could not be considered rep-
resentative of the erosive regression along the whole
detachment niche, as testified by the different values
obtained along it from the morphometric measure-
ments (Tab. 2).

5. Concluding remarks

Since a portion of the Belvedere Glacier is located
below the tree line, it serves as a compelling study
case for investigating glacier dynamics through a mul-
tidisciplinary approach, including morphometry, geo-
morphological survey and mapping, and dendrogeo-
morphological analyses. Besides the debris coverage
providing a form of ecologic support role towards
organisms, as highlighted in the literature, the glacial
dynamic affects the vegetation growing on glacial dep-
ositional landforms such as the lateral moraine. This
study has enabled the detection of signals in tree rings
(growth anomalies, compression wood) and root
rings (growth release and traumatic resin ducts), even
if it was not always easy to disentangle. Nevertheless,
information about the timing of glacial and geomor-
phological events affecting the right moraine of the
left lobe of the glacier has been retrieved and dis-
cussed. The oldest trees were present at least from the
middle of the1970s, and, considering the surge-type
event, they record the peak of disturbance in terms
of NAI in the period between 2003 and 2004, slightly

after the acme of the surge-type event. Compression
wood indicates disturbance since 2001, slightly after
the beginning of the surge-type event, and prosecut-
ing also in the following years, even if diminishing.
The trench opening in the ground, surveyed in the lit-
erature in 2019, is preceded by a slight peak in com-
pression wood already present in 2018. These data
are also confirmed by the roots that show in one case
an abruptrelease in 2017, with the majority of growth
release in the period between 2018 and 2019, con-
tinuing, even if less intensely, to-date. Moreover, roots
show in these last years a disturbance in the form
of very evident TRDs. Finally, the average displace-
ment rates along the moraine calculated for the time
interval between 2018 and 2023 are 1.87-1.98 m/y,
while the regression rate of the sliding niche was also
calculated to be 1.70 m/y (2021-2023).

To conclude, considering the limits of all the tech-
niques applied, the integration of different techniques
and a multidisciplinary approach are essential for
delineating the dynamic features of a complex geo-
morphological and glaciological context like the Bel-
vedere Glacier environment. Discussing these dynam-
ics is relevant not only for the glacier site but it may
provide information for managing hazard scenarios
also affecting downvalley areas.
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