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a  b  s  t  r  a  c  t

Ice  presence  in  rock  glaciers  is a topic that is  likely  to gain  importance  in  the  future  due  to the  expected
decrease  in  water  supply  from  glaciers  and  the  increase  of  mass  movements  originating  in  periglacial
areas.  This  makes  it important  to have  at ones  disposal  inventories  with  complete  information  on  the  state
of rock  glaciers.  This study  presents  a method  to  overcome  incomplete  information  on  the  status  of  rock
glaciers  (i.e.  intact  vs. relict)  recorded  in regional  scale  inventories.  The  proposed  data-driven  modelling
framework  can  be used  to estimate  the  likelihood  that  rock  glaciers  contain  frozen  material.  Potential
predictor  variables  related  to  topography,  environmental  controls  or the rock  glacier  appearance  were
derived  from  a  digital  terrain  model  (DTM),  satellite  data  and  gathered  from  existing  data  sets.  An initial
exploratory  data  analysis  supported  the  heuristic  selection  of  predictor  variables.  Three  classification
algorithms,  namely  logistic  regression  (GLM),  support  vector  machine  (SVM)  and  random  forest  (RF),
were  trained  on the  basis  of the available  information  on  the  status  of  rock  glaciers  within  the  territory
of  South  Tyrol  (Eastern  Italian  Alps).  The  resulting  classification  rules  led to assign  a  binary  label  – intact
or  relict  –  to  235  unclassified  rock  glaciers  present  in the inventory.  All  models  were  validated  quantita-
tively  on  spatially-independent  test  samples  (spatial  cross  validation)  and  achieved  highly  satisfactory
performance  scores.  Hereby,  the  less  flexible  statistically-based  classifier  (GLM)  performed  slightly  better

than the more  flexible  machine  learning  algorithms  (SVM  and  RF).  Spatial  permutation-based  variable
importance  assessment  revealed  that  elevation  and  vegetation  cover  (based  on NDVI)  were  the  most
relevant  predictors.  For  more  than  80%  of  the  unclassified  rock  glaciers,  all of the three  models  agreed  on
the spatially  predicted  rock  glacier  status.  Only  for a minor  portion  (12.3%),  one  model  differed  from  the
remaining  two.

©  2019  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Rock glaciers are cryogenic landforms of cold mountain land-
capes that are formed by downslope creeping, perennially frozen
ebris (Haeberli et al., 2006). Presently ice-saturated rock glaciers
re the visible expression of active “sediment conveyor systems”
rom sediment source areas towards their front (Müller et al., 2014).
n case of an existing connection to the channel network, rock
laciers can also be considered a sediment source (e.g. Kummert
nd Delaloye, 2018), and the supply of loose material from rock
laciers into torrents can therefore be relevant in terms of debris

ow hazards (e.g. Kummert et al., 2017). Besides their role as
ontrolling landform of sediment cascades in cold mountain envi-
onments (e.g. Müller et al., 2014), ice-rich rock glaciers act as

ttps://doi.org/10.1016/j.geomorph.2019.106887
169-555X/© 2019 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

important fresh water storages and sources, especially in semi-arid
and arid mountainous areas. As highlighted by Brenning (2003), the
amount of water stored in intact rock glaciers might even exceed
water volumes stored in glaciers within catchments of the Chilean
Andes. Recently, Jones et al. (2018a) emphasized the high resilience
against climatic warming of rock glaciers compared to glaciers, as
well as their future relevance for freshwater supply. In contrast,
ice-free rock glaciers are evidence of paleo-climatic conditions (e.g.
Cossart et al., 2010; Frauenfelder and Kääb, 2000)(cf. Chapter 2 for
a detailed elaboration of the study object).

Information on the spatial distribution, status and geometry

of rock glaciers is usually stored in dedicated GIS-based invento-
ries (e.g. Colucci et al., 2016; Cremonese et al., 2011; Jones et al.,
2018b; Scotti et al., 2013). However, time and cost constraints do

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ot permit to assign the status to each rock glacier in regional scale
nventories based on in-situ evidence. Therefore, the determina-
ion of the status of an individual rock glacier is mostly carried out
ased on expert knowledge with support of aerial imagery, digi-
al terrain models (DTMs), field investigations and other auxiliary

aterial. This is a reasonable approach but makes the final inven-
ory prone to biases related to subjective estimations of different
perators in charge of defining the status of rock glaciers, as shown
y Brardinoni et al. (2019). In addition, it hampers comparability
mong different inventories.

Remote sensing technologies can provide useful data to investi-
ate geomorphic processes in cold mountain areas (e.g. Barboux
t al., 2014; Delaloye et al., 2008; Prantl et al., 2018). Bertone
t al. (2019) have recently shown that freely available synthetic
perture radar (SAR) data can offer an opportunity to complement
he well-established expert-based evaluation of rock glacier status
ith more quantitative methods.

Rock glacier inventories have been widely utilized as a data
ource within multiple variable models to study environmental
ontrols on rock glaciers or mountain permafrost distribution (e.g.
oeckli et al., 2012; Sattler et al., 2016; Azócar et al., 2017; Brenning
t al., 2007). The logistic regression model was among the first
tatistical classifiers applied to study the relationship between
ock glacier occurrence and morphometric or topoclimatic control
ariables. Such models are able to reproduce complex relation-
hips among rock glaciers and their determining conditions such
s an elevation-dependent incoming solar radiation (Brenning and
rombotto, 2006). Later, also machine learning models were uti-

ized for rock glacier detection or permafrost distribution modelling
e.g. Brenning, 2009; Deluigi et al., 2017).

The objective of this paper is to present data-driven models to
stimate the status of rock glaciers at the regional scale by integrat-
ng various geospatial datasets, such as high-resolution terrain data
nd satellite data products. Additionally, the paper aims at explor-
ng the model results in terms of empirical relationships between
ock glacier status and the controlling environmental variables. The
re-requisites to conduct this study were (i) the availability of a
edicated inventory, which contains mapped rock glaciers whose
tatus is unknown, and (ii) a training data set with information on
he status of rock glaciers. Spatial intrinsic and environmental fea-
ures related to rock glaciers are integrated into multiple variable

odels to investigate their ability to compute the relative probabil-
ty of rock glaciers to contain frozen material or not (i.e. to be intact
r relict). A well-established probabilistic classifier (logistic regres-
ion) was compared with two flexible machine-learning algorithms
support vector machine and random forest).

The structure of the paper consists of an initial literature review
nd exploratory data analysis that supported the identification of
ppropriate controlling variables of rock glacier status (cf. Sections

 and 4.2.–4.4.). The subsequent construction of three multiple-
ariable models was accompanied by an in-depth model evaluation
ased on spatial cross validation and geomorphological plausibil-

ty (cf. Section 4.5.–4.8.). The final models were applied to assign
he status to 235 unclassified rock glaciers present in the inven-
ory of South Tyrol (Northern Italy). Finally, the modelling results
ere analyzed in terms of their quantitative response (i.e. response

urves for selected variables), variable importance and spatial pre-
iction agreement (i.e. inventory vs. models; discrepancies among
he models)

. Rock glacier definition, origin and controlling factors
The presence of rock glaciers in high mountain landscapes is
 result of topographic, climatic and geological controls, which
etermine their development and spatial distribution. The visual
orphology 350 (2020) 106887

appearance of rock glaciers has been described as tongue- or lobate
shaped, sometimes also spatulate-shaped with an uneven surface
characterized by the presence of longitudinal or transversal ridges
and furrows. Another distinct morphological feature are the ter-
minal front and lateral slopes whose angle is near or even beyond
the internal angle of friction of the composing material. Ice-rich
rock glaciers can be identified by a rather convex surface as well as
a general absence of vegetation. If inactive, their marginal slopes
at the front and the sides are invaded by some vegetation patches
(Giardino and Vitek, 1988; Haeberli, 1985; Potter, 1972; Wahrhaftig
and Cox, 1959). On the other hand, relict rock glaciers, can –
depending upon their location - also be completely vegetation-
covered, as shown by Colucci et al. (2016) (see Fig. 1

).
In general, rock glaciers are built up by poorly-sorted angular

rock debris and ice, but the superficial and the internal composition
may  greatly differ. Indeed, the surface of rock glaciers is domi-
nated by pebbly to bouldery clasts (Ikeda and Matsuoka, 2006),
whereas, below a certain depth, the grain size range increases and
fine material tends to dominate (Krainer et al., 2015b). Below the
seasonally unfrozen active layer, ice can be present as pure ice, ice
in the voids between particles or as ice lenses (Arenson, 2002; Jones
et al., 2019; Krainer et al., 2015b). The deformation of this internal
ice/rock mixture enables the steady state creep of rock glaciers. The
origin of the composing sediment may  be either rock fall talus or
glacially eroded material. Scotti et al. (2013) state that between the
end of the Last Glacial Maximum (LGM) and the beginning of the
Holocene, rock glaciers in the Lombardy region (Central Eastern
Alps) were mainly fed by talus, while till-rock glaciers originated
mostly during the Little Ice Age (LIA). In their inventory, this lat-
ter type is predominantly intact, while the former type is mostly
relict. Lilleøren and Etzelmüller (2011), too, support the assump-
tion that rock glaciers formed in connection with glacial activity are
frequently younger than talus-derived rock glaciers. For their study
sites in Southern and Northern Norway, they conclude that talus-
derived rock glaciers can be seen as relict landform, representing a
former dry, periglacial climate.

Statistical analyses of the rock glacier inventories of South Tyrol
(Bollmann et al., 2012) and of its neighboring Trentino Province
(Seppi et al., 2012) highlighted that both the total percentage of rock
glaciers as well as the share of intact rock glaciers is low in moun-
tain ranges that are dominated by carbonate and dolomitic rocks.
In contrast, mountain ranges formed by metamorphic rocks gen-
erally show a higher number of rock glaciers, particularly of intact
ones. Relations between lithology and rock glacier presence were
obtained also by studies conducted in the Swiss and Austrian Alps,
as well as in Idaho (USA) (Johnson et al., 2007; Kellerer-Pirklbauer,
2007; Matsuoka and Ikeda, 2001)

The origin of ice in rock glaciers is an intensively debated topic
within the scientific community. Two opposing theories, namely
the “permafrost model” and the “glacial ice core model” have been
proposed. The former one assumes a nonglacial setting where the
internal ice of the rock glacier derives from meltwater, groundwa-
ter or buried (avalanche) snow and past or present glaciation is
here not seen as a factor for their genesis (Haeberli et al., 2006;
Jones et al., 2019; Wahrhaftig and Cox, 1959). On the other side,
the promoters of the glacial ice core model accept permafrost as
a forming condition for rock glaciers but do not state this to be a
mandatory requirement. This model assumes a thin core of glacial
ice that is protected by a layer of weathered rock debris. The tran-
sition from glaciers to rock glaciers is assumed to be a continuous
process with varying degrees of ice/rock debris ratios (Johnson,

1980; Martin and Whalley, 1987; Potter, 1972; Whalley and Martin,
1992). Recently, this conceptual model has been supported by geo-
physical and remote sensing observations as well as computational
models, which consider a rock glacier as the end-member state in a
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Fig. 1. Morphological characteristics of rock glaciers. The map  on top shows intact and relict tongue-shaped rock glaciers located in Zay Valley - South Tyrol, at 46◦ 31.911′N,
10◦ 36.763′E (cf. Fig. 6). A: View from below on the rock glacier front; B: View from the edge of the intact rock glacier surface on the relict rock glaciers; C: Perennial snowfield;
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Tyrol is a relatively dry region with lower precipitation rates com-
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ig. 2. Overview of the study area and altitudinal zonation (upper left), the subdivis
nd the density of rock glaciers in South Tyrol (lower left; created based on the p
osition of the two meteorological stations (upper and lower right) is shown in the

lacier – debris covered glacier – rock glacier continuum (Anderson
t al., 2018; Monnier et al., 2011; Monnier and Kinnard, 2015). A
ecent work of Knight et al. (2019) adds a third model, namely
he “paraglacial model”, which assumes rock glacier formation as a
onsequence of increased rock fall activity due to slope relaxation
rocesses after deglaciation.

Berthling (2011) developed a conceptual solution to the
ebate on the origin of rock glaciers by assigning them neither
ntirely to the periglacial nor to the glacial realm. Instead he
roposed to accept permafrost conditions as a determining spa-
iotemporal control on the long-term development and creep
ate. This proposal follows the concept of “cryo-conditioning”
f periglacial landforms proposed by Berthling and Etzelmüller
2011), which emphasizes cryotic surface and subsurface ther-

al  conditions as the common control for the development of
old-region landscapes. For regional-scaled studies, the mean
nnual air temperature (MAAT) is a commonly used variable to
pproximate these thermal controls (Boeckli et al., 2012; Gruber,
012).

The presence of rock glaciers is further determined by the
haracteristics of the local topography. They are commonly found
elow the environmental equilibrium line altitude (ELA), which

arks the balance between accumulation and ablation of ice on

laciers. Consequently, their presence and status is determined by
ite characteristics that allow ice to persist throughout the year

: View uphill with source headwalls in the back. The aerial image was taken in 2014–20
ere  taken in 2018 by C. Kofler. Rock glacier polygons were taken from the inventory for So
ere  excluded in this figure.
the main mountain groups according to the SOIUSA classification of Marazzi (2005)
ensity of rock glaciers stored in the inventory of South Tyrol, cf. Section 4.2.). The
r left.

(Anderson et al., 2018). Additionally, the usual steep topographic
setting around rock glaciers favors the supply of ice and rock debris
by snow avalanches, which may  feed the rock glacier directly or
indirectly through perennial snowfields. In this context, Humlum
et al. (2007) introduced the term “avalanche-derived rock glacier”
by presenting a conceptual model of snow avalanches providing
rock debris and ice to the rock glacier.

Another topography-related factor influencing the presence and
distribution of rock glaciers is solar radiation (e.g. Blöthe et al.,
2018), and indeed it is often the main local-scale energy source that
determines the presence of permafrost conditions (Hoelzle, 1992).
Even at the lower altitudes, where MAAT is positive, permafrost
can exist if radiation is strongly reduced by topography (Hoelzle
and Haeberli, 1995).

3. Study area

The regional territory of South Tyrol (Eastern Italian Alps, Fig. 2)
covers an area of approximately 7,400 km2 and its altitude ranges
from 194 m to 3,893 m a.s.l.. Due to its inner-alpine location, South
pared to areas located at the outer parts of the Alps. Within South
Tyrol, the western part belonging to the Southern and Eastern
Rhaetian Alps is drier than the central and eastern part due to shad-

15 and made available by the provincial administration of South Tyrol. Field photos
uth Tyrol (see Section 3.2.); adjacent rock glacier polygons present in the inventory
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setup (cf. Chapter 4.4.) were derived from the same DTM mentioned
above. It covers the entire province and refers to surveys carried out
ig. 3. Flowchart presenting the applied and generated datasets and processing ste
ndex;  PISR = potential incoming solar radiation; NDVI = normalized difference vege
nformation System.

ng effects of these mountain groups. In between, one of the driest
alleys of the Alps - the Vinschgau/Venosta Valley – is located. This
ast-West extending valley is characterized by a continental alpine
recipitation regime (Della Chiesa et al., 2014). As it can be seen on
he climate diagram in Fig. 2, a mean annual precipitation (MAP)
f about 500 mm  is measured in Schlanders/Silandro, a town in the
iddle Vinschgau valley bottom. In contrast, a MAP  around 775 mm

s measured in Sterzing/Vipiteno, located in the upper Eisack/Isarco
alley (N-S alignment). Across the whole South Tyrol, precipitation
ncrease with altitude, with relatively important elevation gradi-
nts (e.g. Mergili and Kerschner, 2015).

As to geology, the dominant lithologies in the western part of
outh Tyrol are metamorphic rocks such as schists and gneisses,
hereas the south-eastern part is characterized by limestones and

olomites. Igneous rocks are also relevant in some valleys. The
patial distribution of rock glaciers (Fig. 2) shows that their con-
entration is highest in the NE and W South Tyrol, mainly on the
ain Alpine ridge (so called Rhaetian and Tauern Alps).

. Materials and methods

.1. Workflow description and software used

The methodological workflow of this study (Fig. 3) comprises
he identification, collection and preprocessing of input data and
he selection of potential predictor variables (Section 4.2. – 4.4.).
he exploratory data analysis builds the basis for the heuristic

nput data selection (Section 4.5.). Three multiple variable clas-
ification algorithms were then quantitatively validated within a
patial cross validation framework while also assessing spatial vari-
ble importance (Section 4.6. – 4.7.). The final classification rules
ere transferred to each rock glacier listed in the inventory of South

yrol (Section 4.8.). Response curves for selected predictors and a
onfrontation of predicted activity states (i.e. model agreement)
rovided insights into the quantitative model responses.

All statistical and machine-learning analyses were performed
ith the front-end software “RStudio” of the open-source statis-

ical computing package “R”, version 3.5.0 (R Core Team, 2017).

ome tasks could be fulfilled with the preinstalled package “stats”
.g. the exploratory data analysis and the modelling part based
n logistic regression. The support vector machine model (SVM)

s based on the package “kernlab” (Karatzoglou et al., 2004), and
breviations (if not defined before): RG = rock glacier; GPI = geomorphic protection
 index SCV = spatial cross validation; DTM = Digital Terrain Model; GIS = Geographic

the random forest classifier was  built through the “randomFor-
est” package (Liaw and Wiener, 2002). The packages “sperrorest”
(Brenning, 2012) and “raster” (Hijmans, 2017) were used to vali-
date the model and to transfer it to grid cells. The computation of
DTM-derivatives as well as the preparation of the necessary input
maps for the analysis was done by the open-source GIS “SAGA GIS”,
version 6.3.0 (Conrad et al., 2015) and the associated R-package
“RSAGA” (Brenning, 2008). The layout of the maps was designed
with the commercial GIS “ArcGIS”, version 10.4 (ESRI, 2016).

4.2. Data

The main data source was  the inventory of rock glaciers for South
Tyrol. It contains their spatial position as well as the training data on
their status, which were necessary for this study. This dataset was
compiled by a number of researchers within the project PROALP
(funded by the Autonomous Province of Bolzano-South Tyrol), a
joint initiative between academic, public and private institutions
as described in Bollmann et al. (2012). A total number of 1779 rock
glaciers are in the inventory, of which 240 are listed as active, 59
as inactive and 1245 as relict. The status of 235 rock glaciers was
not defined yet. The individual rock glacier status was  assigned
by interpreting geological maps, aerial photographs and the hill-
shade of the available high resolution (2.5 m)  Light Detection and
Ranging (LiDAR) digital terrain model (DTM). As reported by the
authors, space-borne multi-temporal radar interferometry (MT-
InSAR) was  applied for single rock glaciers to deduce the status
from the kinematic behavior. Besides the status, also information
on the debris origin (till/talus), the largest identified block diame-
ter (larger/smaller than 1 m),  length and width, altitude and slope
aspect of each individual rock glacier is available. The data set is
freely available in Shapefile format on the WebGIS platform of
the provincial administration (http://geokatalog.buergernetz.bz.it/
geokatalog1).

Many of the applied predictor variables in this study’s modelling
in 2005.

1 Access Date: 19.03.2018

http://geokatalog.buergernetz.bz.it/geokatalog
http://geokatalog.buergernetz.bz.it/geokatalog
http://geokatalog.buergernetz.bz.it/geokatalog
http://geokatalog.buergernetz.bz.it/geokatalog
http://geokatalog.buergernetz.bz.it/geokatalog
http://geokatalog.buergernetz.bz.it/geokatalog
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In addition, semi-automatically mapped data on perennial
nowfields were considered in the present study. The dataset was
reated by Zischg et al. (2012) on the basis of aerial images acquired
n late summer (1996, 1999 and 2003). In order to obtain a map  that
epresents a proxy variable for the temporal and spatial persistence
f perennial snow patches, the areas covered with snow in all the
hree years were labelled as such.

Information on the vegetation cover was approximated with the
ormalized difference vegetation index (NDVI). The NDVI derives

rom optical remote sensing imagery and can be used as indicator
or vegetation presence (Rouse et al., 1974). The NDVI maps used
n this study are a product derived from openly accessible satellite
cenes of the European Space Agency’s (ESA) Sentinel 2 A/B mission.
he processing chain included a correction of raw images (atmo-
pheric correction, removal of clouds, snow and artificial surfaces)
nd the calculation of NDVI values with Band 03 (red) and Band
8 (near infrared) (see Rossi et al., 2019 for a detailed description).
he final product is presented with a grid resolution of 10 m.  Only
erivatives of images acquired during the period of maximum veg-
tation activity (end of July – end of August) for the years 2015,
016 and 2017 were used for the present study.

The acquisition dates and the covered time spans slightly vary
mong different datasets. Nonetheless, our statistical analyses
ocused on a steady-state perspective, i.e. considering only the
patial variability of rock glacier status and the associated environ-
ental controls, assuming that discrepancies in time among the

arious input data are negligible compared to the temporal scale
f climate alterations needed to modify rock glacier status. This
pproach led to an a-priori exclusion of information with a high
emporal variability such as weather and climatic data.

.3. Definition of the response variable

Different terminologies to describe the status of rock glaciers
re present in literature. Some inventories distinguish between
ce-containing moving (“active”), ice-containing non-moving
“inactive”) and ice-free rock glaciers (e.g. Bollmann et al., 2012),
hile some others refer only to whether frozen material might be

resent (“intact”) or not (“relict” or “fossil”) (e.g. Scotti et al., 2013).
ifferent terms are also found to describe “decayed” rock glaciers.
ome inventories use the term “fossil” (e.g. Marcer et al., 2017),
hile others use the term “relict” (e.g. Lilleøren and Etzelmüller,

011). Barsch (1996) highlighted similarities between these two
erms and suggested to use them as synonyms.

Within this study we define the relevant terms for rock glacier
haracterization as follows: since the work aims to model the like-
ihood of frozen material being present in rock glaciers, the terms
hat describe the kinematic behavior of ice-containing rock glaciers
active” and “inactive” were summarized to “intact”. In agreement
ith most studies, the term “relict” is used to describe a rock glacier

hat lost most of or entirely its frozen core. The obtained response
ariable “status of activity” therefore was defined as a binary char-
cter.

.4. Potential predictor variables and data preparation

A crucial step of this study consisted in the selection of poten-
ially suitable variables to estimate the status of a rock glacier.
ased on the available literature (cf. Chapter 2), we have identified
everal predictor variables that may  influence the presence of ice
ithin a rock glacier. These variables were subsequently grouped
nto three thematic fields, namely topographic controls, environmen-
al controls and rock glacier appearance (i.e. the visually perceptible
haracteristics of a rock glacier). The first three thematic fields sum-
arize assumed drivers for frozen material being present in rock
orphology 350 (2020) 106887

glaciers. The latter one, rock glacier appearance, expresses an effect
of ice-presence or -absence within a rock glacier.

All the potential spatial predictor variables described in the fol-
lowing sections and listed in Fig. 3 were resampled to a common
grid size of 10 x 10 m and aligned to the same spatial extent and pro-
jection. To ensure computational feasibility, rock glacier locations
were not represented in a raster mode, rather by a total number of
50,000 sample points randomly distributed within the polygons of
the rock glacier inventory.

4.4.1. Topographic controls
The Geomorphic Protection Index (GPI) was  assumed to best rep-

resent the surrounding terrain characteristics of rock glaciers. The
index was developed by Yokoyama et al. (2002) and describes the
degree of terrain openness. The index calculates the angle between
a viewer’s standpoint and the highest or lowest visible topographic
feature in a given line-of-sight direction. For each standpoint (e.g.
grid cell), eight directions within a given radial distance are sam-
pled and averaged. The index summarizes the exposedness of a
cell to atmospheric (e.g. incoming solar radiation) or gravitational
inputs (e.g. rock fall, snow avalanches).

The aspect was considered as a potential predictor because of
the known association between slope orientation and incoming
solar radiation, which in turn influences permafrost occurrence in
mountainous terrain (Harris et al., 2009; Hofierka and Suri, 2002).
In order to account for its circular nature and to avoid loss of infor-
mation due to reclassification, the aspect layer was transformed
into “east-exposedness” and “north-exposedness” by performing
sine and cosine transformations, respectively (Brenning, 2009).

4.4.2. Environmental controls
In mountainous terrain, the MAAT is directly linked to alti-

tude through the temperature gradient (e.g. a yearly mean of
−0.57 ◦C ·100 m−1 for the valley slopes of the region Trentino-Alto
Adige/South Tyrol, according to Rolland, 2003). This direct relation-
ship between the two  parameters requires the selection of one to
avoid redundant information within data-driven models (Deluigi
et al., 2017). For the present work, altitude, i.e. the elevation val-
ues stored in the available DTM, was  considered as a proxy for
elevation-dependent temperature conditions.

A map  of the potential incoming solar radiation (PISR) was
generated in SAGA GIS. The dedicated tool allows to derive
spatially-comprehensive radiation values based on topographi-
cal as well as positional information (Böhner and Antonić, 2009;
Hofierka and Suri, 2002). In order to account only for the snow-free
period, PISR was calculated from beginning of June to the end of
October and clear sky conditions with an atmospheric transmit-
tance of 70% were assumed as described in Marcer et al. (2017).

Perennial snowfields were selected as potential predictor vari-
able in order to account for potential relationships between
perennial snow cover and rock glaciers (i.e. their status). The topo-
graphical catchment was computed for each inventory entry and
used to identify the perennial snowfields that are present in the
contributing area of rock glaciers. To approximate the interactions
between rock glaciers and snow deposits, the Euclidean distance
from the selected perennial snowfields to the rock glaciers bound-
ary was calculated. The produced spatial variable represents the
distance to perennial snowfields in the contributing area of rock
glaciers.
As described in Chapter 2, a difference between debris and talus
rock glaciers according to their activity status was  reported. There-
fore, the sediment origin (talus/till) of rock glaciers was  considered
as potential predictor variable.
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.4.3. Rock glacier appearance
A map  of front slope angles was created by placing various sam-

le points on the front of each rock glacier present in the inventory.
he relative slope value of each sampling point has been extracted
rom an underlying slope map. Then, a median front slope for each
ock glacier has been calculated.

The “Terrain Ruggedness Index (TRI)”, developed by Riley et al.
1999), was chosen to represent the undulated morphology that
haracterizes active rock glaciers, i.e. its surface relief. Wahrhaftig
nd Cox (1959) reported values between 2 and 10 m of height and
–50 m in distance between ridges on the surface of rock glaciers. In
rder to approximate this range, the lowest search radius possible
as been selected (i.e. 1 grid cell).

The median area of the rock glaciers stored in the South Tyrolean
nventory is 96,170 m2. In order to capture a general curvature of
he rock glacier’s surface, plan and profile curvature maps with a

oving window radius of 100 m and 500 m were created. As final
urvature value, the median of values on the surface excluding the
oot and the frontal zone of each rock glacier were selected.

The NDVI was assumed to be a suitable predictor in differenti-
ting between intact and relict rock glaciers due to the reported
bsence of vegetation cover on intact rock glaciers (cf. Chapter 2)

.5. Construction of the multiple-variable model

Different procedures for the selection of input data for geomor-
hological predictions have previously been applied and discussed

n literature: Brenning (2008) proposed the widely used automatic
ackward or forward stepwise variable selection that is based on
he Akaike Information Criterion (AIC), a measure of goodness-of-
t that penalizes for model complexity (e.g. Goetz et al., 2011;
etschko et al., 2014). Steger at al. (2016) highlighted the drawbacks
f these purely number-driven variable selections in a geomor-
hic modelling context, as they may  increase the apparent model
erformance but produce geomorphologically implausible results.
ield et al. (2012, p. 266) support a heuristic approach for variable
election by stating that “when there is a sound theoretical litera-
ure available, then base your model upon what past research tells
ou”. We  decided to favor the expert-based method over a purely
umber-focused stepwise variable selection, also to enhance model
omparability (i.e. automated selections may  produce different
ariable sets for the different classifiers) and a process orientated
odel interpretation (cf. Steger et al., 2016).

The conducted explanatory data analysis supported the selec-
ion procedure. For each continuous variable, absolute frequencies
i.e. histogram) and relative frequencies (intact vs. relict) were plot-
ed over the respective predictor values. Spineplots were used to
isualize relationships among rock glacier status and categorically
caled variables. An interpretation of the plots allowed to explore
mpirical associations among the response variable and potential
redictors as well as their plausibility.

In this study, a variable was selected for being included in the
odels, when associations that are supported by literature findings

cf. Chapter 2) were supported also by the available data (e.g. condi-
ional frequency plots). The quantitative evaluation of subsequent

odels is described in Section 4.7.
Many of the considered predictor variables can be considered

o be correlated with each other: PISR and NDVI are determined by
levation and aspect (e.g. Brenning and Trombotto, 2006; Deluigi
t al., 2017), which again depend on tectonic conditions. Non-
ndependence of variables, i.e. collinearity is an intrinsic effect of
ost real-world data, because collinear variables are the manifesta-
ion of the same - often unmeasurable – processes. The selection of
redictor variables should therefore be based on known functional
elationships with the response. If the variable selection is reason-
orphology 350 (2020) 106887 7

able from a process-perspective, collinearity of variables may  not
necessarily be problematic (Dormann et al., 2013).

4.6. Classifiers

4.6.1. Generalized linear model (GLM) - Logistic regression
Binomial logistic regression models are popular in many scien-

tific fields to model a binary response (e.g. rock glacier status: intact
vs. relict) while allowing to include both, continuous and categori-
cal predictor variables (cf. Section 4.4.). A logistic regression model
allows to estimate the likelihood that one class of a binary response
(e.g. rock glacier = intact) is present.

In contrast to a linear regression model, logistic regression by
its nature does not yield likelihood values outside the interval [0,
1] and therefore meets the formal requirements for probabilistic
modelling. In the context of this study, a logistic regression model
determines the probability of rock glacier “intactness” by a set of
predictor variables x, hence P(Y = 1|x). The “odds”,  i.e. the condi-
tional probability of Y = 1, are transformed to logits with a logit-link
function. The logits(x) are of a continuous character and therefore
a linear model consisting of an intercept  ̨ and a predictor variable
coefficient  ̌ can be fitted upon them.

In a linear regression model, parameters are fitted by a “least-
square method”, i.e. by minimizing the sum of squared residuals.
If the response variable is of a dichotomous character, the least-
square method is not applicable. Logistic regression therefore uses
a technique called “maximum likelihood”. Hereby, values which
maximize the probability of obtaining the observed data set are
chosen as unknown model parameters (Hosmer and Lemeshow,
2000; Marcer et al., 2017). In R, logistic regression is implemented
in the generalized linear model (GLM) function.

Logistic regression models are widely used in the field of
earth sciences, for example to model landslide susceptibility (e.g.
Schlögel et al., 2018) or the spatial distribution of permafrost (e.g.
Sattler et al., 2016).

4.6.2. Support vector machine (SVM)
A SVM is able to identify non-linear relationships between a

categorical outcome variable and a set of predictors. The basic
principle behind the SVM algorithm is that a hyperplane is fit-
ted into the dataset in order to separate between two or more
classes. Vapnik (2006) defines an optimal hyperplane as a decision
function with maximal margins between the data points to be sep-
arated. To build an optimal hyperplane, one does not need the
full training data set but only a small subsample of points which
are closest to it, i.e. the support vectors. Cortes and Vapnik (1995)
highlight that the generalization ability is great when the optimal
hyperplane can be constructed from a small number of support
vectors relative to the size of the training data set. In the presence
of non-linearity, a SVM that operates in an arbitrary number of
dimensions is built (so called kernel mapping). Then, a separating
hyperplane can be defined even for highly complicated datasets.
One mapping function that was identified to have good generaliza-
tion properties is the Gaussian radial basis function (RBF) (Ballabio
and Sterlacchini, 2012). In the present SVM model, the Gaussian
RBF kernel was  used owing to the reported good generalization
capacity for regional permafrost distribution models (Deluigi et al.,
2017). The SVM algorithm is frequently applied in geomorphology
to delineate landslide-prone terrain (e.g. Kavzoglu et al., 2014; Peng
et al., 2014), while its application in the field of alpine permafrost
studies is still rather limited with some exceptions (e.g. Deluigi and
Lambiel, 2013)
4.6.3. Random forest (RF)
The RF algorithm was  firstly proposed by Breiman (2001) and

is based on the concept of decision trees as classifiers. Classifiers
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ased on single decision trees find a classification rule by a step-
ise binary splitting of the data into more homogenous sub-groups.
ereby, the homogeneity of the created subgroups is measured by

he Gini impurity index, a metric that measures the probability of
n element to be incorrectly classified. A decision tree is assumed
o be fully grown when the Gini impurity index does not decrease
nymore (Breiman et al., 1984).

The RF algorithm creates a large set of decision trees out of ran-
om subsamples of training observations and predictor variables.
he remaining data is used to test the fitting performance of each
ree. The obtained performance is usually called “out-of-bag” error.
he final RF model is an ensemble of decision trees and usually pro-
ides a more stable prediction compared to single decision trees as
t was shown by Prasad et al. (2006) in the context of tree species
istribution modelling. In the geoscientific context, RF was applied
y Deluigi et al. (2017) to model spatial permafrost distribution and
y Vorpahl et al. (2012) or Catani et al. (2013) to model landslide
usceptibility.

.7. Modelling and model validation

Different methods are available to validate a data-driven spa-
ial prediction model. Still widely used holdout validation splits the
riginal data in two subsets, one training set to fit the model and
ne independent test set on which the previously trained model
e.g. the classification rule) is tested. K-fold cross validation (CV) is

 more sophisticated approach to evaluate model performance. CV
s not reliant on one specific data partition as it splits the full data n
imes into k random subsamples (also called folds) of training and
est sets in order to enable a multi-fold model validation (Kohavi,
995). However, when dealing with georeferenced data, a spa-
ially explicit partitioning of training and test samples is required
o avoid overoptimistic performance estimates and to assess the
patial transferability of the model. Spatial k-fold cross validation
SCV) splits the initial data set into spatially independent training
nd test areas via a k-means clustering algorithm (Brenning, 2012).
n the present work, the study region was split into 5 sub-regions
nd SCV was repeated 25 times for each fold (i.e. 25 × 5 = 125 tests
er model). The discriminatory power of a binary classifier can be
easured with the Area under the Receiving Operating Character-

stic (AUROC). This global performance measure summarizes the
ortion of correctly classified cases (i.e. true positive rates against
he false positive rate for each possible cut-off value). An AUROC
f 0.5 relates to a random model while a value of 1 describes a
erfect discrimination between the two classes. In the context of
he present study, the SCV-based AUROC’s express the ability of a

odel to discriminate between intact and relict rock glaciers of the
raining samples (fitting performance) or the spatially independent
est data (predictive performance).

For both machine learning algorithms, SVM and RF, classifi-
ation performance depends largely on the careful estimation of
odel parameters, called hyperparameters. The SVM requires the

uning to two hyperparameters, C (penalty parameter for mis-
lassification) and sigma (inverse kernel width). The RF needs
he parameters mtry (number of variables randomly sampled
s candidates at each split) and ntree (number of trees) to be
et. Hyperparameters are ideally identified within an iterative
rocedure. As suggested by Schratz et al. (2019) a spatial resam-
ling method (i.e. SCV) was applied also during the process of
yperparameter tuning in order to avoid biases due to spatial
utocorrelation of sampling points. Within this study, SCV-based
yperparameter tuning was based on a grid search, i.e. an iterative

earch procedure within a user-defined range of values for C, sigma
nd mtry. For the SVM-based model, 256 hyperparameter combi-
ations were tested, ranging from 2−12 to 23 for both C and sigma. A
ange from 1 to 10 was tested as mtry parameter for the RF-model.
orphology 350 (2020) 106887

SCV identified values of C = 0.000976563 and sigma = 0.015625
as ideal hyperparameters for the SVM. An mtry-value of 1 was  deter-
mined as hyperparameter for the RF model. The number of grown
trees (ntree) during model fitting was set to 800.

A permutation-based spatially explicit variable importance was
performed to estimate the relevance of each predictor within the
models. After randomly permuting (i.e. re-organizing) a predictor
variable within a SCV framework, the change in predictive per-
formance was measured via the AUROC metric. The magnitude of
decrease in model performance indicates the relative importance
of the permuted variable within a multiple variable model. In other
words, the observed AUROC decrease allowed insights into the rel-
ative importance of each predictor variable. The whole process is
repeated for each predictor of the multiple-variable model (Strobl
et al., 2007).

4.8. Model application at the grid cell scale

The obtained classification rules (i.e. probability of intact rock
glacier for the three models) were transferred to each rock glacier
grid cell. For each cell, a continuous number representing the mod-
elled likelihood of the status “intact” was computed. Then, the
median value of all the modelled values within a rock glacier was
built. An optimal threshold to split the continuous scale of modelled
likelihoods into discrete binary labels had to be found. Different
methods to identify this optimal cut-point were proposed in liter-
ature (see López-Ratón et al., 2014 for an overview). In this study,
the point with maximum true positive and true negative rate on
the AUROC curve was chosen as described in Riddle and Stratford
(1999). The standard deviation allowed insights into the dispersion
of spatially predicted probability values for each rock glacier.

The spatially transferred likelihood values (i.e. model output)
were randomly sampled (n = 100,000) and plotted against the
respective predictor values. The obtained response plots visualize
the trained model as a function of one specified model variable
for the respective study area. In addition, they allow a compar-
ison between models produced by different classifiers and their
response to a single predictor variable (Lombardo and Mai, 2018;
Vorpahl et al., 2012). Finally, the agreement between the three gen-
erated model outputs was  analyzed by computing the percentage
of rock glaciers labelled as either intact or relict by all models or
just by two out of three.

5. Results

5.1. Exploratory data analysis and predictor selection

The exploratory data analysis allowed first insights (Fig. 4)
into empirical associations between the rock glacier states (intact
vs. relict) and potential predictor variables. The conditional den-
sity plots depicted that topographically protected slopes (GPI)
and higher elevations (altitude) were generally associated with
a higher portion of intact rock glaciers (Fig. 4). Both variables
related to the slope orientation, namely north-exposedness and
west-exposedness showed no systematic change of intact rock
glaciers over the range of slope aspect values. Instead, a higher
share of relict rock glaciers with increasing PISR values could be
observed. The conditional density plots also show that rock glaciers
with perennial snowfields in their proximity are more likely to be
intact. For the subsequent use within the multiple-variable model,
a cutoff value of 300 m of horizontal distance was set, as no effect

of perennial snowfields on rock glacier status beyond this value
was assumed. The spineplot related to debris origin shows that a
higher percentage of till-derived rock glaciers is intact compared to
their talus-fed counterparts. Steeper front slope angles and a higher
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he  rock glacier states (intact: light grey; relict: dark grey).

oughness of the surface relief characterize intact rock glaciers, but

n all four curvature maps the share between intact and relict rock
laciers did not change over the value range. Concerning NDVI, the
onditional density plot indicates a clear decrease of intact rock
laciers with increasing vegetation activity.
 potential predictor variables. Shading of the conditional density plots is showing

The variables that were selected for the final model were alti-

tude, GPI, PISR, distance to perennial snowfields, front slope angle
and debris origin. Their selection is supported by the results of the
exploratory data analysis as well as by literature findings. Although
surface relief has been described as characteristic for active rock
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Table 1
Rock glacier status classifications according to the inventory and the three models logistic regression (GLM), support vector machine (SVM) and random forest (RF).

Inventory GLM SVM RF

Status n % Status n % n % n %

Active 240 13.5
Intact 474 30.7 490 31.7 411 26.6Inactive 59 3.3

Relict 1245 70.0 Relict 1070 69.3 1054 68.3 1133 73.4

Unclassified 235 13.2
Intact 171 72.8 180 76.6 160 68.1
Relict 64 27.2 55 23.4 75 31.9
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ig. 5. Importance ranking of the chosen predictor variables determined by SCV-bas
lope,  GPI = Geomorphic protection index, NDVI = Normalized difference vegetation

laciers, this variable was excluded from the analysis due to the
ncertainties related to its estimation by the approach deployed
ere. The variables related to slope aspect and surface curvature
ere not considered for the multiple variable model because no

ubstantial change of intact rock glaciers over their value range
as detected.

.2. Model performance and validation

Fitting performances for all models achieved a median AUCOC
igher than 0.95, which can be defined as an outstanding discrimi-
ation between intact and relict rock glaciers according to Hosmer
nd Lemeshow (2000). The RF model reached a near perfect classifi-
ation of training data, followed by the GLM and the SVM (Table 1).
CV revealed that all models enabled to classify the rock glacier
tatus of spatially independent test data with a very high accu-
acy (i.e. median AUROC > 0.92). In this context, the RF classifier
AUROC 0.93) achieved a lower performance than the SVM (AUROC
.95) and the GLM (AUROC 0.96) and revealed a slight tendency to
dapt too strongly to the training data set (i.e. to overfit). Differ-
nces among median training and test set AUROC’s highlighted a
igh ability of the GLM and SVM based models to generalize (differ-
nces < 0.001) while providing indications of a slightly overfitted
F model (difference 0.07). Machine learning techniques (SVM and
F) were associated with higher standard deviations of predictive
erformance estimates (> 0.029) compared to the more robust GLM
0.002).

Variable permutation based on SCV allowed to rank the impor-
ance of each predictor within the multi-variable set of each
lassifier. A permuted NDVI results in the highest loss of perfor-

ance in the GLM model, followed by altitude. The two  machine

earning algorithms in contrast show a less pronounced drop in
odel performance when disassociating single predictor variables.

 permuted NDVI in the RF and SVM results in a loss of about 0.1
riable permutation. Variable abbreviations: A = Altitude, D = Debris origin, FS = Front
, PISR = Potential incoming solar radiation, PS = perennial snowfields.

and 0.05 AUROC values, respectively. In the SVM, the perennial
snowfields result to be even more important than the NDVI. The
permuted variables front slope and debris origin instead, are causing
a performance loss close to zero for all the classifiers (Fig. 5).

5.3. Rock glacier status maps and model agreement

The optimal predicted likelihood value (i.e. cut-point) to dis-
criminate between intact and relict rock glaciers were 0.18 for the
GLM, 0.23 for the SVM and 0.13 for the RF (cf. Section 4.8.). The
SVM classified the most rock glaciers as intact, the RF the least.
In the original inventory, 235 i.e. 13.2% of the rock glaciers have
an unknown status. All three models classified the majority of the
unknown rock glaciers as intact. In agreement with the overall clas-
sification, the SVM labeled the highest number of unknown rock
glaciers as intact, the RF the lowest. Fig. 6 shows the map applica-
tion of the classification results. The shown extent is the Zay valley,
located in the western part of South Tyrol. While the models gen-
erally agree on the status of the shown rock glaciers, they display
different degrees of prediction variability.

The vast majority of the rock glaciers in the study area (91.5 %)
were allocated to the same classes by all three models (i.e. 60.4 %
of all rock glaciers were classified as relict by all models and 31.1 %
as intact). Only a minor portion of all the rock glaciers (8.5 %) was
classified differently by at least one of the three algorithms. In 4.3
% of the cases two out of three models agreed on the relict status
and in 4.2 % of the cases two out of three models agreed on the
intact status. Model agreement was higher for already classified
rock glaciers than for unclassified ones (i.e. 92.1% versus 87.7 %

of rock glaciers that were either classified as intact or relict by all
models). Among the unclassified rock glaciers, 21.7 % were equally
classified as relict, while for 66 % all models agreed on the relict
status. Concerning the already classified rock glaciers instead, 66.3
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ig. 6. Modelled rock glacier statuses, variability of predictions and comparison wit
iewed in Fig. 1.

 of the rock glaciers were classified as relict by all models, while
or 25.8 % all models suggest an intact status (Table 3).

The high level of classification agreement among the three mod-
ls was particularly evident for the portion of rock glaciers that
ere already classified in the inventory within altitudes below

200 m and above 2800 m.  Across-model agreement was  lower for
he unclassified portion of rock glaciers in the inventory, especially
elow 2200 m.  The larger share of model agreement on the intact
tatus for unclassified rock glaciers extends over the whole altitu-
inal belt (Fig. 7). The density curves of Fig. 7 show that unclassified
ock glaciers are more likely to be at higher elevations than their
lassified counterparts.

The response curves visualized the spatially predicted likeli-
ood (the closer to 1 the more likely intact) along the range of a
elected predictor variable (Fig. 8). The altitude plot illustrates how
he vast majority of cells located below approximately 2500 m a.s.l.
xhibit likelihood values close to 0 for all models, thus a very low
odelled probability of a rock glacier being intact. This is in line
ith empirical frequencies that depict a substantial drop in the

umber of relict rock glaciers above 2500 m (Fig. 8). The overlay
f smoothed response functions allowed a direct visual compari-
on of the three algorithms, which revealed some differences. The
VM model showed the most distinctive increase of predicted like-
ihoods per unit of altitude (i.e. steepest curve) confirming the most
rominent role of this predictor in the multiple-variable setup,
hile the response curve related to the RF classifier started to rise at

igher altitudes and was constantly below the other two classifiers.

The NDVI-plots showed that above a value of 0.2, model pre-

ictions are approaching towards zero-likelihood of intact status.
his observation was confirmed by the relative frequency plot
f Fig. 4, which showed the highest share of intact rock glaciers
inventory for the Zay valley. The rock glaciers highlighted by the dashed box can be

between NDVI-values of 0 and 0.2. Some differences could be
noticed between the three applied classifiers. The RF algorithm
produced the steepest drop of model outcomes per unit NDVI com-
pared to the GLM and the SVM. The tendency of the SVM to be
more optimistic than RF and GLM is reflected here as well as in the
number of absolute classifications (see Table 2)

6. Discussion

6.1. Predictor variables and their importance

Altitude or NDVI resulted to be the most important predictor
variables in each of the model setups (see Fig. 5). With the alti-
tude as a proxy for the elevation-dependent temperature gradient,
one variable expressing a main driver for ice-presence and with
the NDVI one variable expressing a visual discernible effect of rock
glacier activity resulted to be most important. However, the inter-
play among predictor variables should be kept in mind, especially
with regard to the NDVI, as the Pearson correlation coefficient
between NDVI and altitude is −0.74. Indeed, the extent to which
reduced vegetation presence on intact rock glaciers is determined
by ice-driven dynamics or simply by a less favorable climate due
to higher altitudes was not quantified in this study but should be
considered when interpreting the results.

Nevertheless, the NDVI revealed to be a relevant variable to
monitor the rock glacier status, also in practical terms. NDVI maps
can be produced in a cost-effective way based on freely-available

satellite imagery. Due to the high temporal resolution of data
provided by recent missions such as the Sentinel-2 constellation,
remote sensing based monitoring of the rock glacier status over
time may  become more effective when taking the NDVI into con-
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ig. 7. Model agreement for the entire study region (upper left corner), a detailed
orner)  and classified rock glaciers (lower right corner) present in the inventory for
f  unclassified and classified rock glaciers along altitude.

ideration. However, the regional context has to be considered
hen using this variable. Outside the European Alps for instance,

egetation growth was found on actively moving rock glaciers,
s documented by Bolch and Gorbunov (2014). In single cases,
resumably intact rock glaciers can also be covered by a compre-
ensive vegetation layer in the European Alps as shown recently
y Colucci et al. (2019) in the Italian Carnic Alps.

As to topographic data, aeras without high-resolution LiDAR-
ata, DTM’s derived from spaceborne synthetic aperture radar
SAR) sensors such as the TanDEM-X data set provided by the Ger-

an  Aerospace Center (DLR) may  be a viable alternative.
The generated map  of distance to perennial snowfields in the

ontributing area of rock glaciers achieved a relatively high impor-
ance ranking in all three models. This result supports recent
ndings on how perennial snow and/or avalanche snow might be of
igh relevance for assessing the rock glacier status (e.g. Anderson
t al., 2018). The available input dataset however, did not allow
o reconstruct the genesis of a mapped snowfield, and thus it was
ot possible to determine whether it was fed by avalanche snow
r by another source. Compared to the lower importance-ranking
f the GPI, it can be argued that maps of snow deposits on rock
laciers or in their contributing area may  display better the pro-
ess of snow avalanches providing ice and rock debris compared to

 proxy variable representing their steep surrounding source areas.
he extraction of snow information from remote sensing images
ight even improve the performance of this variable.
Solar radiation achieved comparably low ranking scores in all
hree models, causing little performance losses when permuted.
lso in this case, unavoidable interrelations between environmen-

al predictor variables are at play. As shown by Brenning and
t (upper right corner) and along altitude for unclassified rock glaciers (lower left
 Tyrol. The grey line in the conditional density plots shows the density distribution

Trombotto (2006), PISR may  increase with altitude, also affect-
ing the estimated variable importance within a multiple variable
modelling setup. Considering the high importance of this variable
in previous studies that modelled rock glacier distribution (e.g.
Brenning and Trombotto, 2006), it may  be assumed that this vari-
able has a higher suitability to explain their presence rather than
their status.

A distinct morphological feature of rock glaciers, the front
slope, did not result as important in all created models. Neither
a permuted geomorphic protection index caused substantial per-
formance losses, hence the inclusion of morphometric variables to
describe rock glaciers or their surroundings brought minor benefit
to estimate the rock glacier state for South Tyrol within the multi-
ple variable model setup. Similarly, the debris origin did not turn
out to be relevant to be included in the models.

6.2. Model behavior and performances

Altitude and NDVI achieved the highest variable importance
ranks in all three model setups. When considering the performance
losses, the GLM-based model shows the largest drops caused by
altitude and NDVI only, whereas in the machine learning-based
models the losses are more equally distributed across all model
components. This might be explained by the higher flexibility of
the applied machine learning techniques while logistic regression
was less suitable to adjust to the “new” data pattern resulting

from permutation. The disadvantage of this enhanced flexibility
of the machine learning algorithms is their tendency to adapt too
strongly to the training data while failing to predict independent
test sets. A confrontation of model performance estimates based
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Fig. 8. Model response for the GLM (1st column), SVM (2nd colum) and RF (3rd column) over predictor variables altitude (1st row) and NDVI (2nd row). A direct comparison
of  model responses is given within the 4th column. A value closer to 1 indicates a higher likelihood of an intact status.

Table 2
Model agreement between unclassified (n = 235) and classified (n = 1544) entries of the rock glacier inventory.

Unclassified Classified Total

n % n % n %

All relict 51 21.7 1024 66.3 1075 60.4
2/3  relict 12 5.1 64 4.1 76 4.3
2/3  intact 17 7.2 57 3.7 74 4.2
All  intact 155 66.0 399 25.8 554 31.1

Table 3
Median fitting and predictive performance of the classifiers logistic regression (GLM), support vector machine (SVM) and random forest (RF) and associated standard deviation.
The  overfitting indicator was calculated by subtracting the predictive from the fitting performance.

Performance
Classifier

GLM SVM RF

AUROC st. dev AUROC st. dev AUROC st. dev

Training set (fitting performance) 0.963 0.0002 0.954 0.0091 0.995 0.0016

o
p
o
fi
p
s
p
t
i

Test  set (predictive performance) 0.963 0.0019 

Overfitting indicator 0.00 – 

n training sets and test sets (fitting performance vs. predictive
erformance) can give valuable insights into the degree of model
verfitting (cf. Table 1) (Steger and Kofler, 2019). Considering the
tting performance of the applied classifiers, RF reaches a nearly
erfect separation of intact and relict rock glaciers of the training
et (AUROC-score of nearly 1). The simultaneous presence of lowest

redictive performance showed that the RF classifier adapted itself
oo closely to the training data set, also indicating its reduced capac-
ty to correctly classify out-of-model data. GLM and SVM in contrast
0.954 0.0290 0.927 0.0629
0.00 – 0.07 –

showed a good ability to apply fitted models to an independent
validation dataset, which led to the conclusion that they are better
suited to generalize a model over a regional scale. In particular, the
good performance of the GLM may  be attributed to the monoton-
ically increasing relationships between rock glaciers status and its
most important predictor variables (see also Fig. 4). Flexible, non-

parametric learning algorithms seemed not to provide a substantial
advantage for our purpose, which rather required a good ability to
generalize over a large area. This finding agrees with other studies
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ighlighting that when generalization is needed, simple statistical
ethods can perform equally well as complex machine learning
odels (Brenning, 2005; Vorpahl et al., 2012).

.3. Interpretation of the generated maps and model limitations

The generated maps shown in Fig. 6 are the spatial expression
f the modelled relationships that were calibrated on the basis
f the rock glacier inventory of South Tyrol and validated with
patially-independent test samples. However, the inventory was
ainly compiled by manually mapping rock glaciers, visually inter-

reting morphological features that indicate the respective status.
nly for a small portion of the rock glaciers stored in the inven-

ory, permafrost presence could be verified directly by detailed
n-situ investigations like borehole surveys or spring-temperature

easurements (Krainer et al., 2012, 2015a, 2015b). Therefore, it
s important to note that the trained models relied strongly on
he expert-based assignment of the rock glacier status, which was
ased on the evaluation of Bollmann et al. (2012).

To divide the continuous model output (i.e. likelihood between
 and 1) into two classes, an optimal cut-point had to be found.
his allowed a comparison with the original inventory as well as

 labelling of the yet unclassified rock glaciers into either intact or
elict. However, it can be discussed if a discrete map-representation
f a rock glacier’s status is more appropriate than a continuous
ne. From a process-oriented perspective, the present-day rock
lacier status can be considered as a snapshot in a continuum of
limatic variability over time. Hence, a continuous depiction of the
tatus might seem to be more appropriate than a categorical classi-
cation. Considering the completion of a rock glacier inventory as
ne objective of this study, a discrete map-representation includ-

ng the variability of likelihood-values within one rock glacier was
referred.

An interpretation of the point-density plots and the relative
esponse curves (Fig. 8) allowed insight into the model behavior.
he highest increase of modelled likelihood values per unit ele-
ation of the SVM model provided evidence of its high sensitivity
o altitude. Such a different sensitivity to this important predictor

ight be the main reason why GLM and SVM predicted a higher
ortion of rock glaciers intact, compared to the RF classifier. The
F-model resulted in the highest concentration of values around
ero likelihood of activity, both for altitude and NDVI. This sug-
ests that the RF algorithm, due to its concept based on decision
rees, tends to avoid immediate probabilities between 0 and 1. In
he smoothed response curves, this trend is expressed again by a
ower increase of likelihood per unit altitude and a higher drop of
ikelihood per unit NDVI.

. Conclusion

The present study highlighted the potential of statistical and
achine learning algorithms to model and analyze the status

f rock glaciers and its relationship with environmental control
ariables. Remarkably, highly flexible machine learning classifiers
id not perform better than a well-established statistically-based
odel. It can be concluded that for classification tasks that require

 high generalization ability, statistical classifiers might be the
referred choice. It was shown that a successful classification

urthermore requires an in-depth preliminary exploratory data
xamination as well as a spatially meaningful model validation.
f machine-learning is applied for classification, hyperparameters

hould be tuned in a spatial context. Future studies may  consider a
eneral additive model (GAM) as a trade-off between linear statis-
ical classifiers and machine learning techniques due to its ability
o model nonlinear relationships (Brenning, 2008; Hastie, 2006;
orphology 350 (2020) 106887

Hastie and Tibshirani, 1990). The consideration of a nested data
structure with a mixed-effects model (e.g. with the R-packages
“glmm”  by Knudson et al., 2018 or “mgcv” by Wood, 2019) may
further improve modelling results. Its application in this study was
excluded in favor of a comparable presentation of results between
the statistical and machine learning models.

The practical applicability of the proposed method was demon-
strated by assigning a status to 235 yet unclassified rock glaciers
stored in the regional inventory for South Tyrol, Italy. The presented
model results are promising in terms of model performance (testing
AUROC > 0.9) and geomorphologic plausibility. The three generated
model setups generally agreed among each other by classifying
more than 80% of the rock glaciers stored in the South Tyrolean
inventory as either intact or relict. Only for a small portion of rock
glaciers, one model out of three suggested a different label.

Despite the satisfactory model performance and agreement
among applied classifiers, one should be aware that the presented
method does not prove the evidence for the status of a given rock
glacier. Indeed, the proposed method is affected by several limita-
tions. First, rock glacier status was treated as static in this work,
and this is a strong simplification of a process that is characterized
by temporal dynamics. The limitation hereby arises from the static
character of GIS and maps in general: the inventory has to be con-
sidered as a snap-shot in time which was reproduced by the applied
classifiers. The same shortcoming is to be considered with regard
to the applied predictor variables.

Secondly, the method relies on the quality of the rock glacier
inventory, particularly the validity of the expert-based assignment
of the rock glacier status. A careful assessment of the rock glacier
status by the operator in charge to generate it is crucial. Before
applying the presented workflow, one should be aware of eventual
systematic biases included in the inventory. Such errors could be
introduced for example if the task of mapping and interpreting rock
glaciers is assigned to more than one operator (Brardinoni et al.,
2019; Schmid et al., 2015).

On the other hand, our method can be reproduced in data-poor
regions as NDVI and elevation – the most important predictor vari-
ables for the rock glacier status - can be generated based on globally
and often freely available satellite data. In this context, the devel-
opment of methods that are less reliant on the availability of an
inventory should be subject of further studies.

Acknowledgements

This research was  realized within the PhD-work of Christian
Kofler, which is kindly funded through a scholarship provided by
Stiftung Südtiroler Sparkasse/Fondazione Cassa di Risparmio di
Bolzano and Eurac Research. Mattia Rossi is acknowledged for pro-
cessing Sentinel-2 images. We  thank three anonymous reviewers
for their constructive comments on the manuscript.

References

Anderson, R.S., Anderson, L.S., Armstrong, W.H., Rossi, M.W.,  Crump, S.E., 2018.
Glaciation of alpine valleys: the glacier – debris-covered glacier – rock
glacier continuum. Geomorphology 311, 127–142, http://dx.doi.org/10.1016/j.
geomorph.2018.03.015.

Arenson, L., (Doctoral Thesis) 2002. Unstable Alpine Permafrost: A Potentially Impor-
tant Natural Hazard. ETH Zürich, Zürich.

Azócar, G.F., Brenning, A., Bodin, X., 2017. Permafrost distribution modelling in the
semi-arid Chilean Andes. Cryosphere 11, 877–890, http://dx.doi.org/10.5194/tc-
11-877-2017.

Ballabio, C., Sterlacchini, S., 2012. Support Vector Machines for Landslide Suscep-

tibility Mapping: The Staffora River Basin Case Study, Italy. Math. Geosci. 44,
47–70, http://dx.doi.org/10.1007/s11004-011-9379-9.

Barboux, C., Delaloye, R., Lambiel, C., 2014. Inventorying slope movements in an
Alpine environment using DInSAR. Earth Surf. Process. Landf. 39, 2087–2099,
http://dx.doi.org/10.1002/esp.3603.

dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
dx.doi.org/10.1016/j.geomorph.2018.03.015
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
http://refhub.elsevier.com/S0169-555X(19)30378-2/sbref0010
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.5194/tc-11-877-2017
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1007/s11004-011-9379-9
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603
dx.doi.org/10.1002/esp.3603


 / Geom

B

B

B

B

B

B

B

B

B

B

B
B

B

B

B

B

B

B

B

C

C

C

C

C

C

C

C. Kofler, S. Steger, V. Mair et al.

arsch, D., 1996. Rockglaciers - Indicators for the Present and Former Geoecol-
ogy  in High Mountain Environments. Springer Series in Physical Environment.
Springer, Berlin Heidelberg, Heidelberg.

erthling, I., 2011. Beyond confusion: rock glaciers as cryo-conditioned landforms.
Geomorphology 131, 98–106, http://dx.doi.org/10.1016/j.geomorph.2011.05.
002.

erthling, I., Etzelmüller, B., 2011. The concept of cryo-conditioning in landscape
evolution. Quat. Res. 75, 378–384, http://dx.doi.org/10.1016/j.yqres.2010.12.
011.

ertone, A., Zucca, F., Marin, C., Notarnicola, C., Cuozzo, G., Krainer, K., Mair, V., Ric-
cardi, P., Callegari, M., Seppi, R., 2019. An unsupervised method to detect rock
glacier activity by using Sentinel-1 SAR interferometric coherence: a regional-
scale study in the eastern European Alps. Remote Sens. 11, 1711, http://dx.doi.
org/10.3390/rs11141711.

löthe, J.H., Rosenwinkel, S., Höser, T., Korup, O., 2018. Rock-glacier dams in high
Asia. Earth Surf. Process. Landf., http://dx.doi.org/10.1002/esp.4532.

oeckli, L., Brenning, A., Gruber, S., Noetzli, J., 2012. A statistical approach to mod-
elling permafrost distribution in the European Alps or similar mountain ranges.
Cryosphere 6, 125–140, http://dx.doi.org/10.5194/tc-6-125-2012.
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