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Abstract: The paper reports on a geodiversity assessment method at the local scale based on spatial multi-cri-
teria analysis (S-MCA). The study area consists of two geomorphosites: Derborence and Illgraben, located in
the Swiss Alps and representative of different types of morphodynamics. Apart from glacial and fluvial land-
forms, the morphology of these two sites is largely due to extreme phenomena (rockslides, torrential processes).
Both areas were incorporated in the list of Swiss geosites for their geomorphological interest. The geodiversity
assessment criteria were selected and presented on five factor maps: the relief energy (relative height), the land-
form fragmentation, the landform preservation, the geological setting and the hydrological factor. The factor
maps were aggregated using the weighted linear combination (WLC) technique. The accuracy of the final geo-
diversity maps of Derborence and Illgraben was verified during a field inspection. The final maps were quali-
tatively assessed in terms of the geodiversity value of specific areas within the selected geomorphosites. The
proposed method allows assessing the intrinsic geodiversity differentiation of large geosites, in particular in pro-
tected and conserved areas (PCAs). The results can be used for purposes such as the designation of most valu-
able parts of the area for the preservation of certain abiotic features, spatial planning or tourism management, at

least in the alpine fold mountains.

The growing interest in geoconservation and the
wellbeing of our natural environment has moved
over the last two decades far beyond the realms of
governments, decision makers and media into the
wider public arena (Newsome et al. 2013; Crofts
2018; Gordon et al. 2018). Caring about the natural
environment is becoming more and more popular.
Nowadays, in the social media era, many campaigns
focus on the values and diversity of the nature,
asking to keep its beauty for future generations.
The #NatureForAll movement (http://natureforall.
global/) is an example. The campaign was formally
launched in 2016 by the International Union for Con-
servation of Nature (IUCN). It aims to build support
and promote action for nature conservation by rais-
ing awareness and facilitating experiences and con-
nection with the natural world. Another example is
the concept of conserving nature’s stage (CNS),
where the assumption that conservation of geodiver-
sity is of key importance for the preservation of bio-
diversity is particularly emphasized (Beier et al.
2015). Recently, an important achievement of the
scientific community has been the establishment of
the ‘International Geodiversity Day’ in order to
increase global awareness of geodiversity and geo-
heritage (Brilha er al. 2021; Zwolinski et al. 2021).

This event will enable coordinated activities around
the world, and it is expected to include public educa-
tional, awareness raising and policy engaging
activities.

The term ‘geodiversity’ was first used in 1993
(Sharples 1993; Wiedenbein 1993), and in the
broader context, it was related to the issues of geo-
heritage and geoconservation. Rapidly, the concept
of geodiversity was accepted by scientists worldwide
(Kiernan 1996; Eberhard 1997; Australian Heritage
Commission 2002; Gordon et al. 2002; Gray 2004;
Koztowski 2004; Zwolinski 2004). There are three
main concepts related to the theory of geodiversity
(Mizgajski 2001; Najwer and Zwolinski 2014).
The classical connotation has evolved through
research works of Australian geologists and geomor-
phologists (Sharples er al. 2018), and concerns
mainly lithosphere conservation. In the second con-
cept, geodiversity is considered as the basis for anal-
yses conducted on biodiversity, and differentiation
of the abiotic subsystem was pondered collaterally,
usually as an auxiliary variable (Barthlott er al.
1999; Hjort et al. 2015; Ren et al. 2021). The third
concept departs from the classical (geological) defi-
nition of geodiversity and is characterized more
broadly, including topography, elements of the
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hydrosphere and human activity, among others. For
the purpose of this paper, the most holistic definition
of geodiversity (Gray 2013) was accepted.

In the nature conservation community, the con-
cepts of biodiversity and ecosystem services have
become widely accepted, whilst the importance of
geodiversity often goes unrecognized and underval-
ued (Gray 2011; Najwer and Zwolinski 2014;
Najwer et al. 2016; Gordon et al. 2018; Zwolinski
et al. 2018; Crofts et al. 2020). Despite recognized
relationships between geodiversity and biodiversity
(Parks and Mulligan 2010; Brazier et al. 2012;
Hjort et al. 2012; Bétard 2013; Najwer et al. 2016;
Tukiainen er al. 2017, 2019), the legal systems in
many countries protect mostly biotic nature (Kostr-
zewski 2011; Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services
(IPBES) 2019). That situation is reflected in the
development of biodiversity assessment methods,
while research on geodiversity is rather neglected
(Najwer and Zwolinski 2014; Najwer et al. 2016,
2022; Gordon et al. 2018; Zwolinski et al. 2018;
Boothroyd and McHenry 2019; Jankowski et al.
2020).

The lack of a commonly accepted methodology is
clear. In 2013, the International Association of Geo-
morphologists’ (IAG/AIG) Working Group on
Landform Assessment for Geodiversity was estab-
lished, with one of its aims being to standardize geo-
diversity assessment methods. Depending on the
data source, Pellitero et al. (2014) specified direct
and indirect methods of geodiversity assessment. In
turn, Zwolinski et al. (2018) described quantitative,
qualitative and qualitative—quantitative methods. At
the current stage of development of geodiversity
assessment methods, the latter are the most advanced
ones. Their particular advantage is the capability of
integrating diverse types of data sources and substan-
tive content with the simultaneous use of expert
knowledge and, above all, the possibility of use for
research areas at various spatial scales (Zwolinski
et al. 2018).

Geodiversity maps vary depending on the spatial
scale, the available data and the purpose. Examples
described in the literature mainly refer to areas at
the local or regional scale, although implementation
is also possible for large spatial units such as large
protected areas, drainage basins, countries or states
(Benito-Calvo et al. 2009; Zwolinski and Stacho-
wiak 2012; Pereira ef al. 2013; Najwer et al. 2016;
Manosso et al. 2021). Most often, geodiversity
maps are based on geological diversity and are
designed to evaluate areas in terms of tourist attrac-
tiveness (Sapp et al. 2006; Zwolinski 2010; Serrano
and Gonzdlez Trueba 2011; Asrat et al. 2012; Zwo-
linski and Stachowiak 2012). In some studies, geodi-
versity maps were created and applied to investigate
the spatial or genetic relationships with the richness

of particular environmental components (Burnett
et al. 1998; Silva 2004; Jackovd and Romportl
2008; Hjort et al. 2012). There are also examples
of geodiversity assessment to efficiently manage
protected and conserved areas (Pellitero er al.
2011, 2014; Serrano and Gonzélez Trueba 2011;
Melelli 2014; Perotti ef al. 2019). In some studies,
geodiversity maps were applied to investigate the
relationships between geodiversity and geosites,
geomorphosites, geoarchaeological and palaeonto-
logical sites (Panizza 2009; Serrano and Ruiz-Flafio
2009; Pellitero et al. 2011; Chrobak et al. 2021).
However, so far, the spatial differentiation of geodi-
versity values in areas already accepted as large geo-
morphosites has not been undertaken. Despite the
fact that the concept of geodiversity has a solid the-
oretical foundation, it does not benefit from a univer-
sal method and standards for its evaluation yet.

Climate changes, in addition to anthropogenic
influences, are widely regarded as one of the most
serious threats to the natural environment (Prosser
et al. 2010). Frequency and intensity of extreme
phenomena have significantly increased in recent
years (Shukla e al. 2019; IPCC 2021). Furthermore,
this trend is likely to continue in the upcoming
decades. Climate variability primarily induces vari-
ations in the magnitude and frequency of Earth sur-
face processes and, consequently, important
changes in the landscape (Kostrzewski 2011; Gor-
don er al. 2022). As a result, abiotic heterogeneity
may be threatened and the key elements of natural
diversity even lost (Gordon ef al. 2002; Koztowski
et al. 2004; Ruban 2010; Hjort and Luoto 2012;
Gray 2013). Interestingly, ongoing climate changes
not only contribute to the degradation of existing
geodiversity but may also increase it (Gordon
et al. 2022). Climate changes pose challenges for
the management of geoheritage in protected and
conserved areas (PCAs) at all spatial scales, from
individual geosites to whole landscapes and even
regions (Selmi et al. 2022).

Recognizing the parts of a territory that are the
most diversified and vulnerable to changes is a cru-
cial issue for management and planning of PCAs.
It allows forecast changes in the environment and,
above all, it enables the assessment of the suitability
of environmental conditions to perform certain
socio-economic functions (Richling and Solon
2011). The specific aims of this paper are: (1) to pro-
pose a method for geodiversity assessment for high
mountainous areas characterized by passive and
active morphodynamics, (2) to apply and verify the
proposed method for the assessment of geomorpho-
sites. The proposed method can be useful for the
environmental management of natural protected
areas at local and regional scales as well as for recog-
nizing and assigning the most diversified parts of the
territory to preserve for future generations.
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Study areas

The study areas consist of two catchments in the
Western Swiss Alps: Derborence in the Bernese
Alps and Illgraben in the Penninic Alps, separated
by the Rhone valley (Fig. 1). Apart from glacial
and fluvial processes, which have shaped the mor-
phology of the whole Rhone River catchment, the
morphology of these two sites is largely due to
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extreme phenomena, i.e. rock avalanches in Derbor-
ence (Maret and Reynard 2015; Schoeneich and
Reynard 2021) and torrential processes at Illgraben
(McArdell and Sartori 2021). Illgraben catchment
and Derborence were incorporated in the list of
Swiss geosites (Reynard er al. 2012; Federal Office
of Topography swisstopo and Swiss Academy of
Sciences 2012) for their geomorphological interest,
i.e. geomorphosites.

9°0’E
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Fig. 1. Location of the studied catchments: (a) Derborence and (b) Illgraben on orthophotos of Switzerland with
25 m resolution. Source: Federal Office of Topography swisstopo 2016.
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According to Panizza (2001), geomorphosites
can be defined as landforms to which a value can
be attributed. They can be single landforms, com-
plexes of landforms (several landforms related to
one process) or geomorphological systems (several
landforms, several processes) (Grandgirard 1999;
Reynard and Panizza 2005). They are testimonies
of climate and environmental changes, as tectonic
or denudational evolution and some related changes
in the history of Earth surface. They make the recon-
struction of palacoprocesses and palacoclimates pos-
sible, and allow the observation of current acting
processes and geomorphological features (Reynard
and Coratza 2013). Furthermore, geomorphosites
play a significant role in landscape evaluation, partic-
ularly in sensitive geoecosystems, where climate
changes induce variations in the magnitude and fre-
quency of surface processes and, as a further conse-
quence, important changes in the landscape (Pelfini
and Bollati 2014). In order to express the dynamics
of landscape systems, active, passive and evolving
passive geomorphosites have been distinguished
(Pelfini and Bollati 2014). Active geomorphosites
allow the visualization of geomorphological pro-
cesses in action (Reynard 2004). Passive geomor-
phosites testify to past environments and processes;
they are an archival record of the history of Earth
(Reynard 2005). Evolving passive geomorphosites
are landforms created under processes no more in
action, which are reshaped by currently active pro-
cesses (Pelfini and Bollati 2014).

Derborence (Fig. 1a) covers the upper part
(60.4 km?) of the Lizerne catchment, a tributary of
the Rhone River. For this study, the research area
has been delimited by hydrographic analyses and is
not exactly the same as the site incorporated in the
list of Swiss geosites. Derborence is located in the
Diablerets Massif, a limestone massif of the Bernese
Alps (Schoeneich and Reynard 2021). The highest
peak is Les Diablerets, 3210 m a.s.l. (Fig. 2a),
which overlooks the Diablerets Glacier, which is

almost entirely within the boundaries of the research
area. The northwestern part of the catchment, where
the spectacular Derborence Lake is located, is rela-
tively isolated (Fig. 2b). It was created as the result
of two large rock avalanches occurred in AD 1714
and 1749. Consequently, this part of the valley was
isolated by a 2 km-long natural barrier and was sub-
sequently covered by forest vegetation. Nowadays,
the very shallow lake is threatened by sedimentation
due to torrential processes (debris flows). It can be
classified as an evolving passive geomorphosite
even if large rock avalanches can still happen due
to seismic or climatic (ground ice melting) processes.
The whole area is a well-known tourist destination,
and it attracts large numbers of visitors fascinated
by the special character of this unspoilt nature spot
(Reynard et al. 2021).

The Illgraben catchment is drained by the Illbach
torrential stream, a left-bank tributary of the Rhone
River (Fig. 1b). The quite small catchment
(18.6 km?) is characterized by a very deeply indented
channel and a distinctive alluvial fan (Fig. 3a). The
morphology of the Illgraben was largely shaped by
debris flows, landslides as well as gully and gorge ero-
sion in a context of highly deformed and fractured
rocks, including quartzites, limestone deposits and
dolomites, due to tectonic processes (McArdell and
Sartori 2021) (Fig. 3b). The Illgraben torrential sys-
tem is an example of active geomorphosite. The
catchment has an extremely high debris-flow fre-
quency (de Haas e al. 2020). Particularly, debris-flow
activity is marked every year after heavy torrential
rainfall events (Gwerder 2007) and during the snow-
melt period. Due to the high risk for people settled
nearby the channel, a special alarm system was
designed (Badoux et al. 2009).

Data and methods

Considering the morphological and morphometric
peculiarities of the high-mountain catchments of

Fig. 2. (a) The southern ridge of the Diablerets Massif, which forms the boundary of the Derborence geomorphosite.

(b) Derborence Lake and Derbonne valley.
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Fig. 3. (a) Illbach (left) and Illgraben (right) valley and alluvial fan. (b) Upper part of the Illgraben valley.

Derborence and Illgraben as well as their scale, the
qualitative—quantitative  geodiversity —assessment
approach (Zwolinski et al. 2018) — applying spatial
multi-criteria analysis (S-MCA) and weighted linear
combination (WLC) — was used. WLC is the most
frequently used method of aggregation of Geograph-
ical Information Systems (GIS) based on geodiver-
sity assessments. The attractiveness of WLC in

S-MCA is related to the ease of calculation and result
interpretation (Jankowski er al. 2020).

We followed the qualitative—quantitative method
introduced by Najwer and Zwolinski (2014) (Fig. 4).
The workflow includes five tasks: (1) geodatabase
compilation, (2) input data and criteria selection,
(3) factor maps geocomputation, (4) multi-criteria
analysis, (5) geodiversity map creation. Geographic

Idea

The geodiversity map of study area ‘

1. Geodatabase

The acquisition and integration of the geodata (analogue and digital data resources) ‘

|

2. Input data

(natural environment components/geomorphometric parameters)
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(source data) l J 1 l
Tc ic M
‘ Digital Elevation Model Corine Land Cover ’ Geological Maps ‘ ‘ % ,{Z@mea“’ ‘
‘ Geocomputation ‘
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Semi-automatic and

Automatic

Geoinformation analysis

Automatic -
classification Expert classification Expert classification P e e
Landform Landform Landform Geological
energy fragmentation preservation settings Hydrography

|
| l

J | l

4. Multi-Criteria ‘

Analysis Weighted Linear Combination (WLC)
5. Final map ‘ Geodiversity map

Fig. 4. Workflow of geodiversity assessment of the studied catchments based on Najwer and Zwolinski (2014).
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Information Systems (ArcGIS 10.3 and GRASS GIS
7.6.1 software programs) were used for the stage of
data collection and integration (task 2) through
numerical geoprocessing of spatial data (tasks 3
and 4) to the final geodiversity map (task 5). All
the analyses in the research procedure were per-
formed at 25 m resolution.

The challenge in the assessment is to describe
landforms and, at the same time, indicate geomorpho-
metric and morphological differences. The most
time-consuming stage is the acquisition and integra-
tion of analogue and digital resources into the geoda-
tabase (task 1). The source dataset included a 25 m
resolution Digital Elevation Model (DHM?25, based
on the 1:25 000 Swiss national map; Federal Office
of Topography swisstopo 2005), CORINE Land
Cover at 1:100 000 scale (European Environment
Agency (EEA) 2018), geological maps at 1:25 000
scale, topographic maps at 1:25000 scale and
50 cm resolution orthophotos. In order to avoid errors
at the boundaries of the research area (some analyses
use the cell neighbourhood), a 1000 m buffer zone
(larger spatial extent) was added to all source data.
The layers were integrated and transformed to the
Swiss CH1903+ (EPSG 2056) coordinate system.

Geodiversity assessment usually involves an
individual expert or a group of experts who evaluate
the value of the contribution of discrete components
of a given factor to the overall result of the geodiver-
sity of the site (Jankowski er al. 2020). This input
largely depends on the stated aim of the analysis per-
formed and the expert’s knowledge and experience.
Selection of criteria (task 2) and definition of rules of
classification of their individual components were
performed with the collaboration of the authors.
The geodiversity assessment criteria values for the
particular factor maps of Derborence and Illgraben
valleys are presented in Table 1. The share of each
element of the natural environment in a given factor
is expressed by a value on a Likert scale from 1 to 5
(Likert 1932). Continuous factors were classified
automatically using the natural breaks method
(Jenks 1967).

Five factor maps (task 3) were processed for
each selected area (Figs 5 & 6) using ArcGIS 10.3
software:

(A) The relief energy (relative height) map was
derived from a Digital Elevation Model
(DHM25; Federal Office of Topography swis-
stopo 2005) using the Focal Statistics tool within
three map cells neighbourhood (75 m in fact),
and automatically reclassified into 5 classes
using the Natural Breaks method (Jenks 1967).

(B) The landform fragmentation map was geo-
computed using the Landform Classification
tool (Jenness 2006). A smaller neighbourhood
setting (four map cells; 100 m in fact) and a

larger one (40 map cells; 1000 m in fact) were
used. Ten landform types were derived and
then expertly reclassified according to the
value of geodiversity.

(C) The landform preservation map was obtained
using CORINE Land Cover 2018 (EEA 2018)
along with a small correction based on high-
resolution orthophotos. The factor map was
expertly reclassified in terms of relation
between natural processes and anthropogenic
activities that impact on the preservation of geo-
diversity. The highest values were assigned to
areas not affected by human activity, e.g. bare
rocks or bedrock under glaciers. On the other
hand, the lowest values of geodiversity were
assigned to areas significantly transformed by
man, e.g. villages or agricultural areas.

(D) The geological setting map was prepared
based on the Geological Atlas of Switzerland’s
analogue and vector maps. Sheets of maps and
legends were integrated in ArcGIS. Legends
and divergent boundaries in merging of the
map sheets were expertly fixed. Finally, 73 geo-
logical settings in the Derborence research area
and 26 in the Illgraben valley were expertly
reclassified into six classes (an additional zero
value class was assigned to areas of glaciers
and lakes due to the lack of any information
about the geological setting beneath them) in
terms of possible impact of a particular geolog-
ical setting on a landform’s geodiversity.

(E) The hydrological factor map (surface waters:
lakes, rivers and streams, glaciers) was derived
based on topographic maps along with a small
border correction (glaciers extent) with the
use of high-resolution orthoimages. Lakes’
evaluation was carried out on the basis of the
chosen descriptive statistics. Values of area,
shoreline development ratio and altitude
above sea level were calculated and reclassified
with Jenks’s natural breaks method into five
geodiversity values. The Illgraben area has
three lakes, which have been assigned to the
highest class of geodiversity. Four glaciers in
the Derborence catchment received the highest
value from the hydrological point of view. Lin-
ear elements (rivers and streams) were divided
into 250 m-long segments (from the channel
head to the next tributary or mouth of lake),
for which, values of longitudinal slope were
calculated. Subsequently, the obtained values
were automatically reclassified into five classes
using Jenks’s natural breaks method.

Factor maps were standardized into five classes of
geodiversity value (an additional class with a zero
value was included for method accuracy, but does
not affect the final result of the assessment). After
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Table 1. Geodiversity assessment criteria values for the factor maps of the Derborence and Illgraben sites

Factor maps Source data Classification method Derborence criteria Illgraben criteria Geodiversity
value
(A) Relief energy 25 m Digital Elevation Automatic classification Rh: 0-27.8 m Rh: 0-21 m 1: very low
Model (DHM25; with a natural breaks Rh: 27.9-48.6 m Rh: 21.145.8 m 2: low
Federal Office of method (Jenks 1967) Rh: 48.7-75.3 m Rh: 45.9-66.8 m 3: medium
Topography Rh: 75.4-121.6 m Rh: 66.9-93.8 m 4: high
swisstopo 2005) Rh: 121.7-2953 m Rh: 93.9-191.3 m 5: very high
(B) Landform Semi-automatic Plains; open slopes 1: very low
fragmentation classification and Midslope drainages, shallow valleys, midslope ridges, small hills 2: low
expert classification in plains
U-shaped valleys, upper slopes, mesas, local ridges, hills in valleys ~ 3: medium
Canyons, deeply incised streams, upland drainages, headwaters 4: high
Mountain tops, high ridges 5: very high
(C) Landform CLC 2018 version Expert classification Discontinuous urban fabric Discontinuous urban fabric, 1: very low
preservation v.20b2; orthoimages sport and leisure facilities
Land principally occupied by Non-irrigated arable land 2: low
agriculture, with significant
areas of natural vegetation,
broad-leaved forest, mixed forest
Coniferous forest 3: medium
Pastures, natural grasslands, moors and heathland, transitional 4: high
woodland—shrub, sparsely vegetated areas
Bare rocks, glaciers and multiyear Bare rocks 5: very high
(perpetual) snow
(D) Geological Geological Atlas of Expert classification Glaciers and lakes 0
setting Switzerland 1:25 000 Marls, flysch and schists Marls and schists 1: very low
(GA25) Surface covers (Quaternary superficial deposits) 2: low
Alternation of limestones and Gneiss and amphipolites 3: medium
marls
Cornieules and gypsum Gypsum and quartzites 4: high
Dolomites and limestones Dolomites, limestones and 5: very high
sandstones
(Continued)
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Table 1. Continued.

96

Factor maps Source data

Classification method

Derborence criteria

Illgraben criteria

Geodiversity
value

(E) Hydrological
features

Topographic map of
Switzerland (National
Map 1:25 000)

Automatic classification
with a natural breaks
method (Jenks 1967)

A: 0.0-0.053 ha

Dy, :1.04-1.08

H: 559-1332 m a.s.l.
S: 0-15.95%0

Br: 125m
A: 0.054-0.245 ha

D;: 1.09-1.26

H: 1333-1374 m a.s.l.
S: 15.96-35.32%o0

Br: 100 m
A: 0.246-0.995 ha

D;: 1.27-1.36

H: 1375-1452 m a.s.l.
S: 35.33-65.34%0

Br: 75 m
A:0.996-4.323 ha

D;: 1.37-1.43

H: 1453-2269 m a.s.l.
S: 65.35-117.38%0

Br: 50 m
A: 4.324-4.904 ha

D;: 1.44-1.97

H: 2270-2459 m a.s.l.
S: 117.39-186.5%0

Br: 25 m

Glacier des Diablerets, de Tchiffa;

La Forcla; de Tita Naire

S: 0-6.1%0

S: 6.11-15.07%0

S: 15.08-27.17%0

S:27.18-44.95%o

A:0.54-20.88 ha
D:1.2-1.24
H: 2360-2419 m a.s.l.
S: 44.96-84.5%0

1: very low

2: low

3: medium

‘v 32 MR\ Y

4: high

5: very high

Key: Rh, relative height; A, lake surface area; Dy, shoreline development ratio; H, lake altitude in metres above sea level (a.s.l.); S, stream segment longitudinal slope; Br, width.



Downloaded from https://www.lyellcollection.org by Instituto Geol égico, Minero y MetalGrgico (INGEMMET) on Jun 23, 2023

Geodiversity assessment of geomorphosites 97

geodiversity classes
B
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4
m5

3km

Fig. 5. Derborence factor maps of (a) relief energy; (b) landform fragmentation; (c¢) landform preservation; (d)
geological setting; (e) hydrological; (f) geodiversity normalized to five classes: 1, very low; 2, low; 3, medium;

4, high; and 5, very high geodiversity.

integrating the data and carrying out the necessary
geoinformation analyses (geocomputation), the
most problematic activity, and one burdened with
considerable subjectivity, was to assess the compo-
nents of the natural environment from the point of
view of their potential impact on the geodiversity of
the research areas (task 4). Considering the above,
weights for the factor maps for the two morphometri-
cally and morphogenetically different catchments
were treated individually. In order to objectively
determine weights, it was decided to use Saaty’s
(Saaty 1977, 1980) pair comparison method, imple-
mented in the AHP Priority calculator (Goepel

2018). The weights for the factor maps were calcu-
lated (Table 2) and assigned in the WLC analysis to
Derborence with the 9.3% and to Illgraben with the
9.1% consistency ratio (CR). The aggregation result
for each assessment map unit (in this case, a cell raster
with a size of 25 m) is the geodiversity score, repre-
sented by the sum of the product of ratings and
weights of the individual factor maps. Percentage
shares of the areas by geodiversity class have been
calculated and presented in Table 3. Using the
r.covar tool implemented in GRASS GIS 7.6.1, the
correlation matrix for all factor maps and the final
geodiversity map were calculated (Tables 4 & 5).
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Fig. 6. Illgraben factor maps of (a) relief energy; (b) landform fragmentation; (c) landform preservation;
(d) geological setting; (e) hydrological; (f) geodiversity normalized to five classes: 1, very low; 2, low; 3, medium;
4, high; and 5, very high geodiversity.

Results (Fig. 6f) were obtained (task 5). The research proce-

dure for the selected catchments was based on the
As a result of the WLC analysis, the final geodiver- same workflow, although the classification rules —
sity maps of Derborence (Fig. 5f) and Iligraben due to the large variability of the natural environment

Table 2. Weights assigned for the factor maps in the WLC analysis for Derborence and lligraben

Catchment  (A) Relief (B) Landform (C) Landform (D) Geological (E) Hydrological
energy fragmentation preservation settings

Derborence 0.07 0.31 0.04 0.41 0.17

Illgraben 0.33 0.09 0.04 0.19 0.35

WLC, weighted linear combinati

=h
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components between the morphogenetically and
morphometrically different research areas — and
the weights for the factor maps were dissimilar
(Table 2).

Factor maps, aggregated to the final geodiversity
map of the Derborence area using the WLC method,
are presented on Figure 5. The maps of the relief
energy (Fig. 5a) and geological setting (Fig. 5d)
are characterized by the greatest diversity. Ridges
and concentric converging valleys in the centre of
the research area can be clearly delineated. The land-
form fragmentation map (Fig. 5b) stands out from
the others because it consists almost entirely of the
three highest geodiversity value classes, which rep-
resent well the mountain area. Very low and low geo-
diversity classes cover only single map cells.
Completely different is the discontinuous hydrolog-
ical factor map (Fig. 5e), where most of the study
area has no hydrographic features. Glaciers and
lakes are characterized by the highest value (Derbor-
ence, Le Godey, Lac de la Forcla); this is also the
case for small streams although fragmentarily.
The highest final geodiversity values of the Derbor-
ence study area (Fig. 5f) can be linked to the geolog-
ical setting factor map (Fig. 5d). There is a strong
positive correlation (0.87) between these maps
(Table 4). To some extent, the Derborence geodiver-
sity map also reflects well the landform fragmenta-
tion (r=0.49). The final geodiversity map does
not correlate with the landform preservation and
hydrological ones. The correlation is close to zero
and amounts to 0.02 and —0.02, respectively
(Table 4).

The Derborence area is characterized by a large
mosaic  (dispersion) of geodiversity classes
(Fig. 5f), with the highest percentages being those
of medium (28.9%) and low (26.4%) values
(Table 3). These are mainly the valleys of the Lizerne
River and its tributaries, streams (Derbonne and La
Chevillence) feeding Lake Derborence, the area
around Lake Derborence and Le Godey reservoir,
the Diablerets Glacier, the northeastern slopes of
the peaks Haut de Cry and Mont a Perron and the
southeastern slopes of Le Pacheu and Téte Pegnat.
The highest values cover 22.3% of the research
area and are characterized by a significant dispersion.
These are mainly rocky mountain ridges: the

Table 3. Percentage shares of the areas by
geodiversity class in Derborence and lligraben

1: 2: 3 4: 5:
Very low Low Medium High Very high
(%)
Derborence 4.8 26.4 28.9 17.6 22.3
Iligraben  29.3 25.5 21.8 14.7 8.6

summits of the Téte a Pierre Grept and Téte Tsernou
in the SE, from Quille du Diable in the north to Téte
Noire and La Fava in the NW and from the eastern
slopes of Mont Gond in the west to Sex Riond in
the SE. Moreover, in the central part of the Derbor-
ence research area, high geodiversity values are
clearly marked by the northern slopes of Téte Pegnat
and Mont a Cavouere, which are split by the Der-
bonne River valley. The high value of geodiversity
clearly exposes the stratification of the landscape
relief of the northern part of the study area, in the
Diablerets Massif. This is controlled by differences
in rock weathering resistance. The very low geodi-
versity class (4.8% of the research area) corresponds
mainly to the area of Combe Neire in the southeast-
ern part, the small Tchiffa glacier and Fenadze pas-
ture in the north.

Figure 6 presents five factor maps corresponding
to the geodiversity assessment criteria of the Illgra-
ben area. The relief energy map (Fig. 6a) is charac-
terized by a large mosaic of values, except the
alluvial fan, which is distinguished by minimal rela-
tive height differences. The glacier-shaped area of
the Illsee reservoir in the upper part of the catchment
is also characterized by the lowest values. The land-
form fragmentation map is distinguished by a very
high percentage of medium class geodiversity
(Fig. 6b), which corresponds to the deeply incised
streams and upland drainages (Table 1). In the land-
form preservation (Fig. 6¢) and geological setting
(Fig. 6d) maps, the highest geodiversity value is
related to bare rocks. The hydrological factor map
(Fig. 6e) is the least diversified one due to the dis-
crete nature of the criterion, and is weakly correlated
with the final map (Table 5). All the lakes were
judged to have the highest value of geodiversity.
Almost the entire river Illbach is classified as high
and very high value, while the Illgraben is only in
small parts. The final geodiversity map of the Illgra-
ben catchment correlates mostly with the relief
energy and geological setting factor maps (Table 5).

The final geodiversity map of Illgraben (Fig. 6f)
clearly shows two parts of the catchment area: (i)
the very dynamic upper part shaped by torrential
activity, debris flows, surface runoff and gully and
gorge erosion, and (ii) the lower one, in the form
of an alluvial fan entering the Rhone valley. The per-
centage share of the area of geodiversity class at IlI-
graben differs significantly from Derborence
(Table 3). The dominant value of geodiversity is
very low, covering 29.3% of the area, and it relates
mainly to the alluvial fan and the fragmentary Illsee
lake’s surroundings. The eastern part of the alluvial
fan is associated with a slightly higher geodiversity
value class. Low geodiversity value also character-
izes the Illbach River valley and the southwestern
bank of the Illgraben River. The outstanding north-
western part of the Illgraben riverbank is



100

Downloaded from https://www.lyellcollection.org by Instituto Geol égico, Minero y MetalGrgico (INGEMMET) on Jun 23, 2023

A. Najwer et al.

Table 4. Correlation matrix for all factor maps and the final geodiversity map of Derborence

Derborence (A) (B) ©) (D) (E) F)
(A) Relief energy 1.00

(B) Landform fragmentation 0.16 1.00

(C) Landform preservation —0.02 0.02 1.00

(D) Geological setting 0.13 0.10 0.03 1.00

(E) Hydrological —0.10 0.05 —0.26 —0.19 1.00

(F) Geodiversity map 0.22 0.49 0.02 0.87 —0.02 1.00

distinguished by the highest value of geodiversity,
which is associated with bare rocks and rock-waste
cover. The bedrock is mainly made up of dolomites,
limestones, sandstones, marls and schists in the
upper part, where the most intense denudation pro-
cesses take place. As a result, surface mesostructures
are the most diversified. The Illsee reservoir and the
IlIbach River channel, which drains the lake, are also
classified as highly diversified areas. The highest
value of geodiversity covers only 8.6% of the studied
area (Table 3).

Discussion

The percentage shares of the areas by geodiversity
class in both geomorphosites are presented in
Table 3. The results show that the Derborence catch-
ment is characterized by a higher geodiversity than
the Illgraben one. However, such a comparison
should be approached with caution due to the differ-
ent classification rules and weights applied. The
comparative analysis of the studied geomorphosites
is only methodical. The Derborence catchment has
a higher proportion of area with the higher geodiver-
sity values, i.e. 39.9%, while the lower value classes
cover 31.2% of the area. In the Illgraben catchment
area, the higher classes of geodiversity cover only
23.3%, while the lower classes cover as much as
54.8% of the area. The percentages of these classes
reflect the high landscape complexity of the Derbor-
ence catchment area, shaped by many weathering
and denudational processes. The Illgraben catch-
ment, formed essentially by the occurrence of torren-
tial rainfall and related runoff processes, manifests

homogeneous morphogenesis and geomorphologi-
cal evolution with successive rainfall events.

It is worth paying attention to the final geodiver-
sity maps for both selected areas, and to their correla-
tions with factor maps (Tables 4 & 5). It should be
remembered that in the case of WLC multi-criteria
analysis, where the weights for a particular criterion
are not equal, the correlation result should reflect
the compensation of a given factor. In the case of
Derborence, the highest weight was assigned to the
geological setting map (0.41), and indeed the final
map shows a high positive correlation with this factor
map (Table 4). In the case of Illgraben, the highest
weight was assigned to the hydrological component
(0.35), and the correlation is very low (Table 5). It
is related to the discrete type of hydrological data
that were used in the analysis. The hydrological
data are ‘direct’ indicators and undoubtedly of the
greatest value (Zwolinski et al. 2018). However,
even after assigning the highest importance to the
hydrological factor, assessing area which mainly
owes its morphometry to the river system, this abiotic
component was not clearly reflected in the final geo-
diversity value map. This means that hydrographic
elements can only enhance the geodiversity value
locally, and do not have a broad spatial significance.
Therefore, there are suggestions to use the Topo-
graphic Wetness Index (TWI) in geodiversity assess-
ments (Hjort ez al. 2012; Najwer et al. 2016, 2022;
Tukiainen et al. 2017; Jankowski et al. 2020). It is
an ‘indirect’ indicator that expresses the spatial distri-
bution of water occurrence and runoff. TWI is com-
monly used as a proxy for soil moisture and could
be particularly useful in the absence of pedological
‘direct’ data.

Table 5. Correlation matrix for all factor maps and the final geodiversity map of lligraben

Iligraben (A) B) © (D) (E) F)
(A) Relief energy 1.00

(B) Landform fragmentation 0.39 1.00

(C) Landform preservation 0.43 0.23 1.00

(D) Geological setting 0.68 0.35 0.27 1.00

(E) Hydrological —0.12 —0.04 0.12 -0.22 1.00

(F) Geodiversity map 0.80 0.38 0.53 0.62 0.23 1.00
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Another high weight in MCE (multi-criteria eval-
uation) of Illgraben was given to relief energy, and
the observed correlation with the final geodiversity
map was very high (Table 5). It should be empha-
sized that in geodiversity assessment, each factor is
important; however, depending on the specificity
of the area, the individual weights of criteria should
be appropriately differentiated. Usually, geology is
treated as a key driver controlling geodiversity, and
it has been suggested that the geological setting com-
ponent exerts a strong influence on the overall geodi-
versity (Hjort and Luoto 2010; Pereira et al. 2013;
Melelli et al. 2017; Forte et al. 2018). In the case
of Illgraben, the relief energy diversity variable is
the most important, which fits well with the findings
in the literature (Zwolinski 2010; Hjort and Luoto
2012; Seijmonsbergen et al. 2018).

In research on the assessment and mapping of
geodiversity, an extremely important and unfortu-
nately usually overlooked aspect is the verification
of results. The first attempt to validate the geodiver-
sity model appeared recently (Najwer et al. 2022).
Verification is extremely difficult and requires both
an expert knowledge of the research area and experi-
ence with the assessment technique. In the case of
geodiversity, there is no standard model to which
the obtained results can be compared, and thus the
efficiency of the used method can be assessed. One
possible approach is model validation by comparing
the assessment results with expert knowledge of the
assessed area. The accuracy of the final geodiversity
maps of Derborence and Iligraben was verified dur-
ing a field inspection, with positive results.

Due to the lack of universal classification ranges
for individual components of geodiversity, the pro-
posed methodology should be treated with caution,
even when applied to other areas of similar size and
landscape characteristics. So far, the proposed
method has been successfully used for lowland
areas (Najwer et al. 2016), and with some modifica-
tions regarding basic units of analysis, i.e. elementary
catchments instead of raster cells; for mountain areas
(Jankowski ef al. 2020; Najwer et al. 2022); uplands
and coastal lowlands (Najwer et al. 2022); mountain
areas (Kori et al. 2019; Chrobak et al. 2021); and
administrative units (Stanley 2022). The creation of
a universal framework for geodiversity assessment
for the whole world, or at least for selected climatic
zones, is certainly the biggest challenge. It is much
easier to work out classification ranges for quantita-
tive criteria (see Table 1) that can be assessed objec-
tively using the available methods. However, it is
much more difficult to create such classification
ranges for expertly assessed components such as
landform fragmentation, landform preservation, geo-
logical settings (see Table 1) and other geodiversity
components that were not included in the present
research procedure.

Depending on the purpose of the geodiversity
assessment, the quality and resolution of the source
data are extremely important. The required resolu-
tion for evaluating large geomorphosites and for
the designation of areas characterized by high geodi-
versity for conservation and protection is 25 m. For
the evaluation of smaller protected and conserved
areas or their fragments, more accurate data with a
resolution of at least 10 m should be used. The use
of very high-resolution data affects the velocity
and sometimes the ability to perform the analysis
on a given hardware unit. The data require generali-
zation at the input stage or spatial aggregation at the
final map stage (Fig. 4). Moreover, a large mosaic of
the final results is not adequate for managing pro-
tected and conserved areas. In the case of Derbor-
ence, it is worth considering the spatial aggregation
of the final geodiversity map, which will facilitate
the interpretation of the results and may be more use-
ful for site spatial planning and environmental man-
agement. Contrarily, too low data resolution causes
distortion of the final result and its generalization.
At the stage of building the geodatabase and select-
ing the assessment criteria (Fig. 4), it is necessary
to decide what is the basic evaluation unit size and
whether the available data are in the same or in a sim-
ilar and sufficient resolution. For this reason, it was
decided to omit the soil component in the present
analysis. The existing soil databases did not meet
the resolution criterion — a scale of at least 1:100 000.

The upward trend in global mean temperatures,
unfortunately, leads to many changes such as an
increase in intense rainfall, changes in the cryosphere
such as glaciers receding and permafrost thaw, as
well as changes in river flow and sediment transfer
regimes. More frequent and intense extreme events
can be expected, including primarily geomorpholog-
ical events significant to geodiversity (IPCC 2021).
It should be considered that changes in geodiversity
as a result of extreme processes — such as rockfalls,
landslides and debris flows — also cause changes in
biodiversity, which, in the form of fallen trees, can
significantly threaten human life and affect the infra-
structure along designated routes. In the case of
PCAs that have high value for geotourism and geo-
heritage, potential changes in geodiversity, and con-
sequently in biodiversity, should be taken into
account in particular when assessing the condition
of trails, existing safeguards and other tourist infra-
structure. In light of this, the role of PCA managers
is primarily to determine the current state of the
area, to assess the risk and forecast changes as well
as to develop and implement a possible adaptation
plan. Geodiversity maps can be of great importance
for this purpose.

Some changes in the natural environment are
long-term and currently difficult to forecast. Under-
standing landscape morphogenesis and learning
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from past changes recorded in landforms and sedi-
ments can help to predict climate changes (Gordon
et al. 2022). Geodiversity maps of entire PCAs or
their fragments should be made periodically, accord-
ing to the adopted research method. Series of geodi-
versity maps that represent dynamic geodiversity
(Zwolinski 2009) are useful for comparing changes
over time and to better conserve the most valuable
parts of the area. Monitoring changes is an important
part of the site management process, which allows us
to deploy an appropriate evidence-based interven-
tion (Wignall ez al. 2018; Crofts et al. 2020).

Conclusions

The study reported herein had two objectives: (1) to
propose a method for geodiversity assessment for
high mountainous areas characterized by passive
and active morphodynamics, and (2) to apply and
verify the proposed method for the assessment
of geomorphosites.

The first objective was realized by selecting two
alpine protected and conserved areas (PCAs) repre-
sentative of different types of morphodynamics.
The proposed method of geodiversity assessment
of the selected catchments, characterized by high-
mountain landforms, required adaptation of the
general research workflow proposed by Najwer and
Zwolinski (2014). The main differences concern ter-
minological aspects and some details regarding the
type of input data (see Fig. 4, task 2) and factor
maps (task 3), as well as specifications of analytical
alternatives and the use of multi-criteria analysis (see
Fig. 4, task 4).

To realize the second objective, geodiversity
maps of the two selected geomorphosites were com-
puted using spatial multi-criteria analysis (S-MCA).
The geodiversity assessment criteria were selected
and presented on five factor maps. The factor maps
were aggregated using the weighted linear combina-
tion (WLC) technique. The accuracy of the final geo-
diversity maps of Derborence and Illgraben was
verified during a field inspection. According to the
state of the art of geodiversity research and methods
for its assessment, there is no universal model for
validating geodiversity map results. Therefore, veri-
fication of geodiversity maps is difficult and requires
both experience with evaluation techniques and
expert knowledge of the research area.

The percentage share of the area by geodiversity
class in both geomorphosites shows that the Derbor-
ence catchment is characterized by higher geodiver-
sity than the Illgraben one. Almost 40% of the
Derborence area is distinguished by high and very
high geodiversity. In the Illgraben site, these two
classes of geodiversity cover 25%. On the other
hand, very low and low classes of geodiversity

cover as much as 55% of the Illgraben catchment
area, while they cover only 31% in the Derborence
one. When referring the obtained results to the
types of geomorphosites, it should be noted that
the Illgraben catchment, being an active geomorpho-
site, is characterized by lower geodiversity than the
Derborence catchment, which is recognized as an
evolving passive geomorphosite. It can be concluded
that the active morphogenetic processes in the Illgra-
ben catchment are not conducive to increasing the
degree of geodiversity.

The adopted geosite inventories are a more or less
qualitative—quantitative selection of sites considered
by the scientific community to be of special impor-
tance due to their contribution to knowledge of
Earth history and to society in general. Some geo-
sites, in particular geomorphosites, can be quite
large (dozens of square kilometres) and sometimes
heterogeneous. The proposed methodology, tested
on two Swiss geomorphosites, allows the intrinsic
geodiversity differentiation of large geomorphosites
as well as other PCAs (e.g. landscape protected
areas, Biosphere reserves, World Heritage sites) to
be assessed, and the results could be used for other
purposes such as the preservation of specific features
within the protected perimeter, spatial planning or
tourist management, at least in the alpine fold
mountains.
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