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Abstract. Geoheritage is a component of geodiversity constituted by all the elements of geodiversity recognized
by society for their particular values. The definition of these values, including the importance of geoheritage
for biodiversity, plays a key role in the process of heritage recognition and geoconservation policymaking. In
mountain environments, dynamic geomorphosites have a strong influence on plant diversity because the active
geomorphological processes responsible for their formation act as renovators for habitats of pioneer species. In
this paper, we propose criteria to assess the ecological value of dynamic mountain geomorphosites. We show that
the interest of plant communities (species richness and presence of rare or protected species) and the influence
of geomorphological processes on plant communities (disturbances, surface movement and soil) are fundamen-
tal criteria for assessing the ecological value in an exhaustive and objective way and that the question of the
scale (local and national scales) is also a crucial parameter. We then illustrate this methodological proposal by
evaluating the ecological value of three dynamic geomorphosites and a talus slope in the western Swiss Alps.

1 Introduction

The close relationships between geomorphology and biodi-
versity are not sufficiently taken into account in the field
of geomorphosite characterization, assessment and conserva-
tion (Pelfini et al., 2010; Bollati et al., 2015; Reynard et al.,
2016; Bétard, 2017). There is indeed particularly little dis-
cussion in the literature about the assessment of the ecolog-
ical value of geomorphosites (Reynard and Panizza, 2005;
Reynard, 2009). A literature review presented in this paper
shows that in most of the current methods, the criteria used
to assess the ecological value are not defined with sufficient
precision in view of the many interrelationships existing be-
tween geomorphology and biological features and the posi-
tive impacts that certain geomorphosites can have on biodi-
versity. The aim of this article is to clarify and objectivize the
assessment of the ecological value of dynamic mountain ge-
omorphosites. A complete evaluation of the ecological value
should take into account the impacts of geomorphological
processes and landforms on vegetation diversity and on fauna

diversity. In this article, we propose to look further into the
question of the impact of dynamic mountain geomorphosites
on vegetation diversity. We first give a general overview of
the issue according to the existing literature and then suggest
the definition of criteria that should be used for a more accu-
rate and objective assessment of the ecological value of this
category of geomorphosites. We finally apply these criteria
for the assessment of the ecological value of three mountain
geomorphosites (i.e. landforms with a high scientific value)
— arock glacier, a pre-Little Ice Age (LIA) moraine complex
and a lateral moraine from the LIA — and of a talus slope
located in the Vallon de Nant (western Swiss Alps).

2 State of the art

2.1 Geodiversity, biodiversity, geoheritage and their
relationships

Geodiversity is “the natural range (diversity) of geologi-
cal (rocks, minerals, fossils), geomorphological (landforms,
topography, physical processes), soil and hydrological fea-
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tures” (Gray, 2013:12). Geodiversity is the abiotic equiv-
alent of biodiversity and therefore is a value-neutral term
(Gray, 2018), except for the existence value of everything
that constitutes geodiversity (Brilha, 2018). However, some
specific elements of geodiversity have particular values from
an anthropogenic point of view, especially when they pro-
vide abiotic ecosystem services, also called geosystem ser-
vices (Gray, 2011). It is important to mention that ecosys-
tem services not only are ecological (biotic) but can also be
provided by geodiversity and that the benefits obtained from
geodiversity can be of two types: direct (e.g. the beauty of
an alpine landscape) or indirect, through the influence that
geodiversity and related forms and processes have on biodi-
versity (Gordon and Barron, 2011). Geoheritage is a com-
ponent of geodiversity (Gray, 2018), constituted by all the
elements of geodiversity recognized by society for their par-
ticular values. The societal process by which a geological
asset (element of geodiversity) becomes heritage is based
on the values attributed to heritage by the different societal
stakeholders over time (Portal, 2010; Reynard et al., 2011;
Martin, 2013). The definition of geoheritage values, includ-
ing its importance for biodiversity, therefore plays a key role
in the process of heritage recognition and geoconservation
policymaking (Reynard and Panizza, 2005). Geomorpholog-
ical heritage is a part of geoheritage, and geomorphosites are
the specific elements constituting it. Compared to other cate-
gories of geosites, geomorphosites are formed by active geo-
morphological processes that have a strong influence on bio-
diversity. The dynamic dimension is a specific characteristic
of geomorphosites that distinguishes them from other types
of geosites (Reynard, 2004a, 2009; Reynard and Coratza,
2013; Coratza and Hobléa, 2018).

In the field of nature conservation, many authors note that
geodiversity and geoheritage do not receive sufficient institu-
tional recognition, while biodiversity receives much attention
(e.g. Brilha, 2002; Sharples, 2002; Gray, 2004, 2005; Pra-
long, 2006; Larwood et al., 2013; Gray et al., 2013; Crofts,
2014, 2018; Brilha et al., 2018; Gordon et al., 2018a, b).
In Switzerland (Reynard et al., 2005, 2021; Strasser et al.,
1995) and in Italy (Giovagnoli, 2017) for example, the pro-
tection of geosites and geomorphosites is mainly indirect,
for their ecological or landscape characteristics, and not for
their own geoscientific value. Swiss legislation emphasizes
the protection of biotopes and landscapes of national impor-
tance through various inventories (described in the Federal
Act on the Protection of Nature and Cultural Heritage) that
often include geosites and geomorphosites, even if they are
not specifically targeted. We must also mention that some
countries, on the contrary, have integrated direct references
to geoheritage within their legal framework, for instance the
UK (Prosser, 2008), Spain (Carcavilla et al., 2009) and Nor-
way (Erikstad, 2013), and that the International Union for
Conservation of Nature (IUCN) published new guidelines on
geoheritage conservation in protected areas in 2020 (Crofts
et al., 2020, 2021). In addition to their geoscientific interest,

some geosites and geomorphosites also have strong interac-
tions and a positive influence on biodiversity (Hjort et al.,
2015; Bétard, 2017). In order to conserve biodiversity in the
context of climate change, the importance of protecting the
abiotic conditions that support life has indeed been recog-
nized as a fundamental underpinning (Anderson and Ferree,
2010; Beier and Brost, 2010).

The “nature’s stage” framework, introduced by Lawler et
al. (2015), illustrates how important it is to conserve the
“stage” (geodiversity) as well as the “actors” (biodiversity),
which are highly interdependent. In addition, we can con-
sider that some geomorphosites not only are a motionless
stage but also constitute active and moving scenery with
strong interactions with living species (Bollati et al., 2018,
2019). The activity of a geomorphosite, as well as that of a
landform in general, results from morphoclimatic factors (ex-
ogenous processes), climate being a key factor, and endoge-
nous factors such as the tectonic context and structural fea-
tures (Pelfini and Bollati, 2014). Active geomorphosites are
those currently shaped by the processes responsible for their
formation, while inactive geomorphosites are those which
are not evolving anymore under the action of these responsi-
ble processes. A change in morphoclimatic conditions or in
tectonic and structural conditions can lead to a modification
in the activity of a geomorphosite. For example, the current
warming of temperatures in mountain environments leads to
the retreat of glaciers and to the degradation of permafrost,
two consequences that impact the activity of glacial and
periglacial processes and affect the related geomorphosites.
In addition, a distinction must be made between the pro-
cesses responsible for the genesis of a geomorphosite — for
a moraine, sediment transport and deposition by a glacier is
the responsible process — and processes affecting the geo-
morphosite under different conditions — erosion of a moraine
ridge by weathering after the glacier retreat, for example.
This shows that a geomorphosite can be inherited (or pas-
sive with regard to the processes responsible for its genesis)
but affected by other active processes. To avoid confusion
with active geomorphosites, Pelfini and Bollati (2014:139)
suggested calling “evolving passive geomorphosites” the in-
herited geomorphosites that are affected by other processes.
We consider that active geomorphosites and evolving passive
geomorphosites are dynamic geomorphosites.

Over the past 30 years, the bidirectional relationship be-
tween geomorphology and biological features has been the
subject of many publications and has led to the develop-
ment of the biogeomorphology, defined as the study of inter-
actions between geomorphological processes and structures
and living organisms, like plants, animals and microorgan-
isms (Knox, 1972; Gorbushina, 2007). Inside the biogeomor-
phology, we can distinguish zoogeomorphology (interrela-
tionship between fauna and geomorphology — Butler, 1995),
phytogeomorphology (influence of topography on plant com-
munities — Howard and Mitchell, 1985) and dendrogeomor-
phology (use of tree rings to study geomorphic processes,



e.g. Pelfini et al., 2010; Bollati et al., 2018, 2019), lead-
ing to a much better understanding of the impacts of geodi-
versity (and especially geomorphology) on biodiversity and
vice versa (Viles, 2004, 2019). In addition, the living or-
ganisms affect the geomorphological processes at multiple
spatial-temporal scales, through many biotic actions such
as biostabilization, bioerosion and bioturbation (e.g. Butler,
1995; Phillips and Lorz, 2008; Wilkinson et al., 2009; Coren-
blit et al., 2011; Rice et al., 2012). In recent years, the sci-
entific community has come to understand that vegetation
plays an important role in the influence of the geomorpho-
logical processes, especially in helping reduce soil erosion
(Zheng, 2006; Osterkamp et al., 2012), and that bidirectional
and interconnected relationships exist between these compo-
nents (Stallins, 2006). Numerous papers have demonstrated
the biogeomorphic feedback in many dynamic environments
such as rivers (Corenblit et al., 2007), periglacial environ-
ments (Hjort and Luoto, 2009), glacier forelands (Moreau et
al., 2008) or alluvial fans (Lane et al., 2016). The dynamic
geomorphological parameters can therefore have various ef-
fects on vegetation distribution and community composition,
particularly in mountain environments.

The “geoscientific value” (value for geosciences) or the im-
portance of a landform in the understanding of the Earth’s
history and ongoing geomorphological processes is a deter-
mining criterion, from the point of view of geologists and
geomorphologists, for the recognition of geomorphosites as
a part of the natural heritage that must be protected for fu-
ture generations (Grandgirard, 1997a). As an example, the
first actions of geoconservation in Switzerland were based on
the recognition of a high geoscientific value: erratic boulders
were the first geomorphosites to be protected in the coun-
try, as early as 1838 (Pierre-a-Bot in Neuchatel), because of
their great value for the understanding of glacial and climatic
history by the scientific community (Reynard, 2004c). How-
ever, the geoscientific interest is not the only heritage value of
geomorphosites: other features also deserve heritage recog-
nition, in particular their aesthetic, ecological and cultural
values, defined by Reynard (2005, 2009) as “additional val-
ues”. The assessment of geoscientific and additional values
of geomorphosites is the subject of a large number of pub-
lications and methodological proposals (Brilha, 2018), but
there is currently no consensus on the best method to ap-
ply, as it depends significantly on the aim of the research.
While some of the main criteria for assessing scientific value
(rarity, representativeness, integrity) are mentioned in most
methods, the criteria for assessing additional values are much
more heterogeneous (Mucivuna et al., 2019). If the assess-
ment of the aesthetic value can be considered very subjec-
tive, the evaluation of ecological and cultural values is dif-

ficult without collaboration with specialists from disciplines
other than geosciences (Panizza, 2001; Reynard et al., 2016).

Since the first definition of the concept (Panizza, 2001), it
has been recognized that geomorphosites have an ecological
value because they support biodiversity and can be exclusive
habitats for certain animal or plant species (e.g. Gentizon,
2004; Panizza and Piacente, 2004; Reynard, 2004b; Bollati
et al., 2015). In addition, it has been shown that the dynamic
dimension of some geomorphosites has a positive impact on
biodiversity. For example, alluvial floodplains allow a con-
stant renewal of wetlands of high ecological value through
successive floods and alluvial deposits (Reynard et al., 2005;
Corenblit et al., 2007; Atkinson et al., 2018). For this rea-
son, alluvial floodplains in Switzerland are recognized as
“biotopes of national importance” under the Federal Act on
the Protection of Nature and Cultural Heritage, and the con-
servation measures are aimed in particular at restoring the
natural dynamics of the water regime and sediment transport.
Other examples of a close relationship between dynamic geo-
morphology and biodiversity have been studied in coastal en-
vironments (Stallins and Corenblit, 2018; Eveillard-Buchoux
etal., 2019).

As aresult of these observations, several publications have
integrated the ecological value of geomorphosite as a com-
plement to the geoscientific value, but few of them have pro-
posed a complete definition or defined specific evaluation cri-
teria. For example, Bruschi and Cendrero (2005), Pelfini and
Gobbi (2005), Pereira et al. (2007), and Kubalikova (2013)
proposed a quantitative evaluation of the ecological value,
with high scores for the sites where “valuable” or “interest-
ing” fauna and/or flora was observed, but without explain-
ing the link with a specific geomorphological landform. Pra-
long (2005) suggested that the ecological interest depends on
the species rarity and diversity (number of different species).
These more detailed criteria are welcome for an objective as-
sessment but still do not specify the impact of geomorphol-
ogy on biodiversity. Reynard et al. (2007) recognized that
“the importance of the geomorphosite for the development of
a particular ecosystem or the presence of a particular fauna
and vegetation” needs to be assessed using the literature or
directly with specialists, suggesting an interdisciplinary ap-
proach to the issue, but this proposal has not been further de-
veloped. In the same way, Bollati et al. (2015) proposed that
the “ecologic support role” of geomorphosites should have a
low score (0.33/1) if there is a “presence of interesting flora
and fauna”, a high score (0.67/1) if “the geomorphological
features condition/favour the ecosystems”, and a maximum
score (1/1) if “the geomorphological features determine the
ecosystems”. The score is zero if the geomorphosite has no
connection with the biological element.

Some authors (e.g. Cocean and Cocean, 2017; Reynard et
al., 2007; Zouros, 2007, Strba et al., 2015) have proposed
linking ecological value to the protection status of the site,
arguing that the decision to classify a site under strict pro-
tection, particularly in a protected area of national or inter-



national importance, proves that the ecological value is high
and preserved. This approach presupposes that all sites of
high ecological value are inventoried and protected, which
is not always the case, or neglects high-value sites located
outside protected areas. According to Bétard (2017:42), the
evaluation of the ecological value “should systematically re-
fer to a biopatrimonial assessment of the case in question”
(our translation), which goes beyond the mere consideration
of protection status.

This literature review, although not exhaustive, shows that
the assessment of the ecological value is problematic in the
vast majority of geomorphosite studies. If the dynamic geo-
morphological parameters are not sufficiently taken into ac-
count in the geomorphosite assessment methods, they are
also less considered in species distribution modelling, mod-
els that examine the impact of various threats on biodiversity
and act as support for political decisions about conservation
(Guisan et al., 2013; Mod et al., 2016). It would be necessary,
on the one hand, to clarify in which cases the high ecological
value of a site (presence of rare species or high biodiversity)
is linked to its specific geomorphological characteristics and,
on the other hand, to better explain the influence of dynamic
geomorphological processes on vegetation renewal. The next
section aims to discuss these issues from a biogeomorpholog-
ical perspective and with a focus on mountain environments
and mountain plant species.

In mountain environments vegetation is influenced by cli-
matic factors, such as intense solar radiation, cold temper-
atures, low atmospheric pressure, abundant snowfalls and
strong winds (Korner, 2003), and topographic factors, for
example slope angle, aspect and grain size, which generate
multiple microhabitats allowing the existence of a mosaic
of plant communities in small areas (Scherrer and Korner,
2011). Soil and water availability are fundamental control-
ling factors for plant development as well (Buri et al., 2017).
Mineral resources and water are acquired by mountain plants
from substrates, but they can change in very short distances,
giving place to a large variety of soil types. In this panoramic
view of climatic, topographic and edaphic processes, which
have an impact on the development of plant communities, a
significant role is also played by the disturbances related to
geomorphic processes and landform types. Disturbances are
“environmental fluctuations and destructive events” (Picket
and White, 1985), and they have been examined in many
studies in Arctic—alpine environments (Gentili et al., 2013;
le Roux and Luoto, 2014; Virtanen et al., 2010). Several in-
vestigations have demonstrated a key role of the geomorphic
processes in modifying the microhabitat conditions; in con-
trolling the community composition, the species distribution
and the species richness (number of plant individuals); in in-
creasing the colonization of plant species adapted to the dis-

turbance (Corenblit et al., 2011; Gentili et al., 2010); and in
influencing the treeline position (Masseroli et al., 2016).

The mountain environments are characterized by various
landforms, based on the main geomorphological processes
that drive them. In a typical mountain glacial valley, we can
observe moraines built by the glacier and rock glaciers driven
by creeping processes related to permafrost presence and ma-
terials eroded, transported and deposited by water, including
debris flows, rockfalls or rockslides due to gravitational and
freezing—thawing processes. In all these landforms, the veg-
etation cover will be different based on the age, frequency
and intensity of the process. For example, the plant colo-
nization of a morainic deposit is weak in the first years af-
ter the glacier retreat and in the proximity of the glacier
front because there is not an adequate substrate for plant
life (Matthews, 1992). Only a few species, called pioneer
species, can survive in these environments. The time since
deglaciation, grain size, soil water content, topography, dis-
turbance and snowmelt drive the initial plant colonization.
After some decades, biotic processes are affirmed and al-
low for a more developed vegetation stage in areas distant
from the glacier front with shrubs and trees (Burga et al.,
2010; Erschbamer et al., 2008; Garavaglia et al., 2010). In
this case, we note, on the one hand, that the active geomor-
phological processes allow the existence of very diversified
vegetation whose composition and development depend on
the period of glacier retreat and, on the other hand, that the
degree of vegetation cover and its richness help in dating a
glacial retreat (Burga et al., 2010). Equally, the plant diver-
sity on rock glaciers can be adopted to distinguish an active,
inactive and relict rock glacier. Several authors have demon-
strated that surface disturbances and micro-topography pro-
duced by permafrost creep are important environmental fac-
tors that control plant growth. Especially in rock glaciers,
vegetation cover increases with the decrease in movement
and the percentage growth of finer granulometry (Burga et
al., 2004; Cannone and Gerdol, 2003; Colombo et al., 2016;
Giaccone et al., 2019). For this reason, relict rock glaciers
are generally colonized by grasslands and shrubs, while ac-
tive/inactive rock glaciers are colonized by a few and scat-
tered individuals of pioneer communities that can reach lo-
cally more extended cover thanks to their stress-tolerance ca-
pacity.

Under the ongoing climate change (Beniston et al., 2018),
mountain ecosystems are facing modifications in both ge-
omorphic processes and vegetation communities. While an
increase in species richness and an upward shift of plant
species at high altitudes during the last century have al-
ready been assessed in various studies (Cannone et al., 2007;
Stockli et al., 2011; Wipf et al., 2013), as well as a shift of the
treeline to higher elevations and latitudes (Garamvoelgyi and
Hufnagel, 2013), studies on the future impact of geomorphic
processes on vegetation (for example Masseroli et al., 2016)
are sporadic. An augmentation of the morainic deposits due
to the accelerated glacier retreat, an increase in landslides and



rockfall due to permafrost degradation, and a greater infiltra-
tion of water because of the increase in liquid precipitation
can be expected (IPCC, 2018). Therefore, it is difficult to
quantify the intensity of these phenomena and their impact
on plant biodiversity. We expected a continual upward shift
of plant species to the summit of the mountains, risking the
disappearance of some nival species where no higher habitats
are available (Steinbauer et al., 2018). Stabilization in some
areas (e.g. ancient morainic deposits and rock glaciers) and
destabilization in others (e.g. proglacial areas, talus slopes)
would keep a heterogeneous mosaic of microhabitats suit-
able for the conservation of different plant communities.

The evaluation of the ecological value of dynamic geomor-
phosites should consider their capacity to maintain a high
degree of biodiversity. The literature review showed two ap-
proaches. The first one, which is by far the most frequently
used (e.g. Bruschi and Cendrero, 2005; Pralong, 2005), aims
to give a high ecological value to sites where biodiversity is
high or where interesting or rare species are present. How-
ever, the presence of a plant community of high interest does
not mean that the ecological value of the associated geomor-
phosite is necessarily high, as this high interest may be due to
factors other than the geomorphological features. The second
approach, suggested by Bollati et al. (2015), tries to assess if
the ecosystem is influenced or determined by specific geo-
morphological features.

Here we present a third numeric approach focused on veg-
etation diversity that combines the first two ones and tries
to answer the following question: is the high biodiversity or
the presence of rare species observed on a geomorphosite
linked to specific geomorphological conditions? If the an-
swer is yes, we consider that the ecological value of the ge-
omorphosite is high. In the next lines, we explain how this
approach works.

We propose an evaluation of the ecological value of ge-
omorphosites based on two groups of numeric criteria: cri-
teria for assessing the interest of the plant community and
criteria for determining the influence of geomorphological
processes on vegetation (see Table 1). The first group of cri-
teria, concerning the interest of the plant community (with
scores ranging from O to 6), is assessed according to the sum
of two criteria (ranging from 0 to 3): (1) the diversity of plant
species and (2) the presence of rare or protected species (af-
ter Bollati et al., 2018, 2019). The second group of criteria,
used to determine the influence of geomorphological pro-
cesses, is based on the morphodynamics index of Giaccone et
al. (2019), ranging from 0O to 9. It is composed of three crite-
ria (frequency of disturbances, surface of movement and soil)
which allow a comprehensive evaluation of the influence of
geomorphological processes on vegetation.

Finally, the ecological value is calculated summing the
scores from both groups of criteria. The ecological value can
therefore be low (0-5), medium (6—10) or high (11-15).

The numerical assessment of plant diversity (number of dif-
ferent species) and of the rareness of plant species is illus-
trated in Table 2. The number of species must be counted or
estimated for the entire landform surface.

This evaluation is closely linked to the spatial scale con-
sidered. Species diversity is likely to be higher if the area un-
der consideration is larger, especially if a larger scale allows
the presence of multiple habitats and varied environmental
conditions. Similarly, a locally rare species is not necessarily
rare at a regional or national level. It is therefore important
to specify the scale of analysis: is the plant community of in-
terest on the scale of a slope, a valley, a region or a country?
Are the protected species mentioned in a regional, national
or international list of protected species? Besides, a distinc-
tion has to be made between rare and protected species, as
not all rare species are protected and vice versa, but the pro-
tection given to a particular species is very often linked to its
rareness.

The numerical evaluation of the influence of the geomorpho-
logical processes is based on the morphodynamics index (Gi-
accone et al., 2019) reported in Table 3. The existence of dis-
turbances that affect the soil can be related to numerous geo-
morphological processes: a movement in the surface may be
induced by periglacial processes, solifluction or frost weath-
ering; the erosion of surface deposits or the deposition of sed-
iments may be linked to gravitational processes, avalanches,
post-glacial decompression, torrential activity, etc. The fre-
quency and intensity of these perturbations are key factors
to understanding the impacts they can have on soil develop-
ment and vegetation (Masseroli et al., 2020). Because they
limit the development of the soil and can damage vegetation,
disturbances may reduce the number of plant species. Nev-
ertheless, at the same time, they act as a renovator and al-
low the existence of pioneer species which would otherwise
have been replaced by alpine grassland or by other species
adapted to stable terrain. Giaccone et al. (2019) suggested
that the application of a morphodynamics index can lead to
fundamental results for estimating in which areas the veg-
etation communities are subject to a stronger geomorphic
pressure. This index evaluates the frequency of the geomor-
phic disturbances (score from 0 to 4), the landform stability
(measured with geomorphological interpretation or compar-
ison between images when possible; the score is 0 or 1) and
the soil development (score from 0 to 4). The sum of the three
criteria ranges from O (stable landform) to 9 (landforms af-
fected by high activity).



Proposed criteria for assessing the ecological value of geomorphosites.

Ecological value of geomorphosites — assessment criteria for vegetation diversity

Interest of plant community

Influence of geomorphological processes
(morphodynamics index)

Diversity of species  Species richness

Disturbances Existence, frequency and intensity
of disturbances induced by

geomorphological processes

Rareness of species

Presence of rare or protected plant species

Surface movement s the landform stable or not?

Soil Variety of substrate types
(granulometry, superficial
formations, soils) resulting from
geomorphological features

Numerical assessment of the interest of plant communities. The diversity of species is also called species richness. To evaluate the
rareness or the protection status of a species, regional or national lists have to be consulted.

Interest of plant community

0 1

2 3

Diversity of species  Very few species (010 species)

Few species (11-20)

Some species (21-30) Many species (> 31)

Rareness of species  No rare or protected

species species

One rare or protected

Some rare or protected
species (2—4)

Many rare or protected
species (> 5)

Guidelines to assess the morphodynamics index (from Giaccone et al., 2019).

Morphodynamics index

0 1 2 3 4
Frequency of Absence of Return time of Return time of  Annual Several times in
disturbances disturbances disturbances > disturbances < disturbances 1 year
10 years 10 years
Surface movement No movement ~ Movement - - -
(cm/year—dm/year)
Soil Developed Developed fine Sparse fine soil  Rock texture Absence of
soil, dominated  soil material material and with poor fine  fine material
by fine with rock rock texture material
material texture

This approach can be applied to small surfaces, such as for
example at a plot scale, or directly at the scale of a landform.
As our aim is to provide a method that can be used at the scale
of a geomorphosite, we suggest carrying out multiple plots to
cover all the extension of the landform, allowing reaching its
intrinsic variability.

The interest of plant communities for the entire landform
is calculated by the sum of all species present on the land-
form but by counting only once the species that occur sev-
eral times in different plots. For the morphodynamics index
at the scale of a landform, first calculated at the plot level, we
consider the maximum of the values measured on each plot.

Finally, both values are added together to obtain the ecologi-
cal value, as summarized in the following formula:

Interest of plant communities (0—6)

= diversity of species (0-3) + rareness of species (0-3)
Morphodynamics index (0-9)

= disturbances (0—4) + surface movement (0-1)

+ soil (0-4)
Ecological value (0-15)

= interest of plant communities (0-6)

+ max morphodynamics index (0-9). @))

Ecological value from O to 5 indicates a low value, from 6 to
10 a moderate value and from 11 to 15 a high value.
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4 Case study

In this section, we illustrate the use of the criteria defined
above to assess the ecological value of three geomorphosites
and a talus slope located in a mountain environment. Les
Martinets Glacier area is in the upper part of a valley called
the Vallon de Nant, in the western Swiss Alps (Fig. 1). The
glacier lies at the foot of the high north rock walls of the
Dent de Morcles that culminate at 2968 ma.s.l. Different
moraine ridges built by this glacier and other gravitational
and periglacial deposits fill the bottom of the valley in its
upper part down to an altitude of about 2000 m. In the con-
text of high geomorphological diversity such as in Les Mar-
tinets Glacier area, various landforms can be found, such as
pre-Little Ice Age (LIA) moraines (Lambiel et al., 2008; the
exact period of formation of these moraines has not been
clearly defined in previous studies), LIA moraines (1350-
1860 CE), rock glaciers, talus slopes and rockfall/avalanche
deposits (Perret and Martin, 2015). To apply the ecological
value evaluation criteria proposed in the previous section,
we selected three geomorphosites and a talus slope (Fig. 2).
The three geomorphosites are the LIA moraine of Les Mar-
tinets Glacier, which is now partly separated from the ice
because of glacier retreat; a pre-LIA moraine complex lo-
cated just outside the limits of the LIA maximum glacier ex-
tent; and a rock glacier fed by sediments from these moraine
deposits and ancient rockfalls. We consider that these three
landforms are geomorphosites because they have a high geo-
scientific value. They are intact, are representative of glacial
and periglacial landforms that can be found in the Alps at
this altitude, and allow significant understanding of the past
extent of the cryosphere and of the evolution of the landscape
in the upper part of the valley since the end of the Younger
Dryas. We could also consider that all three sites together
form a “geomorphological system”, after the classification
of Grandgirard (1997b), but as they have different character-
istics regarding their age and dynamics, it is more interesting
to consider them separately. Besides, we choose to also eval-
uate the ecological value of a talus slope in the same area.
With no relevant palaeogeographical interest, this talus slope
has little geoscientific value, and we therefore do not con-
sider it a geomorphosite. However, as it is under similar en-
vironmental conditions to the three other sites but is formed
by different geomorphological processes, the comparison is
interesting and provides a further example of the use of the
method.

In each landform, we have selected between two and six
plots of 2 x 2m each, with relative information concerning
species richness and the morphodynamics index, based on
the availability of field data from Giaccone et al. (2019). As
the plots are located in different landforms (Fig. 2), they are
affected by various frequencies and intensities of dynamics
and disturbances.

Plot nos. 1-4 are located on a talus slope composed of
blocks varying from centimetric to pluri-decimetric size with

https://doi.org/10.5194/gh-76-385-2021

Figure 1. Les Martinets glacier foreland, in the upper part of the
Vallon de Nant, western Swiss Alps. The diversified glacial and
periglacial landforms and related dynamic processes create various
habitats for pioneer species. Photo: Jonathan Bussard.

a low content of fine-grained mineral material (Fig. 3a).
Some parts of it are vegetated because the lower frequency of
disturbances allowed the growth of plant species. The plant
community is characterized by pioneer species (e.g. Thlaspi
rotundifolium, Saxifraga biflora and Pritzelago alpina) with
a scarce cover percentage in debris areas. Where vegetation
is denser, alpine meadows with Sesleria caerulea and Fes-
tuca violacea occupy large areas. In the transition between
these two environments, the coexistence of pioneer species
and stable species is prevalent.

Plot nos. 5-10 are situated on the rock glacier, the first
three on the lower lobe, presenting no activity, and the last
three on the upper lobe, presenting low activity in its frontal
part (Fig. 3b; the degree of activity of the rock glacier is
based on geomorphological observations and confirmed by
the morphodynamics index). On both lobes, the blocks are
bigger, with the presence of metric boulders and fine-grained
mineral material, which is augmented on the lower lobe.
Differences in vegetation composition were clearly demon-
strated in Giaccone et al. (2019): the lower lobe has vegeta-
tion patches of late successional stages (grassland), whereas
the upper part is colonized exclusively by pioneer species
(e.g. Thlaspi rotundifolium and Pritzelago alpina).

Plot nos. 11-15 are positioned in the pre-LIA morainic
complex, in the external, internal and crest position. Here
vegetation varies substantially within a few metres. In the
crest position, the soil is fully developed and dominated
by fine organic material, allowing the presence of grass-
land characterized by Sesleria caerulea, a typical species
of dry calcareous grassland, and by higher species richness
(Fig. 3c). On slopes and internal parts, vegetation is consti-
tuted by pioneer species. The granulometry is composed of
blocks varying from centimetric to pluri-decimetric size with
a low content of fine-grained mineral material.

The last two plots (nos. 16 and 17) are on the ridge of the
LIA moraine. The vegetation cover and the species richness
are lower, but the plant community is in transition from a
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Figure 2. Study area and location of the plots chosen for the assessment of the ecological value. Orthophotos: SWISSIMAGE, © swisstopo,

2020.

Figure 3. The main characteristics of the landforms: (a) plot no. 2 on the talus slope; (b) plot no. 8 on the upper lobe of the rock glacier;
(c) plot no. 15 on the ridge of the pre-LIA moraines; (d) plot no. 16 on the ridge of the LIA moraine. Photos: Elisa Giaccone.

pioneer state to a more developed community, thanks to the The data gathered in each plot are summarized in Table 4.
presence of individuals of Salix retusa. The grain size is char- Successively, we calculated all the criteria at a landform
acterized by gravels (2-20 mm) and cobbles (20-200 mm), scale, counting only once species occurrence and their pro-
with a high content of fine-grained minerals and organic ma- tection status and taking the maximum value for the morpho-
terial. A few blocks (pluri-decimetric size) are present on the dynamics index. The protection status was checked accord-

surface (Fig. 3d).

ing to existing cantonal (regional) and federal (national) laws
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Selected plots in Les Martinets. The morphodynamics index refers to the index calculated in Giaccone et al. (2019). It results
from the sum of the frequency of disturbances (0, absence of disturbances, to 4, several disturbances in 1 year), surface movement (0, no
movement; 1, movement) and soil development (0, developed soil dominated by fine material, to 4, absence of fine material). Species richness
is the number of species per plot. LIA denotes Little Ice Age.

Plot Landform Coordinates X, Y  Elevation Aspect Slope Frequency of Surface Soil Morphodynamics ~ Species
(CH1903/LV03) (m) ©) (%) disturbances  movement development index richness

(no.)

1 Talus slope 572225, 117 665 2311 99 18 4 0 3 7 18
2 Talus slope 571997, 117 506 2392 90 28 3 1 4 8 10
3 Talus slope 571989, 117442 2391 109 38 1 0 0 1 15
4 Talus slope 572205, 117655 2316 113 19 1 0 1 2 14
5 Rock glacier 572205, 117421 2362 345 24 0 0 3 3 7
6 Rock glacier 572345, 117532 2335 24 17 0 0 2 2 20
7 Rock glacier 572295, 117469 2363 37 12 0 0 2 2 12
8 Rock glacier 572230, 117308 2395 26 34 4 1 3 8 6
9 Rock glacier 572180, 117253 2418 64 27 1 0 3 4 9
10 Rock glacier 572066, 117200 2465 13 32 1 0 3 4 9
11 Pre-LIA moraines 572613, 117598 2271 308 39 1 0 2 3 10
12 Pre-LIA moraines 572617, 117597 2273 353 17 0 0 0 0 24
13 Pre-LIA moraines 572716, 117545 2257 170 28 1 0 1 2 15
14 Pre-LIA moraines 572765, 117 506 2277 298 40 1 0 2 3 13
15 Pre-LIA moraines 572785, 117 500 2290 16 14 0 0 0 0 17
16 LIA moraine 572982, 117610 2259 185 21 1 0 1 2 18
17 LIA moraine 572983, 117611 2259 51 15 1 0 2 3 8

Ecological values and their criteria for the four selected landforms in Les Martinets. The interest of plant community results from
the sum of the diversity of species (ranging from 0 to 3) and rareness of species (ranging from 0 to 3). The ecological value is the sum of the
morphodynamics index and interest of plant communities. LIA denotes Little Ice Age.

Landform Morphodynamic ~ Species  Diversity  Protected  Rareness Interest Ecological
index (max) richness  of species species of species of plant value

(no.) (no.) community
Talus slope 8 36 3 0 0 3 11
Rock glacier 8 37 3 4 2 5 13
Pre-LIA moraines 3 46 3 3 2 5 8
LIA moraine 3 20 1 2 2 3 6

(the protection status of a plant species can be checked on the
website https://www.infoflora.ch/en/, last access: 30 Septem-
ber 2021) and the national red list of threatened plants (Bor-
nand et al., 2016). Once we obtained two values for each
criterion and for each landform, we summed them to find the
ecological value (Table 5).

According to the results presented in Table 5, the talus
slope and the rock glacier have a high ecological value (val-
ues 11 and 13, respectively). Instead, the pre-LIA moraine
and LIA moraine geomorphosites have moderate ecological
value (values 8 and 6). Looking in more detail, the first two
landforms are characterized by a high morphodynamics in-
dex: the frequency of disturbances and the absence of or-
ganic soil are the parameters that condition the high score
more. In addition to that, one of the plots of the rock glacier
is located at the front of the upper lobe, which is in move-
ment. The species richness is high on both landforms because
both grasslands and pioneer species colonize these areas. The
presence of four protected species in the rock glacier is re-

markable: Epilobium anagallidifolium, Linaria alpina, Sax-
ifraga oppositifolia and S. paniculata have been protected
since 2005 at a cantonal level. In contrast, no protected or
rare species are present in the talus slope, and that explains
why the talus slope has a lower ecological value than the rock
glacier.

The pre-LIA and LIA moraines present lower values of the
morphodynamics index because they are not subject to move-
ment; they have a low percentage of disturbances; and the
soil contains abundant organic material in many plots, espe-
cially on the ridge of the pre-LIA moraines. On the pre-LIA
moraines, species richness is the most abundant (46 species)
and three protected species can be found (Epilobium ana-
gallidifolium, Saxifraga oppositifolia and Vaccinium uligi-
nosum;, the latter is considered “Near Threatened (NT)” ac-
cording to the IUCN criteria). LIA moraines have a lower
species richness (20 species), but two other species protected
at a cantonal level (Linaria alpina and Saxifraga paniculata)
are present. For these two landforms, the low morphodynam-
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ics index mainly explains why the ecological value is lower
than for the two other landforms, which are more affected by
geomorphological processes.

In all plots, we observe connections between the degree
of stabilization of a landform and the resulting plant col-
onization processing. In landforms where the geomorpho-
logical processes are still active (i.e. plot nos. 1, 2 and 8),
only a few species, the pioneer species, manage to colonize
the area. In contrast, more stable landforms, such as the sur-
faces that have been free of glacier ice since the end of the
Younger Dryas (i.e. plot nos. 3, 12 and 15) are colonized
by alpine grassland with developed communities. Further-
more, some plant species, called ecosystem engineers, can
help in the stabilization of landforms and, at the same time,
act as a plant nursery for other plant species. This is the case
for example for Dryas octopetala, an Arctic—alpine species
living in calcareous soils that with its low stems, branches
and numerous leaves, forms mats which accumulate fine
sediments, biomass and humus and store moisture (Korner,
2003). This species was studied by Eichel et al. (2016, 2017),
who demonstrated that, after a natural and initial decrease
in geomorphic activities, D. octopetala starts to colonize the
ground, promotes further the decrease in geomorphic activi-
ties and the formation of turf-banked solifluction landforms
thanks to its morphology, and finally facilitates the coloniza-
tion of other species acting as a nurse plant (Klanderud and
Totland, 2004).

The aim of this article was to discuss the methodology for
assessing the ecological value of dynamic mountain geomor-
phosites. We proposed lines of thought and evaluation crite-
ria concerning one aspect of ecological value: the diversity
of vegetation. We demonstrated that the approach based only
on plant diversity (e.g. Bruschi and Cendrero, 2005; Pralong,
2005) does not provide a complete and objective assessment
of the ecological value because all the information resulting
from the dynamics of geomorphosites is lacking. An indi-
cation of the number of species (species richness) and the
presence of rare or protected species is indeed not sufficient
to give an assessment of ecological value, as it does not pro-
vide information on the role of geomorphological forms and
processes in the formation and maintenance of specific plant
communities. For this reason, it is important to consider mul-
tiple criteria that also take into consideration the influence
of geomorphological processes (as shown in Bollati et al.,
2015) and to carry out an evaluation at a landform level. We
therefore proposed to measure the influence of geomorpho-
logical processes on plant diversity and on the conditions of
the existence of rare species with regard to three criteria: dis-
turbances, movement and soil, regrouped in the morphody-
namics index (Giaccone et al., 2019). The dynamics of ge-
omorphological processes (erosion and sediment deposition,

slope movements) causes continual micro-changes in ground
surfaces, which modify the plant diversity and help in estab-
lishing mechanisms of interactions between plant communi-
ties and geomorphic processes. This geomorphological dis-
turbance acts as a renovator of habitats and allows the coex-
istence of different plant species in a small surface. Distur-
bances of high intensity or high frequency generally reduce
the number of species because they limit the development
of the soil and can damage vegetation. On the other hand,
these constraints allow the existence of pioneer species that
would not necessarily have found suitable conditions with-
out geomorphological disturbances. The ecological value of
dynamic mountain geomorphosites therefore lies, on the one
hand, in the fact that they make it possible to create a vari-
ety of microhabitats and thus favour the existence of many
different species and, on the other hand, in the maintenance
of pioneer species that would no longer exist without distur-
bances by various geomorphological processes. The ecolog-
ical value must also be put into perspective according to the
scale considered for the analysis of these parameters; an eco-
logical value of national importance can only exist if the ge-
omorphological forms and processes condition the existence
of rare or protected species on the scale of an entire country.

We illustrated the use of these criteria at the scale of the
upstream part of a small alpine valley (Vallon de Nant, west-
ern Swiss Alps) for three geomorphosites — a rock glacier, a
moraine complex from the pre-LIA, and a side and frontal
moraine from the LIA — and for a zone of scree slopes and
avalanche deposits. On each site, plots of 2 x 2 m were anal-
ysed in order to have precise knowledge of the vegetation
composition, and the results were assembled at a landform
scale. The results showed that the pre-LIA moraine complex
has a much higher species richness than the three other sites,
and this is due to the absence of frequent or intense geomor-
phological disturbances. On the other hand, the three other
sites are characterized by the presence of pioneer species,
which have an interest at a local scale. Species protected at
cantonal and national level were found on the rock glacier,
on the pre-LIA moraine and on the LIA moraine, but no
protected species were found on the talus slope. In sum-
mary, we concluded that the ecological value of the pre-LIA
moraines and the LIA moraines is medium and that the eco-
logical value of the rock glacier and the talus slope is high
because, in all four sites, the heterogeneity of landforms and
geomorphological processes allows the presence of various
plant communities able to survive different degrees of distur-
bances in a limited area.

More generally, as some geomorphological processes and
landforms permit the existence of pioneer species or a
high degree of biodiversity, the ecological value of geomor-
phosites should be better taken into consideration in nature
conservation policies or in environmental impact studies. In
order to facilitate this, we believe that the geomorphosite
evaluation process should better integrate the influence of ge-
omorphological parameters on the creation and maintenance



of specific conditions for plant communities and not focus
only on the geoscientific or aesthetic values. In this case, we
would like to underline the importance of collaboration be-
tween scientists from different disciplines to keep a strong
relationship between geodiversity and biodiversity manage-
ment and protection, since they are strongly correlated.

The code is not published, but all method-
ological details about the calculation of the morphodynamics in-
dex can be found in Giaccone (2020), available in University
of Lausanne open archives: https://serval.unil.ch/en/notice/serval:
BIB_EF887773E615 (last access: 4 October 2021).

Field data can be accessed in Giaccone et
al. (2019) and Giaconne (2020).
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