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Climate conditions play a crucial role in the survival of mountain communities, whose survival already
critically depends on socioeconomic factors. In the case of montane areas that are prone to natural haz-
ards, such as alpine slope failure and debris flows, climatic factors exert a major influence that should be
considered when creating appropriate sustainable scenarios. In fact, it has been shown that climate
change alters the availability of ecosystem services (ES), thus increasing the risks of declining soil fertility
and reduced water availability, as well as the loss of grassland, potential shifts in regulatory services (e.g.,
protection from natural hazards), and cultural services. This study offers a preliminary discussion on a
case study of a region in the Italian Alps that is experiencing increased extreme precipitation and erosion,
and where an isolated and historically resilient community directly depends on a natural resource econ-
omy. Preliminary results show that economic factors have influenced past population trends of the
Novalesa community in the Piemonte Region in northwest Italy. However, the increasing number of rock
fall and debris flow events, which are triggered by meteo-climatic factors, may further influence the
livelihood and wellbeing of this community, and of other similar communities around the world.
Therefore, environmental monitoring and data analysis will be important means of detecting trends in
landscape and climate change and choosing appropriate planning options. Such analysis, in turn, would
ensure the survival of about 10% of the global population, and would also represent a possibility for future
economic development in critical areas prone to poverty conditions.

� 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human-induced alterations of our planet across a range of
scales are now detectable [1,2]. These alterations include land-
use change and climate change, which can interact and lead to sig-
nificant environmental degradation of our natural resources and
vulnerability of the communities supported by those resources
[3,4]. For example, an increase in extreme precipitation and a
decrease in vegetative cover can intersect to create catastrophic
erosion, landslides, and flooding that destroy lands used for
agricultural production [5]. Alpine areas are particularly exposed
to environmental degradation, due to their steep slopes, thin soils,
and sparse vegetation, and rural isolated villages have few alterna-
tives to natural-resources-based economies [6,7].

The consequences of environmental degradation are visible in
the loss of ecosystem services (ES). ES in mountain areas include
provisioning (food), regulating (climate), supporting (nutrient
cycles), cultural (recreation), and other services [8]. The relation
between climate change and the risk of ES loss has already been
assessed in the literature [9,10]. In particular, for mountain
regions, the risks of declining soil fertility and reduced water avail-
ability [11], the loss of grasslands in favor of forests [12], and
potential shifts in regulatory services (e.g., protection from natural
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hazards) and cultural services [13] have been assessed. Communi-
ties dependent on ES must manage the challenges of spatial and
temporal heterogeneity, along with trade-offs and synergies
among different services [14]. With changes in services, the resil-
ience of alpine human communities is at risk. Social systems and
local institutions that are largely based on traditional ecological
knowledge (TEK) could build an adaptive capacity to climate and
landscape disruption [15]. However, a lack of resources, informa-
tion, and political will are barriers to adaptation [16]. To address
these issues, planning options should be developed that consider
environmental change and its impact on human activities and
wellbeing. In order to develop such planning options, environmen-
tal and socioeconomic data should be appropriately collected and
processed at the local scale, since many regional differences exist
and data may display a meaningful temporal variability.

This paper offers a preliminary discussion on a case study of a
region in the Italian Alps that is experiencing increased extreme
precipitation and erosion, and where an isolated and historically
resilient community directly depends on a natural resource econ-
omy. In the past, a mountain village’s continued existence, along
with its ability to preserve its economic livelihood while coping
with the dynamics of environmental factors, was considered to
be guaranteed. Consequently, past studies focused on studying
the hydrogeological risks in mountain areas, and disregarded the
multiple impacts that such phenomena could exert on the stability
of existing villages. The scarcity of available social and economic
data indirectly influenced the contents of the performed research.
However, the social and economic stability of the village of Nova-
lesa, as well as those of other mountain villages, is far from sure. In
fact, a large trend toward depopulation was recorded in several
alpine areas in the 20th century, resulting in a reduction of services
provision and a declining living standard for the local population
[17]. In parallel, it is important to remark on the relevance of alpine
regions for Europe. Although the Alps are one of the less-populated
areas in central Europe, they are one of the most densely inhabited
mountain regions worldwide [18].

This preliminary data analysis offers the opportunity to answer
some scientific questions. The first question is whether geological
and hydro-meteorological data can demonstrate a change in the
frequency of catastrophic erosion. The second question is
whether—if there is an increase in catastrophic erosion fre-
quency—the use of social and economic data could increase the
information that is required in order to take appropriate action
to decrease the vulnerability of mountain communities. The ulti-
mate goal of this research, which will be developed from this point
onward in forthcoming years, is to understand the dynamics of the
interactions between communities and natural hazards under
changing climate conditions. Moreover, through the same long-
term research, we will try to understand the influence of this inter-
play on the resilience and livelihood of remote villages, and partic-
ularly on those whose cultural and historical heritage is recognized
as relevant, and which should therefore be preserved.
2. Methods

2.1. Study area

The larger area of interest for this study is known as the Cenis-
chia Valley, and is located within the Piemonte Region of north-
west Italy. The highest mountain in the area is Mt. Rocciamelone
and its associated peaks, which reach 3538 m above sea level
(a.s.l.). The main village of the area, Novalesa, is located at 900 m
a.s.l.; it is separated by a 4 km distance from the mountain top,
with slopes averaging 60%. Novalesa is located within the Torino
metropolitan administrative area. The river basins draining this
region include the Malo, Cenischia, Gioglio, Claretto, Marderello,
and Crosiglione Rivers (in the left Cenischia stream). A minor
stream, called Le Roncie, is located between the Gioglio and
Claretto Rivers; however, it is not classified as a river. Above
2400 m a.s.l., there is no perennial vegetation or tree cover,
although lower elevations have pasture grass and sparse shrub
and tree cover, mainly comprising Swiss mountain pine (Pinus
mugo) and European larch (Larix decidua). Other species have been
introduced during reforestation efforts, but thin soil depths have
limited vegetation cover. The Marderello River Basin has an area
of 6.61 km2 and was recorded to generate bulk debris flow vol-
umes, estimated at 2.6 � 106 m3 [19]. The same study reported
the existence of a deep-seated gravitational slope deformation
(GSD) of 15 km2 in the Mt. Rocciamelone slopes.

This sub-area is relevant for hydrogeological research purposes.
In fact, it may be a favorable space for observing geomorphologic
transformations. These, in turn, depend on the existing steep
slopes, tectonic activity, and immature hydrographic network,
and on the degrading processes that periodically occur (i.e., rock
falls, complex landslides, debris flows, etc.). These processes are
also connected with climate dynamics. The rapid evolution of oro-
graphic perturbations is relevant for defining the importance of
this sub-area. Gradients in atmospheric temperature, due to the
different exposures and orientation of mountain slopes, support
the generation of breezes, as well as the development of orographic
precipitations and summer thunderstorms, which often trigger
debris flows. Ice dynamics—which are now reduced to a small gla-
cier located north of Mt. Rocciamelone—shaped the existing slopes.
The generated debris is processed during major hydrogeological
events (such as debris flows).

Debris flows are common processes in the Italian Alps and in
other mountainous regions of the world. Several of these events
have produced significant damage and fatalities during the last
decades [20,21]. Understanding the behavior of debris flows (i.e.,
triggering conditions and downstream transfer rates) is essential
for assessing their related risks. An important approach to improv-
ing the knowledge of debris flow processes is historical data [22]
and real-time data accumulation by debris flow observation sta-
tions [20,23,24]. In order to study their triggering conditions and
dynamics, the research personnel of the Institute for Hydro-
Geological Protection Research (CNR-IRPI, which belongs to the
Italian National Research Council) developed a historical database
of frequent events [25]. In parallel, starting from 1994, an intensive
monitoring campaign was developed in the area, using and updat-
ing available instrumental networks to allow the measurement of
different meteorological and hydrological variables in the high
mountain environment. Due to the extreme environmental condi-
tions, a continuous process of technological updating and instru-
ment intercalibration is obviously necessary in order to cope
with the risk of data loss, which is still quite relevant during the
winter season due to the high snow cover and limited accessibility
of the sites during these months. Nonetheless, the number of mon-
itored parameters has been growing over the years.

In the 7th century AD, a monastery was established in Novalesa
to support the medieval pilgrim route, known as the Via Franci-
gena, from Rome in Italy to Santiago de Compostela in Spain. The
abbey was strategically positioned to provide support to pilgrims
and military troops along the boundary with France. When the
Saracens raided in 906 AD, the monastery was evacuated [26].
Around the end of the 12th century, commercial flows affected
the area, due to the development of transalpine fairs and market-
places. As a result, the fittest men in the nearby villages took on
the job of alpine guides. In addition to carrying goods and remov-
ing the snow from tracks during the winter, they began to offer
support to travelers crossing the most difficult parts of the moun-
tain. Later, in the 18th century, Napoleon decided to open an
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entirely new carriage road, which largely determined all subse-
quent passage through that area (within a few years, the number
of wagons passing through the area was quadrupled) [27].
Although it was isolated within the mountains, the Mount Cenis
pass enabled cultural and ecotourism exchanges with the rest of
Europe; this is evidenced by Saint Stephen Church in Novalesa,
which contains a painting created by the world-renowned 17th
century Flemish painter Peter Paul Rubens. Tourist visits to the
nearby towering waterfalls have also been recorded. The main eco-
nomic activities of the Novalesa residents are connected to farm-
ing, which involves working within the mountain environment,
and to Italian–French transalpine tourism, which is linked to an
extended artificial reservoir at the pass (the Lake of Moncenisio,
which is 6.68 km2 and has a total water capacity about
320 � 106 m3). Thus, the chosen site has several favorable charac-
teristics for evaluating the role of environmental factors in the
livelihood of a small mountain community that has manifested a
high degree of resilience throughout its millennial history.

2.2. Data sources

Basic data about effective surface, slope, exposition, and geo-
lithology were previously determined for the areas of the Claretto,
Marderello, and Crosiglione Rivers. These data are also reported in
previously published papers. Basic data are reported in Table 1. The
hydro-meteorological monitoring network, which was originally
installed and operated to monitor meteorological parameters that
might be able to trigger the development of slope instability phe-
nomena, presently consists of seven different installations [23,25].

Each installation includes a precipitation gauge (Deltaohm
model HD2013) with a sample area of 400 cm2 and a sample size
of 0.1 mm. The installation also includes sensors for relative
humidity, air temperature, atmospheric pressure, and wind speed
and direction. The locations of the seven installations range from
800 to 3100 m a.s.l., while a radiometer is located at 2850 m (at
the Alpine Refuge Ca d’Asti) and a water level sensor is located
at 820 m. The monitoring system was recently extended along
an alluvial fan with one ultrasonic water level sensor, two video
cameras, and four vertical geophones (10 Hz) separated by
approximately 50 m [28]. A day/night video camera and two geo-
phones are located in the Marderello Basin at 1850 m. In 2017, an
X-band low-power continuous wave disdrometer (PLUDIX) was
installed in the village of Novalesa. PLUDIX provides the drop size
distribution (DSD) (i.e.: the raindrop number concentration with
respect to 21 different equivalent-diameter drop class sizes) at
a time resolution of 1 min. The precipitation gauges were
installed in 1994, but due to weather and debris limiting their
accessibility, there is an incomplete record. From 1994 to 2002,
and for certain periods in 2003 and 2004, data are missing due
to site inaccessibility. In addition, monitoring activities were sus-
pended from 2008 to 2011 due to problems with the network.
Improvements were made, and the network was restarted in June
2012.
Table 1
Summary of main geological and meteorological data.

Characterization Claretto Marderello Crosiglione

Effective surface (km2) 4.10 6.61 5.78
Slope (%) 74 75 65
Exposition Southwest Southwest Southwest
Geo-lithology Calcshist Calcshist Calcshist and

phyllites
Mean annual precipitation

(mm)a
— 850 —

a From the Pian Marderello rain gauge.
Mass wasting data were reported as rock falls [19]. Debris flow
data were inferred frommonitoring instruments in the three rivers
of Claretto, Marderello, and Crosiglione, beginning in 1994. Flood
data were derived from archives [29]. Community data were first
recorded as part of the Novalesa Abbey in 726 AD, and were then
formally collected as part of the Italian census efforts starting in
1861. In particular, census data were recorded and made available
online by the Italian National Statistical Institute (ISTAT), which is
in charge of collecting, performing, and validating all of the official
statistical analyses in Italy.
3. Results and discussion

3.1. Meteorological data

Table 1 provides a summary of the main geological and meteo-
rological data in regard to the Claretto, Marderello, and Crosiglione
Rivers. (Note that the annual mean precipitation amount refers to
the Pian Marderello rain gauge—i.e., the oldest installation point,
which is located in a central position with respect to the three
monitored rivers.) The slopes are impacted by the fact that the
lower areas of the rivers are associated with waterfalls.

The annual average precipitation in the study area is 850 mm,
62% of which is recorded during the spring and autumn seasons.
In 2000, the greatest total seasonal rainfall was recorded in the
autumn (710.6 mm), while in 2008, the greatest total seasonal
rainfall was in the spring (678 mm). In October 2000, there was a
total precipitation of 493.8 mm, which coincided with a major
flood event [30]. The greatest total monthly precipitation occurred
during March 2008, when 553.8 mmwas recorded. The lowest sea-
sonal precipitation was recorded during the summer of 2003,
which was characterized as a major drought event [31]. Fig. 1 pro-
vides a graph of cumulated year-scale seasonal precipitations from
1994 to 2015. The seasons for which data were available are spring,
summer, and autumn. The plot evidences an increasing trend for
spring precipitations and a diminishing amount of autumn rain-
falls. Summer rainfall records for the last two periods are lower
than for the first one. However, the 2011–2015 summer precipita-
tions are slightly higher than those of the previous decade.

Fig. 2 represents typical daily rainfall data, expressed in mil-
limeters and calculated as the mean values of daily precipitation
data for the same date over 24 years. Data were collected using
the Pian Marderello rain gauge at 2100 m a.s.l. for the months of
May to October from 1994 to 2017. These data were originally used
to study the triggering effect of precipitation events on debris
flows. Thus, winter data were excluded from storage since debris
flows occur from late spring to autumn. The average daily precip-
itation value recorded during this period was 2.30 mm, with a
Fig. 1. Cumulated year-scale seasonal precipitations (mm) measured for the first
installed rain gauge (Pian Marderello), which is associated with the Marderello
River. Time periods (years) are grouped into 1994–2000, 2001–2010, and 2011–
2015. Data values are reported above the bars.



Fig. 2. Average daily rainfall (expressed in mm, ordinate), from 1 May to 31 October, belonging to the 24 year dataset (1994–2017) for the Pian Marderello rain gauge.

638 M. Lega et al. / Engineering 4 (2018) 635–642
maximum of 12.03 mm and a minimum of 0.04 mm. Ranking the
measured values in order of average daily precipitation amount,
the days with lowest recorded rainfalls were June 22 and June
23, while those with highest recorded rainfalls were October 14
and October 15. Finally, the highest daily value recorded was in
2000, when 204.8 mm of rain was measured on October 15.

Because there are fewer than 30 years of record from the local
monitoring network, it is not possible to further infer climatic
trends. However, the broader network of rain gauges in the Pie-
monte Region of the Italian Alps experienced an increase in the
number of extreme precipitation events, when comparing post-
1990 and pre-1990 records [32]. As the intensity increased, the pre-
cipitation totals slightly increased [33], a trend that extends beyond
the Italian Alps to the whole Euro-Mediterranean region [34]. This
finding is also confirmed by the lower cumulative seasonal rainfall
in autumn (Fig. 1), in contrast to themaximumvalues recorded dur-
ing themeasuring period,which occurredduring themonth ofOcto-
ber (Fig. 2). A trend of increased winter droughts, with increased
winter precipitation intensity, has been noted over several Italian
regions [35]. In summary, the precipitation intensity has increased
in this region, and periods of drought have become more frequent.

3.2. Historical list of recorded events: Rock falls, debris flows, and
flooding events

Table 2 reports the frequency of historical rock falls, debris
flows, and flooding events, as inferred from archival data and direct
observations. Debris flows and flooding events are associated with
Table 2
Historical frequency of recorded events (rock falls, debris flows, and flooding events) and t

Years interval Rock fallsa Debris flowb

Claretto Marderello Crosiglione

Prior to 1900 4 — 2 2
1901–1920 1 — — —
1921–1940 — 1 — —
1941–1960 — 3 4 1
1961–1980 — — 1 0
1981–2000 3 1 8 0
2001–2017 13 3 17 3

a Rock falls are associated with the Mt. Rocciamelone area and affect the three monit
b Debris flows and flooding events are associated with the three rivers.
the Claretto, Marderello, and Crosiglione Rivers. Rock falls from the
Mt. Rocciamelone area, which create the availability of debris for
these three rivers, are represented in the second column of the
same table.

Overall, the available data indicate that the cumulative number
of rock fall and debris flow events is higher during the last period
(2001–2017) than the previous periods. Thus, the geological and
hydro-meteorological data seem to indicate an increasing trend
in the frequency of catastrophic erosion in the area. Small rock falls
or debris collapses below the crest line take place almost annually
as a result of melting ice or snow. The increasing frequency of
records from 2001 and the observed events that occurred during
the spring and summer of 2005 indicate the geological evolution
of the degradation processes, which are leading to a continuous
feeding of materials downslope [19].

The surface detrital cover on slopes often experiences wet con-
ditions due to rainfall and snow cover, causing it to become prone
to rill erosion or landslides. The months from April to September
are particularly favorable for observing such phenomena. In fact,
this is the part of the year during which thunderstorms develop
in the Piemonte Region, with the highest peak of thunderstorm
incidence occurring in the month of July [36]. The same study
showed that the maximum number of recorded events occur
around 13 coordinated universal time (UTC), and are thus associ-
ated with the effects of maximum incoming solar radiation (which
normally occurs at noon in local time).

Within this meteorological context, the stream flow, which does
not usually exceed 0.02–0.04 m3�s�1, can rise to 180 m3�s�1 (this is
he mean population of the Novalesa municipality grouped in different year intervals.

Flooding eventsb Novalesa mean population
(inhabitants)

Claretto Marderello Crosiglione

1 1 1 1243
1 1 0 1028
2 0 0 759
1 2 1 689
1 1 0 596
1 2 0 541
2 4 2 554

ored rivers (Claretto, Marderello, and Crosiglione), creating debris availability.
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the highest peak value, which was recorded on 14 August 2015).
Consequently, flow mixtures sometimes develop, with the less-
frequent transportation of large blocks (1000 m3) downstream.
The debris flow frequency in the area of the three small rivers
(Claretto, Marderello, and Crosiglione) are also reported in Table 2.
A global increase in the occurrence of debris flow events has been
recorded in recent decades; in this case, Marderello River had the
highest frequency peak in the period 2001–2017.

Flooding events have been documented over the centuries in
the area of Novalesa, with the oldest observed flood dating back
to 1664. Marderello River has the highest number of flood records,
with a peak (eight floods) occurring during the period 1981–2000.
A second relative maximum frequency (six events for Marderello
and four events for Claretto) is reported for the period 1941–
1960. Crosiglione River was the least affected by flooding.

3.3. The socioeconomic evolution of Novalesa and possible impacts of
increased meteorological and hydrogeological risk factors

Population data since 1861 (i.e., the year of national Italian uni-
fication under the Reign of Italy) were grouped into different year
classes (prior to 1900, 1901–1920, 1921–1940, 1941–1960, 1961–
1980, 1981–2000, and 2001–2017). The mean number of inhabi-
tants for each class is reported in the last column of Table 2. The
Novalesa community exhibits a declining trend, with only small
signs of increase in the last 20 years. The decline of the community
began in the 20th century, in alignment with industrial develop-
ment in the Torino area. The population numbers were signifi-
cantly affected by the two world wars. The great economic crisis
in 1929 was another important factor that impacted the Novalesa
population, as it did many other areas of the world. The most
recent national census database (in 2011) reported a population
of 560 inhabitants, with a density of 20 inhabitants per square kilo-
meter. Compared with the alpine region as a whole, which has an
average population density of 74.6 inhabitants per square kilome-
ter (as of 2013), the Novalesa area has a low population. Moreover,
the alpine region, to which Novalesa belongs, is characterized by a
decline in fertility rate and an increase in population aging, due to
the depopulation of active working citizens [17].

This dataset suggests that population trends are mainly affected
by macroeconomic factors. It is notable that flooding events and
debris flows were already recorded in local chronicles before the
20th century. The only exception to the general trend of such
events may be the interval from 1981 to 2000, when more frequent
flooding events occurred in association with the Marderello River.
Thus, the community appears to be more resilient to environmen-
tal factors than to economic ones. However, the small amount of
socioeconomic data that have been collected over the years sug-
gests a cautious approach to any such statement.

At present, it is not possible to perform any meaningful statisti-
cal analysis to compare the correlations of environmental and
socioeconomic variables. Environmental data collection began
quite recently (in 1994), and has encountered many difficulties
due to the extreme conditions of the mountain environment. As
noted earlier, population data have only been recorded every ten
years since 1861, while historical data have been collected on the
basis of chronicles. A systematic collection of economic data from
other studies (which are not directly available, since they are
owned by the Italian National Statistical Institute and are not avail-
able in any public form) only provides data collection for recent
years (2003–2013). However, a broader data collection and analy-
sis, that was applied to the whole alpine area (involving several
countries, namely, France, Italy, Switzerland, Liechtenstein, Slove-
nia, Austria, and Germany), provided some clearer economic
details for the last decade. In particular, the following socioeco-
nomic variables were included in Ref. [17]: employment rate,
change in employment rate (in ten years), unemployment rate,
and population with tertiary education. Another recent study
detailed the factors triggering socioeconomic decline (i.e., lack of
access to resources, education, healthcare, and livelihood) [37].
That study analyzed the economic performance of the whole alpine
area from 2003 to 2013. The research outcomes indicated three
main problems for the regional area (including the municipality
of Novalesa) that potentially trigger negative economic
performance: a high proportion of elderly people within the popu-
lation, a low employment rate, and a low proportion of people with
a high level of education.

Farming, agriculture, handcraft, and tourism, which are sup-
ported by ES, are the main economic activities for Novalesa. In par-
ticular, farming is a well-rooted economic practice in the area, in
association with the culture of transhumance (i.e., moving live-
stock from one grazing ground to another in a seasonal cycle—typ-
ically moving to the lowlands in winter and to the highlands in
summer). (It is important to remark here that 39% of Italian dairy
products and 11% of Italian meat come from the alpine regions
located in the northern part of Italy [38].) In fact, summer farms
can be found in the area surrounding the village of Novalesa. A pre-
liminary mapping of existing farms (46 active farms and 13 that
have been abandoned for many decades) shows that the farms
are concentrated over the southern mountainside, due to more
favorable exposure to solar radiation and higher surface water
availability. In addition, 29 simple houses used by farmers were
identified. Thus, the total number of houses (29) and farms (59,
of which 46 are active) is 88. Fig. 3 reports the location of the
groups of farms and simple houses using black points. Finally, 20
economic activities (mainly shops) associated with farming are
present in the main area of the village.

Farming is influenced by climatic conditions. If the droughts
that have been affecting several regions in northern Italy in recent
years continue, grazing persistence may come under discussion in
the future. An increasing frequency of debris flows in the area
where the mountain farms are found may create long-lasting dam-
age, which will lower the resilience of the Novalesa mountain com-
munity. Moreover, a GSD is affecting the Mt. Rocciamelone area,
creating a higher availability of debris. Thus, increased extreme
precipitation events could negatively affect all of the ES that sup-
port economic activities in the area. In fact, a study demonstrates
that intense rainfalls reduce the supply of ES in different ways that
persist for several years, requiring huge economic investments to
recover from damages [39].

Agricultural data (i.e., products and economic flows) are not
presently available, although the local municipal administration
informally reports the existence of agricultural activities in the
Novalesa area. However, past research indicates that heat-related
risks may be more relevant for the lower cropland and pasture
sites, whereas water-related issues may become increasingly
important for more elevated locations [40]. It is important to note
that climate change is the only factor impacting agriculture in this
region. An integrated analysis that was conducted for the Italian
Alps and extended to the European alpine region showed that
changes to land use and changes to land cover may be equally sev-
ere given the projected temperature increases, which depend on
climatic trends [41].

Data on handcraft activities are also missing. However, the pos-
sibility of gaining economic support from selling traditional hand-
craft products is often related to tourism fluxes. Therefore, the
tourism sector should be carefully considered when planning the
socioeconomic livelihood of a montane community. In our case
study, mountain tours are not associated with skiing, but with
trekking activities and with cultural and historical sites. Previous
studies showed that an increase in the frequency and intensity of
natural hazards could have tremendous consequences on the



Fig. 3. A map of the locations of mountain farms (59, of which 46 are active) and mountain houses (29) around the municipality of Novalesa.
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tourism industry, particularly when the costs of adaptation strate-
gies are too high [42]. Moreover, tourist fluxes are associated with
several climate indexes, and are particularly associated with tem-
perature [43]. In fact, a negative outcome has been detected in
association with warmer destinations, whereas a possible attrac-
tion for cooler countries has been observed. An integrated use of
participatory processes and modeling outputs could increase the
effectiveness of decision-making processes aimed at obtaining
sustainable solutions to climate-change-related scenarios in a
mountain context [44].

Thus far, socioeconomic factors seem to have been predominant
in shaping the dynamics of Novalesa population. However, in
future, the dependency on environmental factors (which mainly
depend on the regional effects of climate change) may increase,
as such factors affect the availability of ES. In fact, as noted earlier,
precipitation events are decreasing in number yet increasing in
intensity, while hydrogeological processes (i.e., rock falls and deb-
ris flows) seem to be accelerated. In the case of such environmental
alterations, labor migration could become the only possible solu-
tion for survival, as hypothesized by a recent study [45]. The avail-
ability of more social and economic data could increase the
information that is needed in order to take appropriate action to
decrease the vulnerability of mountain communities. In particular,
new information could unveil further correlations between eco-
nomic activities or general livelihood and the variability of envi-
ronmental conditions. Quantitative detail could be extremely
useful in this respect. Useful data might include more detailed
demographics (e.g., population distribution per age); individual
income with respect to population age distribution; local disaggre-
gated monetary flows, grouped according to economic activity
codes; employment rates; and access to services (e.g., education,
healthcare, etc.).

The interchange of geospatial workflows and provenance infor-
mation in environmental monitoring and other geographic infor-
mation system (GIS) applications, together with GIS
cyberinfrastructure, will be fundamental in the development of
future landscape planning under a climate change scenario in
which the vulnerability of Novalesa community may be strongly
triggered by environmental factors. For this reason, data collection,
elaboration, and integration are important in detecting trends in
landscape and climate change and in choosing appropriate plan-
ning options for the future livelihood of mountain communities.
Innovative monitoring approaches should be adopted in an appro-
priate way, in order to infer ongoing landscape transformations. In
particular, the mixed use of aerial and satellite platforms as a hier-
archical monitoring technique has already been shown to be effec-
tive for such a purpose [46–50]. A better use of cyberinfrastructure
might allow the development of future multiuser workflows,
which should incorporate provenance-interchange Internet stan-
dards that can augment transparency, trust, and reproducibility
in environmental monitoring activities that involve multiple col-
laborating organizations.

The importance of data collection and sharing goes beyond the
main purpose of this research, as it is relevant for creating a com-
mon shared base of discussion for sustainable planning. In fact, col-
laboration among different organizations in developing regional
sustainability plans is important in order to increase the under-
standing of the environmental and socioeconomic drivers of
local/regional sustainability [51]. Moreover, the sharing of experi-
ence among regional sustainability research networks has demon-
strated the capability to boost policy outcomes [52].

Temperature and precipitation data appear to be the most rele-
vant meteorological variables, and will require more detailed anal-
yses. In particular, with respect to precipitation measurement,
PLUDIX can provide more detailed precipitation records and now-
casting (i.e., present weather sensor (PWS) functions) [53]; further-
more, it can operate during extreme events and in high mountain
environments [54]. DSD data can be integrated with radar or satel-
lite remote-sensing data of storms in order to infer the dynamics
and microphysical properties of precipitation. It can also be applied
to hydrogeology studies in order to define the kinetic energy and
erosive power of the precipitation [55]. Moreover, nivometric and
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ice cover data should be collected. A characterization of permafrost
will be possible in the future due to a concurrent monitoring cam-
paign that was recently begun by other research groups.

A deeper knowledge about water stress and water quality
should be developed. It is known that a strong coupling exists
between anthropogenic activities and water resources in moun-
tainous areas [56]. Continuous measurement of water levels and
flows in the surface rivers would be desirable, along with the quan-
tification of available groundwater. Water quality, which was not
previously considered for our study area, should be included in
future investigations. Basic water quality parameters (e.g., bio-
chemical oxygen demand (BOD), turbidity, eutrophication, etc.)
and geochemical water characteristics (e.g., pH, ion concentrations,
etc.) would be relevant, as shown in a previous study [57], in deter-
mining whether anthropogenic activities are altering water bodies.
The impacts of farming activities on water quality, the potential
transport of pollutants and nutrients along water bodies, and the
impacts of pollution transfer from other areas and other environ-
mental matrices (e.g., from air to water or from water to soil)
should be defined and modeled [58,59].

Relevant policies should be developed to cope with the vulner-
ability of montane socioecological systems to climate change. A
study has shown that mountain communities and environments
are particularly endangered if strong globalization is assumed
[60]. Early landscape and economic planning have been suggested
as an appropriate answer to the present scenario. Finally, with
respect to economic activities, the traditional positive attitude of
montane communities toward resource reuse and recycling, which
are the pillars of circular economy, should be appropriately
exploited. The development of traditional sectors, such as agricul-
ture, in new forms, such as leisure agriculture, may represent a
future alternative to promote the development of the area, while
simultaneously encouraging the growth of local ecotourism [61].
y http://unfccc.int/files/essential_background/convention/application/pdf/eng-
lish_paris_agreement.pdf.
4. Conclusions

The livelihood of montane communities critically depends on
environmental conditions. In future, the availability of ES may be
reduced due to climatic change, which will likely affect the biodi-
versity status and the occurrence of natural hazards, such as flood-
ing events and slope instability phenomena. This article discussed
a case study of a region in the Italian Alps that is experiencing
increased extreme precipitation and erosion, and where the sur-
vival of a historically resilient community directly depends on a
natural resource economy.

A preliminary analysis indicates a change in the frequency of
catastrophic erosion, which may be further triggered under a cli-
mate change scenario characterized by increased intense precipita-
tion events, even if the total precipitation is diminishing. An analysis
of the social data led to two apparently contrasting findings: The
first, which seems to be somewhat trivial, is that the montane com-
munity under study is vulnerable to external socioeconomic condi-
tions. The second finding, which should be investigated further, is
that its strong dependence on ES,which is driven by climatic factors,
increases the community’s dependence on external economic fac-
tors. In any case, the results show that in future, problematic eco-
nomic conditions may be further triggered by climate factors. For
this reason, a careful planning of scenarios based on environmental
data collection and elaboration is necessary.

However, this conclusion is not only true for the Novalesa com-
munity. Mountainous areas, which constitute about 20% of the
earth’s surface, support about half of the global population through
water, energy, minerals, forests, and agricultural products [45].
Moreover, the preservation of indigenous TEK is precious for devel-
oping appropriate adaptive processes toward changing environ-
mental conditions, as recently stated in the text of the Paris
Agreement.y

Therefore, future research will involve collecting more com-
plete local data and, possibly, comparing data from different com-
munities around the world. In fact, the resilience of montane
settlements would ensure the survival of about 10% of the global
population, and would also represent a possibility for future eco-
nomic development in critical areas that are prone to poverty con-
ditions. However, appropriate policies can only be planned if the
current limited availability of specific multidisciplinary research
can be overcome with timely research and development roadmaps
and actions.
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