1. Introduction: Why a focus on mountain regions?
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1.1 Specificity of mountain regions

Mountains are important environments, which extend their influence well into the surrounding
lowlands and are rich with natural resources and raw materials. About 20% of the Earth’s land
surface is mountainous (Kapos 2000) and more than 40% of the world’s population relies on water
that originates from mountain regions (Barnett et al., 2005, Beniston 2006). The seasonal glacier
and snow melt, in particular, nurtures streams and rivers during summer, when rainfall is often
scarce or absent, allowing for the presence of running waters also in a meteorologically dry season.
Mountains host complex and often special ecosystems with a wide range of ecological habitats,
extremely rich biodiversity and many rare and/or endangered species concentrated in small
geographical areas. Finally, mountains are historical and natural heritage sites, forged by millennia
of coexistence between human societies and the natural environment, and they are among the few
places where we can still feel the power of nature in the current hyper-anthropized world.

On the other hand, mountain regions are especially exposed to the impact of climate change. The
mosaic of contrasting environments present in mountain areas makes it easy for environmental and
ecosystem changes to occur relatively rapidly, as a result of variations in the climate forcing.
Temperature rise, upward displacement of the snowline and of the tree-line (Harsch et al., 2009),
larger liquid-to-solid precipitation ratio, reduced duration and depth of the seasonal snow cover
(Mote et al., 2005), permafrost and glacier melt (Meier et al., 2003), changes in local ecosystems as
aresult of temperature rise (Pauli et al., 2012), have been more and more evident in the last decades
and they are expected to become even more severe in the near future (for a recent review on
cryosphere changes, see Beniston et al., 2018). Because the mountain environment is complex,
extreme and often exposed to drastic modifications generated by the effect of many factors, even
small temperature changes could have an enhanced influence on it compared with lowland areas.
Climate change is not the only stressor that is currently impacting Italian mountains. Other effects
such as land use change, pollution, invasive species, unsustainable exploitation of natural resources,
and loss of ecosystem services and biodiversity combine with and sometimes amplify the effects of
climate change, generating an ensemble of multiple anthropogenic impacts.

Land use change and the abandonment of high-altitude pastures is one important example. The
upward displacement of the tree line, currently observed in many Alpine areas, is generated by both
the temperature rise and the abandonment of pastures (see e.g. Gehrig-Fasel et al., 2007). Most of
the high-elevation open areas are in fact the product of grazing and browsing that cleared the Alpine
prairies, turning wooden areas into grasslands. The recent absence of grazing and browsing animals
combines with the temperature rise, leading to a return of the trees in previously cleared areas. This
in turn leads to a change of the environment, with a loss of ecotones and of the biodiversity
associated with them.



Another example of direct human influence comes from the effect of an invasive fish species in the
high-altitude, highly oligotrophic lakes in the Gran Paradiso National Park. Around 1960, several
naturally fishless lakes in the park were stocked with brook trout by the park management and
presumably also by individual fishermen. The brook trout (Salvelinus fontinalis) is native to North
America and prefers waters with low temperatures and high oxygen content. In Gran Paradiso,
stable fish populations did not survive in all stocked lakes; reproductive stable populations survived
at depressed growth rates only in some of the lakes. The introduction of S. fontinalis in different
lakes has been shown to result in changes in the average body size of zooplankton and in the whole
plankton community structure (Boavida and Gliwicz, 1996; Knapp et al., 2001). For GPNP lakes, there
is an indication of smaller sizes of Daphnia gr. longispina and Cyclops abyssorum where brook trout
is present (Tiberti and lacobuzio, 2012). In addition, the introduction of the brook trout in previously
fishless lakes is known to be the cause of a dramatic reduction of many threatened and endangered
amphibian populations [Global invasive

species database http://www.issg.org/database], and this has been observed also in Gran Paradiso.
Similarly, very few invertebrates are found in parkse lakes with fish populations (Tiberti, 2012).

A lake ecosystem model developed to understand the role of introduced fish agrees with the
observations, indicating that, owing to the highly oligotrophic nature of the lakes, the introduction
of S. fontinalis does not lead to phytoplankton bloom but, rather, to the reduction of the size of
both phyto- and zooplankton and strong reduction of the Cladoceran populations. Recently, an
European Interreg project was devoted to the eradication of the S. fontinalis populations from three
lakes in the park. The project was successful and very rapidly the lake ecosystem recovered a state
close to that of fishless lakes, indicating that active ecosystem management, if carefully planned and
implemented, can help recovering from the presence of invasive species.

1.2 Mountains as natural thermometers and sentinels of changes

Mountains are often referred to as sentinels of climate and environmental changes, since they are
being affected at a faster rate than other ecosystems and their response to external perturbations
is amplified or just comes in advance with respect to other regions.

In spite of the limitations in our understanding of mountain climate and climate changes, owing to
observational and modelling issues when studying high-elevation environments, the analysis of the
available measurements and of climate model simulations point toward an amplification of warming
rates in mountain areas, similar to the Arctic Amplification, a phenomenon which has been often
referred to as “Elevation-Dependent Warming” (EDW). This means that high-mountain
environments experience more rapid changes in temperature than their counterparts at lower
elevations, or compared to globally-averaged temperature increase (Pepin et al., 2015 for a review
on EDW).

We also refer to mountains as “natural thermometers" because they are clear indicators of the (lack
of) health of our planet. Mountains also provide several indicators of climate change, such as
retreating glaciers, permafrost thawing, decrease in the extent, thickness and duration of snowpack,
biodiversity loss, mismatch in high-altitude ecosystems. All these factors can affect the provision
and quality of the many ecosystem services which mountains provide to lowland communities and
societies. In fact, climate impacts constitute an important threat to mountain ecosystem services



and the populations depending on them, and have considerable effects on the present and future
availability of water resources.

Understanding how climate change is already affecting and is expected to affect mountains is of
utmost importance to elaborate mitigation and adaptation strategies, particularly engaging local
communities, and build climate change resilience in mountain regions.

1.3 Observing and modelling mountain environments

Understanding climate and environmental changes and their effects in mountain environments
requires the availability of accurate and high-resolution observations, especially by in situ stations.
However, the existing number of climate and meteorological stations is still low in mountain tops
(Pepin et al., 2015) while most of the stations are located in valley floors, and thus measurements
of several key variables are biased by elevation. Regions above 5 km still remain largely unexplored
in fact, mainly for technical and instrumental issues (e.g. Winiger et al., 2005).

To overcome the limitations arising from the lack and sparseness of in situ stations, remote sensing
from satellite can be used. Satellite data provide a spatially complete and homogeneous coverage,
but do not extend back beyond the 1970s. The shortcomings of satellite data and of surface station
data have stimulated the development of combined or merged climatologies, in order to maximize
the benefits and minimize the disadvantages of the in-situ and remote sensing approaches.
Parallel to observations, also correctly simulating the spatial and temporal variability of
temperature, precipitation and other key variables in mountain regions using global and regional
climate models (GCMs, RCMs) has proven to be a very difficult task (e.g. Palazzi et al., 2015, 2019).
One issue is that appropriate simplifications and parameterizations are required for processes that
occur at scales smaller than the model resolution (“sub-grid” processes). The commonly
parameterized processes include, among others, radiation, heat transfer, cloud microphysics, and
convection. For example, several schemes that differ in complexity and physical assumptions have
been implemented in the models to parameterize convection (e.g., Kuo, 1965; Manabe and
Strickler, 1964; Betts, 1986; Arakawa and Schubert, 1974; Emanuel, 1994; Tiedtke, 1989; Kain and
Fritsch, 1990) and the use of either one or another method can introduce uncertainties in model
simulations of precipitation and, by consequence, of the mountain hydrological cycle.

In complex areas like mountains, where processes are complicated by topographic effects,
downscaling of climate model projections is a necessary step for generating high-resolution input
data to force smaller scale models designed to provide the “answer” of a given resource to a climate
forcing: land-surface, eco-hydrological, snow, glacier, hazard or, more generally, impact models (e.g.
Lutz et al., 2016). This calls for the implementation of a modelling chain connecting the large-scale
GCMs (average resolution of 100 km) to local-scale models. Through dynamical downscaling, RCMs
allow climate simulations over limited domains at higher spatial resolution than that achieved by
GCMs. For hydrostatic RCMs these resolutions are typically in the range of 10 to 50 km, and cover
domains encompassing entire continents or parts of them. Climate change impact or assessment
studies, however, require climate information at a much higher spatial resolution than that achieved
by these RCMs. To fill this scale gaps, various statistical and stochastic downscaling methods are
applied (e.g., Maraun et al., 2010) to the output of RCMs or even GCMs.



1.4 The mountain cryosphere

One of the most evident changes that are currently taking place in the mountain environment,
including the Italian mountains, is the significant and rapid reduction of cryospheric resources. The
recent review of Beniston et al. (2018) illustrates how the mountain cryosphere is affected by
climate change and temperature rise. Glaciers are now retreating almost everywhere in the Alps,
with the disappearance of many smaller glaciers and the fragmentation of several larger glaciers.
Figure 1, from Bonanno et al. (2013), shows on the left the average standardized snout fluctuations
for 14 large glaciers in the northwestern Italian Alps for the period 1958-2009, from the data of the
Italian Glaciological Committee (CGI), (black lines with white uncertainty bounds) together with the
projections from 2010 to 2100 for the RCP4.5 scenario provided by the EC-Earth global climate
model (curves in color and green uncertainty bounds). On the right, we show the average snout
position with respect to the position in 1968. For all scenarios, the data and the projections indicate
continued retreat of the glaciers.
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Figure 1. Left: Average standardized snout fluctuations for 14 large glaciers in the northwestern Italian Alps from the
data of the Italian Glaciological Committee (1958-2009) and from the projections for the RCP4.5 scenario from 2010 to
2100. Right: The same for the average snout position with respect to the positions measured in 1968.

During the NextData project, a large-scale data inventory on Alpine glaciers has been compiled and
made available, including time series of glacier snout positions, time series of mass balances, and
ensembles of aerial surveys on the extent and shape of a large number of Alpine glaciers. This large
dataset will be the basis for future statistical analysis and dynamical studies on the response of
glaciers to temperature and precipitation changes.

The other components of the mountain cryosphere are changing as well. Permafrost temperature
is increasing, with the danger of rock falls as observed many times in recent years. Similarly, the
snow amount is reduced both in average depth and duration, owing to a modified snow-to-rain ratio
and higher temperatures that induce a more rapid melt of the snow on the ground (Terzago et al.,
2017). As an example, Figure 2 shows the average winter snow depth recorded at the Lake Serru
meteorological station (data by courtesy of IREN) in the Gran Paradiso National Park. Most of these
aspects will be discussed further in the following chapters.
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Figure 2. Average winter snow depth (November to May) from 1962 to 2007 recorded at the Lake Serrti meteorological
station (data by courtesy of IREN) in the Gran Paradiso National Park.

1.5 Mountains as water towers

In many areas of the world, such as the Himalayas, the western Italian Alps and the Apennines,
mountains play an essential role in providing water resources to the surrounding lowlands (Viviroli
et al., 2011). In the Alps, water is stored into glaciers and seasonal snow cover during winter and it
is released later in the warm season to lowland areas. In addition, the recharge of groundwater
reservoirs usually happens at the interface between the scarcely permeable mountain rock strata
and the alluvial sediments of the lowlands. Changes in the precipitation regime, in the amount and
timing of water storage and release of glaciers and snow, and in the amount and seasonal
distribution of aquifer recharge can impact on the water cycle in large lowland areas surrounding
the mountains.

During the NextData project, two aspects of the dynamics of mountain water resources received
particular attention:

(1) The changes in snowmelt timing in the Alps. Earlier snowmelt implies a potential surplus of water
in spring, when there are already precipitations, and a deficit of seasonal snowmelt in the late spring
— summer season when precipitation is usually scarce. Even though the total amount of annual
precipitation can be the same, the seasonal distribution of the runoff can be changing, with a lower
water availability in the lowlands during the warm months and the periods of higher demand.

(2) The role of mountains in feeding groundwater resources in the alluvial areas just where
mountains meet the plain. Analysis of ongoing and expected changes in the quantity and quality of
groundwater resources is crucial and still scarcely explored. On the other hand, aquifers are the
main source of water for drinking purposes and an important source for irrigation.

1.6 Mountain ecosystems

This geodiversity of mountain landscapes is associated with high levels of biodiversity, usually higher
than those recorded in adjacent lowland areas (Korner, 2000; Theurillat et al., 2003). In addition,



mountains host some of the world’s most rare and fragile ecosystems (Pauchard et al., 2009).
Populations at high elevations are typically small, isolated and prone to local extinction, are often
poor dispersers and are characterised by high levels of endemism (McNeely 1990, Boggs and
Murphy 1997).

Overall, mountain ecosystems are very sensitive to environmental changes and to global warming.
Some of the effects that are already observed and visible include the tendency of natural
populations to move to higher elevation (e.g. Pauchard et al., 2016), and a tendency to
homogenisation of natural communities of plants and animals.

1.7 Conclusions

The chapters of this volume are in large part devoted to explore and summarise the results of the
NextData project, that provided new and more refined quantitative information on many of the
aspects and effects mentioned in the sections above. The Volume is structured as follows.

Chapter 2 focuses on the phenomenon of elevation-dependent warming, i.e., the dependence of
warming rates on elevation, describing its characteristics and driving mechanisms as well as main
uncertainties and issues in its detection and attribution, and focusing in particular on the Alpine
region, compared to other mountain areas of the northern hemisphere mid-latitudes.

Chapter 3 deals with the Italian high-altitude network of atmospheric composition measurements
and its connections with the WMO Global Atmospheric Watch programme, illustrating the results
of high-altitude data analysis and the underlying research questions.

Chapter 4 describes the methodology employed to reconstruct the monthly temperature and
precipitation high-resolution climatology (1951-2012) for three Italian National Parks located in the
Alpine region: Gran Paradiso, Stelvio and Paneveggio - Pale di San Martino. Episodes characterized
by very low or high temperature or by intense rainfall are also discussed.

Chapter 5 deals with geochemistry and isotopes research in mountain environments and especially
in water applications taking advantage of recent instrumental and technological innovations
acquired in the framework of the NextData project.

Chapter 6 focuses on snowfall and snow depth detection, characteristics and simulations,
highlighting strengths and limitations of observational (in-situ and remote sensing) and modelling
approaches. Examples and applications are discussed focusing on the Italian mountains.

Chapter 7 described a new database - “Database Idrologico Bacini Appenninici” (DIBA) - developed
within NextData, which provides data useful for analyses on climate and hydrological processes in
catchments using ground-based and satellite-based observations

Chapter 8 is devoted to present the state of Italian glaciers comparing the years 1988-89, 2006-07,
and 2014-15, and discusses glacier snout fluctuations and the database of annual mass balance
measurements.

Chapter 9 describes the contribution of NextData to the Long Term Ecological Research (LTER)
Network.

Chapter 10 deals with mountain biodiversity, reporting the results of a long-term study of
biodiversity of multiple taxa monitoring in the Italian Alps, and in particular along altitudinal
transects encompassing three vegetation belts in three protected areas.



Along these lines, Chapter 11 presents the results of a long-term study of rodent population
dynamics in the Apennines.

Chapter 12 deals with the network of ground measurement stations in the Italian mountains
devoted to the estimate of carbon fluxes and to the study of the mountain Critical Zone, and
discusses some of the results of the measurement campaigns performed within NextData.

Chapter 13 presents the climate change scenarios for the Italian mountains obtained from the
numerous simulations collected and conducted within NextData, from global and regional, coupled
ocean—atmosphere and atmospheric only models, at different spatial resolutions.

Finally, Chapter 14 describes the archive of databases from the mountain monitoring networks of
the project.
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