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Highlights

- This review highlights grassland systems responses to climate change in the Alpine, Apennine and Mediterranean areas of Italy.
- Future climate will determine deep changes in grassland composition, extension and productivity.

- Droughts is considered the main factor affecting forage quality and palatability.

- Further research is needed to understand climate change impacts on grassland vegetation in the Mediterranean.

Abstract

The ongoing climate change, which is threatening grassland
agroecosystems throughout Europe, is also evident in the Italian
grasslands. These systems, often located in marginal areas, are
species-rich ecosystems characterized by variable, and often unre-
liable, grass and forage production and strongly dependent on
interactions between climate, soil and agricultural management
practices (e.g. land abandonment, lack of investments on innova-
tion, stocking rates reduction, etc.), making them very sensitive
and vulnerable to climate change. This review draws from the sci-
entific literature the impacts of current and expected climatic
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changes on grassland and forage crop systems framed in three dif-
ferent bio-climatic zones of Italy, namely the Alpine, Continental
and Mediterranean, and focussing on: 1) grassland biodiversity and
vegetation; and ii) forage production and quality. The main aims
of this review are to: i) revise the existing literature in the domain,
highlighting different or common trends among different Italian
biogeographical regions; ii) provide information on the main cli-
matic impacts analysed and drivers involved in the studied evolu-
tions; and iii) point out the knowledge gaps currently pending in
order to hypothesize the future scenarios of research in this sector.
Even if this review has pointed out differences in approaches,
adopted methodologies and purposes of conducted researches,
some common trends can be highlighted, though located in three
different environments. Expected warming and modification on
rainfall pattern will produce deep changes in vegetation of grass-
land types, with reduction or the disappearance of cold tolerant
species and a spread of xeric/thermophilus ones and shrubby veg-
etation and with a general upward shift of vegetation types in
mountain areas. Moreover, a general reduction of aboveground
biomass is expected, as summer droughts is considered a main
driver able to force grassland productivity. Finally, warming and
rainfall reduction are considered the main factors able to reduce
forage quality and palatability of grasslands, as a consequence of
reduction of nitrogen content in the available biomass and of the
higher spread of less unpalatable species and shrubs. The hypoth-
esis is that the information gained from this review can provide
insights on the current level of knowledge on the expected impacts
of climate change on Italian grassland systems, and support the
development of policy strategies for adaptation at national level.

Introduction

Italian grasslands are predominantly large-scale grazing sys-
tems based on rainfed rangelands, permanent grasslands or forage
crops located in the Mediterranean areas or on mountain range-
lands and permanent grasslands in the Alps and Apennines. These
systems, characterized by high floristic richness, have been affect-
ed by land abandonment and the lack of investments on innova-
tion (Targetti et al., 2013; Probo et al., 2016), as proved by the
dramatic decrease in the number of grazing animals in mountain
areas occurred in the last decades (Lasanta er al., 2017).

[Italian Journal of Agronomy 2021; 16:1843]



Moreover, they are mostly located in areas with oligotrophic soils
and/or extreme climatic conditions and are largely dependent on
seasonal dynamics in pasture productivity (Orlandi et al., 2016),
requiring the accumulation of sufficient stock of hay or silage to
feed the animals during unfavourable seasons. However, Italian
grasslands are highly diverse, depending on the livestock produc-
tion systems and on the local environmental conditions. In general,
they are characterized by variable, and often unreliable grass and
forage production, that is concentrated in a short time-span in
spring and/or early summer (Cavallero et al., 2007; Argenti et al.,
2011), however some specificities can be observed among the
three Italian biogeographical regions. For instance, grasslands of
the Italian Alps are the main source of livestock feeding in this
area, bearing important economic, social and ecological values,
such as forage production and related ecosystem services provided
to support the dense population in Alpine valleys (Deléglise et al.,
2015). Instead, the Italian continental mountain grasslands, refer-
able to the Apennine chain, provide forage resources for livestock
(Sundseth, 2010) but with a lower quality than that of Alpine pas-
turelands (Targetti et al., 2013), as result of higher pedological and
climatic variability along the latitudinal transect of the Italian
peninsula (Metzger et al., 2005). Finally, Mediterranean grasslands
provide a wide range of supporting, regulating and cultural ecosys-
tem services, among which feed provision and biodiversity conser-
vation are the most important (Seddaiu ez al., 2018; Aguilera et al.,
2020), as characterized by abundance of annual self-reseeding
species (Porqueddu et al., 2016; Pulina et al., 2018) that are adapt-
ed to both climatic conditions and anthropic management, which
have shaped the landscape since centuries (Bagella et al., 2013).
The performances of extensively managed grasslands and for-
age crops are largely dependent on interactions between climate,
soil and agricultural management practices. Among them, climate
plays one of the most relevant role especially in marginal areas
(Subedi et al., 2016), influencing crop production or shaping plant
species distribution and/or dynamics across spatial and elevation
gradients (Petitpierre et al., 2016). To this, global warming and
variations in precipitation are deeply altering forage production
and quality as well as the botanical composition of rainfed pastures
and meadows (Soussana et al., 2010; Targetti et al., 2010), making
these systems very sensitive and vulnerable to climate change
(Jarzyna et al., 2016). Hence, understanding the main drivers, pro-
cesses and environmental conditions likely threatening the func-
tioning of these ecosystems and the associated services, can be
valuable in predicting how forage production and quality will be
affected by climate changes and in identifying sustainable manage-
ment options for decision making (Malek and Verburg, 2018).
The climate change impacts on European grassland ecosystem
services, bearing implications from an agronomic point of view,
are different in different continents and sub-regions, in relation to
both local farming and environmental conditions (Gauly et al.,
2013). Furthermore, these impacts are framed in a context of dra-
matic changes related to socio-economic drivers (Veysset et al.,
2005; Mottet et al., 2006), because of which diverging trends occur
almost everywhere in European countries: crop intensification in
fertile areas or grassland abandonment in marginal lands (Lasanta
et al., 2017). According to the Fifth Assessment Report of the
IPCC (2014) the Alpine and Southern sub-regions of Europe are
going to face a loss of feed provisioning for livestock with a good
level of agreement emerging from the literature, while contrasting
evidence, even if tending towards a general loss, arise about the
climate change impacts on biodiversity. While impacts of climate
change on grassland productivity and forage quality can be con-
trasting across Northern and Mediterranean Europe (Graux et al.,
2013; Ergon et al., 2018), these are expected to arise with greater
severity and bringing negative effects on grassland traits in

[Italian Journal of Agronomy 2021; 16:1843]

CPress

Southern areas including the Alps (Kipling et al., 2016; Chang et
al., 2017; Balzan et al., 2020).

According to these premises, a better understanding of the con-
sequences of the observed and predicted climatic changes on for-
age production and vegetation characteristics of the main forage
resources for Italian livestock systems is urgent, to design the nec-
essary strategies and adaptation pathways.

The hypothesis is that the information gained from the litera-
ture review can provide insights on the current level of knowledge
on the impacts of climate change on Italian grassland systems, and
support the development of policy strategies for adaptation. This
paper draws from the literature the impacts of climate change in
different Italian grassland and forage crop systems (Alpine,
Continental-Apennine, and Mediterranean). The main aims of the
review are to: 1) revise the existing literature in the domain, high-
lighting different or common trends among Italian biogeographical
regions; ii) provide information on the main climatic impacts anal-
ysed and drivers involved in the studied evolutions; and iii) point
out the knowledge gaps currently pending in order to hypothesize
the future scenarios of research in this sector.

The focus of the climate change impact assessment in this
paper is framed on two distinct aspects: 1) grassland vegetation and
biodiversity; and ii) forage production and quality in the three
identified biogeographic regions of Italy.

Current and expected trends of the main
grasslands climatic drivers on the three
biogeographical regions

The three biogeographic regions of Italy (Alps, Apennine and
Mediterranean) are peculiar areas where climate and land use
change are strongly influencing ecosystem processes by challeng-
ing grassland composition and productivity. In the last century, the
Alps experienced a surface air warming of about 2°C (+1.8°C in
the 1979-2018), nearly two times higher than the global average
(Auer et al., 2005, 2007; Brugnara, 2020), and the climatic model
projections indicate increases up to +3.3°C by the end of the cen-
tury (Gobiet et al., 2014). Additionally, the altitude gradients of
warming were found to significantly change, with a higher
increase of temperature at higher elevations in all seasons (Gobiet
et al., 2014). Over the last decades, warming has been associated
with variations in precipitation which in turn depends on the area
(e.g. increases in the north-west and decreases in the south-east)
and the seasonal pattern, with overall decreases in summer
(Schmidli and Frei, 2005; Auer et al., 2007; Brunetti ez al., 2009;
Chelli et al., 2017). Future projections, even if affected by uncer-
tainties depending on the global and regional circulation models
considered, indicate the same trend: i.e. decreases in summer pre-
cipitation (especially in the southern Alps) and slight increases in
winter by the end of the century (Gobiet et al., 2014). Furthermore,
more intense and frequent extreme events (e.g. heavy rainfall,
drought periods, heatwaves and possibly also storms) are foreseen
in the near future along the whole Alpine region. Consequently, the
snow mass of the Italian Alps is expected to reduce in the future,
with uneven heavy snowfall events in winters, though likely await-
ed to decrease in occurrence in the next future (Soncini and
Bocchiola, 2011), and leading to water scarcity in summer periods.
In particular, the synchronous effect of drought and heatwaves in
the Alpine areas, during summer, increases the forest evapotranspi-
ration, which is essentially sustained by water availability in the
soil. Thus, such increased evapotranspiration reduces the water
runoff fraction that feeds streams and rivers from valleys to plains.
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The resulting water deficit is consequently transferred to remote
plains even far away from the Alpine region (Zampieri ez al., 2016;
Mastrotheodoros et al., 2020).

Among the climatic drivers relevant in altering grasslands
located in the Italian continental environments, the most analysed
in the scientific literature is undoubtedly the effect of warming.
The increases in surface air temperature are expected in a range of
3-5°C in the next decades, depending on the climatic scenarios
analysed (Dibari et al., 2015; Petriccione and Bricca, 2019). An air
temperature distribution shift to warmer values is projected to
occur in all seasons, especially for the minimum temperature,
while the maximum temperature shows a more intense warming
and a pronounced peak during summer (Tomozeiu et al., 2018).
This behaviour, started back in the 1980s with an acceleration in
the 2000s (Toreti and Desiato, 2008), is expected to further
increase in the near future (Tomozeiu et al., 2018). Along with sea-
sonal mean values, the extremes changed significantly with an
extension of the summer period characterized by an increasing
occurrence of intense heat waves (Zampieri et al., 2016). Besides
temperature, precipitation is also a climatic driver addressing
growth and development of grasslands along the Apennines, show-
ing high variability and projected to decrease during the vegetative
period determining increases of summer droughts and decreases in
the duration of snow cover (Scocco ef al., 2016a, 2016b; Tardella
et al., 2016). This significant reduction of precipitation expected in
the future decades, is estimated more intense during spring and
summer, regardless of the emission scenarios adopted (Tomozeiu
et al., 2018). Such precipitation decline, embedded in a structural
warming trend, will alter significantly the hydrological cycle with
an increasing trend of drought length and intensity and further
accumulation of water deficits under all different levels of future
warming (Naumann ef al., 2018). Such combined drivers will lead
to an increased risk of exposing natural ecosystems and pastoral
resources to abiotic stresses.

The Mediterranean bioclimatic zone of Italy, which includes
the coastal areas, the southern Italian peninsula and the islands,
shows a warm or hot summer where in general July is the warmest
month, with maximum temperatures often close to 35°C in many
locations. A strong seasonal trend is also evident for rainfall, with
summer generally drier than the rest of the year over most of the
region. This typical feature of Mediterranean climate was affected
by climate change, which has led in the last 30 years to an increase
in temperatures and to a change in the annual pattern of rainfall
distribution. Temperatures showed an increasing trend while in
summer the rainfall rate is decreasing (Toreti and Desiato, 2008;
Lionello et al., 2014; Longobardi et al., 2016; Cramer et al., 2018;
Caloiero et al., 2018; Cherif et al., 2020), and this was associated
to an increased dry spell (Moberg and Jones, 2005). Chelli ez al.
(2017) highlighted that, although in the whole Italy changes in
temperatures and precipitation occurred, the pattern of these
changes was different in the northern and mountain zones with
respect to the Mediterranean bioclimatic zone. According to Corti
et al. (2009), in this region the decrease of precipitation in summer
was higher than the other Italian areas, with a lower number of
rainy days associated to a higher intensity of precipitation events
and more severe drought periods.

The future climatic projection overall highlights that the trends
of changes observed in the past century will continue with a higher
magnitude. Giorgi and Lionello (2008), using an ensemble of 17
general circulation models (GCMs) projections, indicated that
increase in temperature will be characterized by a strong seasonal
trend where the highest increase will be centred on the summer
season (Lionello and Scarascia, 2018), and this will be associated
to a significant decrease in precipitation in summer from about 10-
15% to 30% (Cramer et al., 2018), which however is not so rele-
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vant given the very low rainfall probability in summer months in
this area. An increase of extreme weather events as storms, floods
and heatwaves is also expected in the coastal areas of the
Mediterranean climatic zone (Medri et al., 2013; Dono et al.,
2016; Chelli et al., 2017; Zhang et al., 2019).

Impacts of climatic drivers on Italian grasslands

Alpine region

Impacts on vegetation and biodiversity

Most studies, analysing the climate change impacts on the
Alpine grassland biodiversity and forage production, consider
increasing temperature and the variability in the precipitation pat-
tern as the main climatic drivers affecting these ecosystems, espe-
cially at high mountain environments (Table 1). In the Alpine
grasslands, the increases in temperature observed in the last
decades caused expansion of communities dominated by shrubs
(Cannone et al., 2007) as well as greening dynamics of some tem-
perate alpine areas were observed (Carlson et al., 2017). However,
there is substantial agreement in the literature about the observed
upward shifts of grass vegetation communities as a consequence of
temperature rise, more notable at high elevations than at low alti-
tudes (Cannone et al., 2008). Such shifts are threatening the persis-
tence of endemic species at the highest peaks of the Alps
(Schwager and Berg, 2019), where high altitude species have less
opportunities for the upward migration with respect to those posi-
tioned at lower elevations (Engler et al., 2011). Shifts across alti-
tude gradients due to global warming has favoured the invasion of
more competitive subalpine grasses (Descombes et al., 2017) or
the encroachment of shrub and forested areas (Tasser et al., 2017).
The increasing temperature, coupled with reduction in the precipi-
tation pattern and shortening of the snow cover, are causing
notable increments in the vegetation cover (Rogora et al., 2018)
and plant growth (Pellissier et al, 2018) in the Alpine belt.
However, both authors indicated that sites located at the nival belt
did not show any significant change in terms of greening, but
rather on plant species turnover rates.

These processes are expected to worsen in the next future cli-
mate when, according to RCP4.5 and 8.5 scenarios, an overall
(about 5-7%) decline of the extension of permanent grasslands is
predicted, especially for high altitude grassland communities due
to increasing temperatures and changes in the precipitation pattern
(Dibari ef al., 2020). This will likely cause an alarming decline of
endemic/rare high mountain species up to 44-50% (Dullinger et
al., 2012), more evident in communities dominated by Carex
curvula (Cannone et al., 2007; Dibari et al., 2020) and Carex firma
(Dibari et al., 2013; 2020) or in communities located above the
treeline, as already observed by Carlson et al. (2017). These evo-
lutions, depending also on the plant traits and the elevation gradi-
ent analysed (Matteodo et al., 2013), are particularly evident for
cold-adapted species/communities (Schwager and Berg, 2019) and
projected to widely impact the eastern Alps by the end of the twen-
ty-first century (Engler et al., 2011; Scherrer and Korner, 2011;
Dibari et al., 2020).

Changes in Alpine grassland species dynamics, resulting into
short-term decline in biodiversity, structure and ecological pat-
terns, are also predicted by Cotto et al. (2017) in the future and
observed by Stanisci et al. (2014) in response to climate warming.
Conversely, only a negligible loss of biodiversity was predicted by
Gottfried et al. (1999), who observed contrasting community
changes, depending on aspect and altitude, and by Unterluggauer
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et al. (2016), who measured a decrease in the number of lost
species along an altitude gradient. Both authors indicated that, as
result of a warmer climate, high-summit grassland communities
tend to respond quickly to upward shifts due to an enhanced strat-
egy to colonize niches and to find microsites where they are absent
today. In contrast, at the lowest summits, dominant graminoid
species will outcompete the weaker alpine grasses. It is evident
that these processes have led to a general homogenization of plant
diversity (Liberati et al., 2019), with different dynamics among
plant communities, mainly due to micro-climate conditions and
exposure to temperature extremes but also due to local dynamics
among the species (Gritsch et al., 2016).

Impacts on grassland productivity and forage quality

As summarized in Table 2, rising temperatures and summer
droughts, together with the changes in rainfall patterns, are the
main factors affecting grasslands productivity and forage quality.
These impacts, evident both in the short and long term (Deléglise
et al., 2015), may be due to changes in the reproduction rate, as
observed up to —28% by Dainese (2011) for Dactylis glomerata in
the southeastern Alps areas when shifting from warmer to colder
sites. Conversely, Berauer et al. (2019) found an overall increase
in above ground biomass production, depending from the precipi-
tation regimes; similarly, Filippa et al. (2019) observed an increase
in grassland plant productivity with variations along an altitudinal
range. This was confirmed by Schirpke et al. (2017), who found
similar altitudinal patterns (e.g. increases in forage production by
9%-18% until 2050) in response to increasing temperatures in
combination to land use changes. However, as general results, the
authors recognized land abandonment as the main driver affecting
ecosystem services at low altitudes by the middle of the century,

CPress

while, at higher elevations and in the second half of the century, the
climate becomes the dominant driver.

Summer drought is recognized as one of the main constraints
to aboveground biomass productivity in pastoral ecosystems in
relation to drought intensity (Schmid, 2017) and to the adopted
management (Deléglise et al., 2015). This is confirmed by Trnka
et al. (2011), who indicated relevant losses in forage productivity
of grasslands as a consequence of long lasting and intensive land
use coupled with water scarcity during summer periods. A consis-
tent body of literature (Trnka ef al., 2011; Dainese, 2011; Gavazov
et al., 2013; Dumont et al., 2014; Deléglise et al., 2015; De Boeck
et al., 2016; Schirpke et al., 2017, Filippa et al., 2019) indicates the
intensity and duration of heat and drought stress as severe drivers
affecting forage quality because of an alteration of the physical and
chemical characteristics of plants related to forage digestibility.

While the rise of atmospheric CO, concentration, coupled with
higher temperature, contributed to increase grassland productivity
in the Alpine and EU northern regions (Dellar et al., 2018), high
concentrations of atmospheric CO, have significant negative
effects on the nitrogen content of grassland forage (—9% on aver-
age), mainly due to changes in the forage protein-energy balance,
which can affect, in turn, the microbial synthesis in the rumen
(Dumont et al., 2014; Dellar et al., 2018). As regards forage qual-
ity, changes in forage palatability of high mountain permanent
grasslands were foreseen by Dibari ef al. (2020), who predicted a
general expansion of hardy and less palatable communities (e.g.
dominated by Nardus stricta and xeric species) in the near and far
future of RCP 4.5 and 8.5 IPCC emission scenarios.

Changes in forage N concentration of the Alpine grasslands are
also indicated under warming temperature and water-limited con-
ditions (Deléglise et al., 2015; Dellar et al., 2018), at different rates

Table 1. Impacts of main climatic drivers on vegetation and biodiversity on Alpine grassland systems.

Increasing temperatures - Upward shifts of grasslands

- Expansion of shrubs at altitudes 2400-2500 m, reductions at higher altitudes

- More flexible dynamics of alpine (2400—2800 m) and nival (above 2800 m) vegetation
- Contrasting dynamics of pioneer vegetation depending on altitudes

- Increases in speed of colonization of grasslands on lands left by retired glaciers

- Expansions of thermophilic, perennial plant species, and graminoids

- Increase of species number, especially at high summits

- Decrease of the frequency of endemic species

- Increases in competitiveness and turn-over among species at high summits
- Loss of high mountain grassland types and/or habitats (e.g., pastures dominated by Carex firma)

- Reductions in grassland extent

Berauer et al., 2019
Cannone et al., 2007
Cannone et al., 2008
Cotto et al 2017
Descombes et al., 2017
Dibari et al, 2013
Dibari et al., 2020
Dullinger et al. 2012
Engler et al. 2011
Gottfired et al. 1999
Gritsch et al. 2016

- Expansion of areas suited to hardier but less palatable pastures

(ie., dominated by Nardus stricta and xeric species)

Liberati et al., 2019
Matteodo et al., 2013
Pellissier et al., 2018
Rogoraet al., 2018
Scherrer and Korner, 2011
Schwager and Berg, 2019
Stanisci et al., 2014
Tasser et al., 2017
Unterluggauer et al., 2016

Reduced precipitation - Increases in speed of colonization of grasslands on lands left by retired glaciers Cannone et al., 2008
- Ability to colonize not developed soils Cotto et al. 2017
- Persistence in unsuitable habitats of perennial plant species in the Austrian Alps Unterluggauer et al., 2016
- high habitat loss at higher elevations Dibari et al., 2013
- decline in species richness Dibari et al., 2020
- decline in number of endemic species Berauer et al., 2019
Decreasing of snow - Increasing water stress Rogoraet al., 2018

- Expansion of xeric tolerant and thermophilus species

- Local extinction of cold adapted species

Liberati et al., 2019
Carlson et al. 2017
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according to moderate or high-water stress conditions. Contrasting
and/or uncertain trends are expected in terms of soil N availability
(Dumont et al., 2014) and C/N ratios (Leingértner et al., 2014) and
consequently in plant N uptake. However, these authors did not
evidence any direct/reliable effects of extreme climatic events on
forage quality, plant community composition and plant-herbivore
interactions.

Continental region (Apennines)

Impacts on vegetation and biodiversity

Considering the expected increases in temperature, coupled
with decreases in rainfall in summer periods, many studies high-

lighted the evolution of species distribution inside herbaceous
communities and changes in the botanical composition of natural
grasslands (Table 3). Higher temperatures and summer droughts
will determine the dominance of thermophiles communities or
species more adapted to xeric environments, which currently grow
in environments located at lower altitudes, as observed by Frate et
al. (2018) for massifs in Central Italy. According to these authors,
climatic evolutions coupled with land use changes have strongly
altered vegetation in the last 60 years and they will likely be the
main drivers altering botanical composition, species distribution
and length of the grasses vegetative period of the Apennine grass-
lands in the near future.

Ferrarini ef al. (2017), using simulation models, predicted an
increase of xeric species (such as Brachypodium genuense) in the
near future, highlighting the importance of inter-species interac-
tions and timing to response as drivers of plant communities’

Table 2. Impacts of main climatic drivers on grasslands productivity and forage quality on Alpine grassland systems.

Increasing temperatures - Increases in reproductive performances (e.g, Dactylis glomerata)

- Increases in greening
- Reductions in productivity of open pastures

De Boeck, 2016
Dainese, 2011
Filippa et al., 2019

- Contrasting effects (increases/decreases) in above ground dry biomass depending

- from altitude and management
- Increases in plant growth
- Reduced forage digestibility

- Expansion of areas suited to hardier but less palatable pastures

Reduced precipitation - Reduction in grassland productivity
- Reduction in forage quality
- Decreases in above ground biomass
- Increases in below-ground biomass
- Increases in forage N content
- Increases in forage digestibility
- Slight changes in forage C/N ratio

Schirpke, 2017

Dellar et al., 2018
Dumont et al., 2014
Gavazov et al., 2013
Dibari et al., 2020

De Boeck, 2016
Deléglise et al., 2015
Dellar et al., 2018
Trnka et al., 2011
Dumont et al., 2014
Leingértner et al., 2014
Schmid, 2017

Increases in atmospheric - Reductions in forage N content, especially for shrubs and forbs

CO, concentration - Increases in above ground dry biomass
- Increases in plant growth

Dellar et al., 2018
Dumont et al., 2014

- Increases in total non-structural carbohydrates of forage tissues
Increased legume abundance in multispecies swards

Table 3. Impacts of main climatic drivers on vegetation and biodiversity on Apennines grassland systems.

Increasing temperatures - Positive reaction of xeric species or of thermophiles species of lower habitats

- Clear decline in several cryophilic species
- Increment of dwarf shrubs
- Reduced overall pasturelands suitability

- Increment in the frequencies of hemicryptophytes
- Probable spread of species from south to north-facing slopes

Loss of habitat biodiversity
Increasing of species richness

climate warming

Reduced precipitation - Reduction of surface suitable for pastures in north and central Apennines
- Expansion of surface suitable for pastures in south Apennines
- Increasing xeric tolerant and thermophilus species

- Increasing of total number of species

Dibari et al., 2015
Evangelista et al., 2016
Tardella et al., 2016
Ferrarini et al., 2017

Frate et al., 2018
Petriccione and Bricca, 2019
Porro et al., 2019

Importance of species interaction and timing to response as drivers of plant communities
Simple simulation model can explore potential changes in plant communities induced by

Dibari et al., 2015
Tardella et al., 2016
Petriccione and Bricca, 2019

- Probable spread of species from south to north-facing slopes

Decreasing of snow - Increasing water stress

Petriccione and Bricca, 2019

- Increasing xeric tolerant and thermophilus species
- Local extinction of most of the cold adapted species
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dynamics. Under these complex conditions, as reported by these
authors, simple simulation models, with reduced input data, can be
extremely useful to explore potential changes in grassland associ-
ations induced by climate change. Similar results were reported by
Evangelista et al. (2016a) who analysed the evolution of the botan-
ical composition in a long-term assessment (42 years) at high
mountain locations (Majella, central Apennines). These authors
depicted the clear decline of cryophilic species and changes in
floristic composition, with a general increase in the extent of
hemicryptophytes. The clear floristic, ecological and structural
variations reported by this study confirm a thermophilisation pro-
cess endured by grassland ecosystems and also observed in other
mountain environments of Italy. Moreover, these authors described
an evolutionary trend towards a more nutrient-demanding vegeta-
tion, mainly driven by warming and by a general enrichment of
soil fertility induced by climate change, determining an intensifi-
cation in the decomposition rates and, in turn, a rise in nitrogen
deposition from the atmosphere.Tardella et al. (2016) analysed the
botanical composition of different pasture types of the Central
Apennines by means of scattered samples and some Ellenberg’s
ecological indicators (soil moisture, air temperature, soil nitrogen
content) as proxies of impacts due to temperature and soil moisture
changes. Results showed variations in the vegetation composition
as a response to higher competition for environmental factors: at
higher altitudes, a reduced shift of species from the lower to the
higher slopes was observed, coupled with a spread of species from
south to north-facing slopes. Other structural changes induced by
climate changes are expected in the extent of areas dominated by
shrubs. Porro et al. (2019), adopting periodical re-survey on the
same sample areas, reported a higher occurrence of communities
dominated by graminoids and shrubs replacing cold tolerant and
rare species. The same trend was observed by Frate et al. (2018)
for dwarf shrubs in calcareous grassland types, as a result of the
thermophilisation processes. An increase in floristic richness is
expected by climate warming. Specifically, Petriccione and Bricca
(2019) measured, in permanent areas continuously monitored, an
increase of total number of species in all studied plots located
along Gran Sasso high mountain grasslands, though the observed
floristic enrichment was counterbalanced by the loss of specific
taxa, more sensitive to the changed climatic conditions. Also vari-
ations in snow cover persistence have a strong impact on Apennine
grassland species, as the prolonged absence of snow cover makes
these biocoenosis more exposed and vulnerable to frost stresses.
Similarly, Porro et al. (2019) depicted increases in botanical rich-
ness in four summit unmanaged rangelands of the Northern
Apennines. In these sites, the increases in plant richness was
ascribed to a global warming which in turn induced a general
upward migration of species from the lower altitudes.
Nevertheless, the observed increment in floristic richness was off-
set by any relevant trend in other diversity metrics (e.g. Simpson
index, evenness), inducing to a general biotic homogenization and
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a consequent lower habitat diversity. Future climate variations will
also alter pastoral land suitability, as foreseen by Dibari et al
(2015). Specifically, the authors used a machine learning mod-
elling approach to assess the impacts of future SRES IPCC scenar-
ios (namely A2 and B2) on pastoral resources across the entire
Apennine chain. According to their simulations, an alarming
reduction in the extent of lands currently suited to pastures is
expected in the next future, notably in the northern and central
areas of the Apennine, while noteworthy expansions are predicted
in the south.

Impacts on grassland productivity and forage quality

The impacts of climate change on agronomic characteristics of
grasslands, such as production or quality of forage biomass, are
less studied in the Italian literature with respect to biodiversity
(Table 4). Nevertheless, there is an overall agreement among stud-
ies in depicting a general reduction in aboveground biomass pro-
duction as induced by increasing temperatures and reduced rainfall
along the growing season. Specifically, the lower forage produc-
tion induced by climate change can be less severe under particular
conditions, such as in more fertile environments (Gargano et al.,
2017) or in north facing slopes (Chelli et al., 2013). Scocco et al.
(20164a) reported rainfall as one of the main drivers able to reduce
forage biomass availability. Moreover, they observed a reduced
regrowth ability of grasses after grazing, especially for the most
fertile pastures, due to a reduction in soil water availability This
means that climate change can affect not only the general extent of
overall production but also the productivity pattern of herbaceous
communities. Outstanding harmful effects of climate change are
expected also on forage quality. Specifically, Tardella et al. (2016)
foresee a reduction of forage quality in pastures where more palat-
able species will be replaced by the less palatable ones due to a
higher tolerance to drought periods. This is confirmed also by
Scocco et al. (2016b), who measured the chemical composition of
herbaceous production, indicating a reduction of crude protein in
grasses counterbalanced by an increase of fiber content under
warmer and drier conditions. The authors also stated that decreases
in forage quality and production, mainly due to summer droughts,
can be indirectly assessed through the Body Conditions Score, as
a proxy of forage nutritive value and digestibility in sheep grazing
systems of the Apennine.

Mediterranean region

Impacts on vegetation and biodiversity

The scientific literature on the climate change impact on Italian
Mediterranean grasslands productivity and biodiversity already
acknowledged that decreasing rainfall, increasing dry spell and

Table 4. Impacts of main climatic drivers on grasslands productivity and forage quality on Apennines grassland systems.

Increasing temperatures - Plant palatability reduction and forage quality
- Height plant reduction
- Reduction of productivity

Summer drought -
- Reduction of pasture quality

- Higher presence of fibres, reduction of crude protein and lipid

- Reduction of animal productive performances

Decrease of above ground biomass production, especially in north facing slope

Tardella et al., 2016
Gargano et al., 2017

Chelli et al, 2013
Scocco et al., 2016a
Scocco et al., 2016b

- Reduction of summer regrowth ability, especially in productive pastures
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higher temperatures are the main drivers of changes in these agroe-
cosystems. The impacts of temperature rise and decreasing rainfall
on the vegetation and biodiversity of Italian Mediterranean grass-
lands are mainly documented by studies from a forestry science
perspective (Table 5). In their meta-analysis, Li ef al. (2018) point-
ed out that under increasing temperature and decreasing rainfall,
grasslands are expected to decrease their species richness to a
greater extent under high-intensity grazing systems. Mairota et al.
(2014) observed a loss of one-third of the grassland area, due to
shrubs and trees encroachment and to a general increase of forested
areas, according to the SRES AI1B future climatic scenario
(increasing temperature, decreasing rainfall). Moreover, shrub
encroachment in grasslands can be favoured by the decreasing
rainfall when the starting vegetation is characterized by high shrub
species richness, as reported by Rodriguez-Ramirez et al. (2017) in
an experiment conducted in southern France. Furthermore, in
Spanish silvopastoral systems, Rolo and Moreno (2019) found that
the shrub encroachment induced by climate change increased the
competition between grassland and shrub vegetation for water
resources, thus amplifying the effect of decreasing rainfall. It is
well noted that the encroachment of woody species in
Mediterranean grasslands represents an important global threat for
these habitats, altering the capacity of grassland ecosystems to pro-

vide essential ecological, hydrological, and socioeconomic func-
tions. Moreover, the expected changes could have a cascade effect
across the food webs impacting several animal species at the land-
scape scale. Under IPCC A1B emissions scenario, Lozano et al.
(2017) described expected changes in forest vegetation composi-
tion in the time span 2041-2070 and an increase of the probability
of wildfire occurrence from 2% to 10%, as a result of reduced fuel
moisture content. The increase of wildfire probability could lead to
a substantial change in the plant assemblage composition and dis-
tribution or even to the desertification of slopes due to increased
soil erosion (e.g. Karamesouti et al., 2016). However, the effect of
climate change on shrub encroachment of Mediterranean grass-
lands is also associated with the agronomic management of grass-
lands, particularly in oligotrophic soils, where NP fertilization can
effectively contribute to maintain the grassland vegetation and pre-
vent the encroachment of pyrophytic shrubs, as observed by
Bagella et al. (2017).

Impact on grassland productivity and forage quality

The impacts of climate change on agronomic traits of the
Italian Mediterranean grasslands emerge to be more studied with
respect to vegetation and biodiversity (Table 6). Climate change is

Table 5. Impacts of main climatic drivers on vegetation and biodiversity on Mediterranean grassland systems.

Increasing temperatures - Increase in forest covered area

- Decrease of species richness with a larger extent under high grazing intensity
grassland systems in semi-arid environments

Reduced precipitation -
subsequent enhancing of drought exposure

- Increase of fuel moisture content and of burn probability in far future (2041-2070)

from about 2% to about 10%

- Decrease of species richness with a larger extent under high grazing intensity grassland

systems in semi-arid environments

Loss of one-third of grassland area due to shrubs and trees encroachment and

Lietal,2018

Mairota et al., 2014
Karamesouti et al., 2016
Bagella et al., 2017

Lietal,?2018

Lozano et al., 2017

Mairota et al., 2014
Rodriguez-Ramirez et al., 2017
Rolo and Moreno, 2019

Table 6. Impacts of main climatic drivers on grasslands productivity and forage quality on Mediterranean grassland systems.

Reduced precipitation -

silvopastoral systems

- Drought can override the positive effects of higher temperature

Overall decrease of grassland production
- Increase of inter-annual variability of grassland production in spring under

Dumont et al., 2015
Chelliet al., 2016
Dono et al., 2016
Chelli et al., 2017

- Severe reduction in autumn pasture biomass production under 50% of reduction
of rainfall patterns

- Grasses increase SLA by 7% and forbs by 10% on average under extreme drought

- Changing in aboveground NPP with a different extent depending on season

- Forages N content increase, NDF decrease, high variability of forage N and C/N

Changing in rainfall distribution - Increase of grassland autumn production in most productive years as result
of interaction between higher water availability in autumn and higher temperature

Increasing temperatures - Enhanced plant growth
- Decreasing forage digestibility and shifts in botanical composition

Increasing CO, concentration - Modification in heading date
and interation between - Forage N content increasing by an average of 3%
enhanced CO; and - Water soluble carbohydrates and total non-structural carbohydrates increase,
reduced rainfall while lack of effect on structural carbohydrates
- Negative effect of less precipitation on productivity will override
the positive effect of elevated CO, during summer and in dry regions
- Under less dry conditions, the positive effects of increased temperature
and elevated CO; on productivity will override the negative effect
of less precipitation

Iglesias et al., 2016
Pulina et al., 2017
Wellstein et al., 2017

Dono et al., 2016
Dumont et al., 2015

Dumont et al., 2015
Chelli et al., 2017

Ergon et al., 2018
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expected to have an impact on forage production and its seasonal
distribution, as a result of compensatory effects of higher winter
temperature and CO; rise (Dono ef al., 2016; Chelli ef al., 2017).
In their review, Ergon et al. (2018) highlighted that in summer the
positive effect of enhancing CO, can be thwarted by severe
drought-induced by lower precipitation. Combining decreasing
rainfall with changes in the distribution and variability of autumn
rainfall can result in a severe reduction in expected autumn pasture
production (Pulina et al., 2017). However, an increase in simulated
average grassland autumn production in the most productive years
is expected as a result of the interaction between higher water
availability and higher temperature in the winter (Dono et al.,
2016). Under a two-year manipulative experiment inducing a gra-
dient of water availability with respect to actual rainfall, Chelli et
al. (2016) observed an overall increase of 52% aboveground net
primary production with increasing water availability. The same
authors showed that spring pasture production was higher in wet
springs than in dryer springs, during which, however, the grassland
productivity was not significantly affected by the rainfall gradient
(current, additional, reduced). The higher inter-annual variability
of spring forage production induced by changes in rainfall variabil-
ity has been observed also in grasses of Spanish Quercus-based
agroforestry systems (Iglesias et al., 2016). An induced decreasing
rainfall also led to changes in plant physiology depending on the
plant functional groups. In their meta-analysis, Wellstein et al.
(2017) showed that grasses increase the specific leaf area under
induced drought by 7% on average, while other forbs reduced this
parameter by 10% on average under the extreme drought treat-
ment.

Beyond the productivity aspects, the increase of CO, has been
observed to be a determining factor that alters the quality of the
forage by decreasing the C/N ratio (Dumont et al., 2015; Ergon et
al., 2018). Dumont et al. (2015), in their meta-analysis conducted
on manipulative experiments on climate change (increasing CO,
concentration, decreasing rainfall, increasing temperature) under
Mediterranean conditions, indicated a general reduction of forage
quality and digestibility, mostly ascribed to limiting conditions in
grasslands for legumes growth. Overall, the CO, concentration rise
seems to have a weak direct effect on forage quality, except in
terms of forage N content (+3%), non-structural and water-soluble
carbohydrates, and total non-structural carbohydrates, which on
average increased. However, increasing temperature caused
decreased forage digestibility and shifts in the plant assemblage
composition, while drought caused neutral detergent fiber (NDF)
decrease, higher variability of forage N content and C/N ratio due
to the lack of water availability (Dumont et al., 2015).

Analysis of evidence and agreements of the litera-
ture across the regions

There is robust evidence, with a high level of agreement in the
literature, that an increase of xeric tolerant and thermophilous
grassland species, coupled with a reduction of cold-tolerant
species, is expected in the future climate across the Alps and the
Apennines. This will likely increase the extinction risks for the less
tolerant and more specialized high-altitude grassland communities
of these bioclimatic zones, especially where upwards or north-
wards migration is limited or even not possible. Furthermore,
while studies analysing the impacts of climate change on the alti-
tudinal shifts of pastoral communities are well represented in the
Alps (robust evidence), they are less issued in the Apennines
(medium evidence) and completely lacking in the Mediterranean
area (Figure 1). Although the literature focussed on grasslands of
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the Alps (medium evidence; medium agreement) and the
Apennines (medium evidence; high agreement) indicates decreas-
es in biodiversity, contrasting results emerged on floristic richness:
reductions for the Alps and the Mediterranean, increases in the
Apennines with a medium frequency of the literature (medium evi-
dence), but under a medium/high level of agreement for all areas.
However, for the Alpine and Continental biogeographical regions,
the expected climatic changes will alter species dynamics within
the pastoral ecosystems, with alarming consequences on the
preservation of some endemic species located at the higher alti-
tudes, due to the expansion of more competitive species favoured
by the occurrence of the new climatic conditions. There is agree-
ment that climate change, if associated with land abandonment and
reduction of grazing activities, will likely lead to a relevant
homogenization of grassland landscapes, with loss of open areas
and specific habitats in both the Alps and the Apennines.
Conversely, limited knowledge emerged on the impacts of climate
change on the grassland vegetation composition and biodiversity
in the Mediterranean area, which becomes a priority for further
investigations by means of modelling, long term experiments
(LTEs) and/or finalized experiments to assess and monitor changes
in endemic species located in this biogeographical area.

As regards grassland productivity, there is high agreement on
a decreasing trend of grasses production across the three biogeo-
graphical regions, although some contrasting impacts are expected
in terms of forage quality in the Alps under future climatic condi-
tions, mainly depending on the climatic variables analysed (e.g.
summer droughts, increasing temperature, variation in precipita-
tion pattern, increasing atmospheric CO, concentration), the
explored altitudinal range and the applied agronomic management,
which can trigger new physiological processes and competitive
dynamics within the grassland ecosystems.

Furthermore, the methods used in the literature reviewed in
this study are different according to the areas investigated and to
the scope of the research (Table 7). The most frequent methodolog-
ical approach found in the literature is based on observations from
LTEs or similar methodologies. This is more evident in the Alpine
area, even if some examples can be found for the Apennines and
Mediterranean biogeographical regions. Another widely used
methodology concerns the implementation of model projections,
often based upon Global and/or Regional Circulation Models
coherent with the IPCC reports and often coupled with remote
sensing techniques. This kind of studies is well represented in all
the three analysed geographical regions. In contrast, researches
based on the implementation of experimental trials are less repre-
sented in general, with differences in the three regions: more rep-
resented in the Alps than in the Apennines or Mediterranean areas.
Finally, only a few papers were found based on the comparison of
diachronic vegetation maps and meta-analysis approaches, all of
them located on the Alpine chain.

Main trajectories of climate change, impacts on
grasslands and management implications

Most studies reported in this review provide site-specific and
sometimes diverging results. This because the climate change
impacts analysed refer to grasslands located in three different bio-
geographical regions and environmental contexts, they are carried
out by applying various approaches, methodologies and tools, they
use contrasting spatial scale of analysis, and they were performed
for different purposes. However, some clear common trends can be
highlighted for the Italian peninsula (Figure 1) highlighting knowl-
edge gaps, open research questions and providing suggestions of
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future perspective for research. From the climate change frame-
work shown in the previous paragraphs, a high degree of coher-
ence emerges among the three geographical regions. Air surface
temperature has been growing in all seasons since the 1980s and
faster than ever in the 2000s (Toreti and Desiato, 2008). Extreme
high-temperature values occurrence and intensities, such as heat-
waves, are increasing as well, contributing, in this way, to the
Mediterranean basin warming (MedECC, 2020). The alpine region
seems to be more exposed to such warming, especially at higher
altitudes (Auer et al., 2005, 2007; Brugnara, 2021). During the
next decades, this warming intensification is expected to further
intensify (Gobiet et al., 2014). The precipitation distribution
showed a more heterogeneous spatio-temporal pattern. If a gener-
alized reduction is already observed in Italy, dry conditions are
expected to intensify in the future. In particular drought occur-
rence, frequency and severity are projected to increase under all
different levels of future warming (Naumann et al., 2018). Thus,
the combined climatic change stress of warming and drying along
the growing season will produce a relevant pressure on terrestrial
biodiversity and ecosystems, especially in the Apennines and
Mediterranean regions (Chelli et al., 2013; Scocco et al., 2016a;

Gargano et al., 2017). Grassland ecosystem response to future cli-
mate is critically depending on the interaction between climate
drivers and expected CO, concentration. Atmospheric CO, concen-
tration, that has risen from 280 ppm before the industrial revolu-
tion to 410 ppm nowadays and expected to further increase by the
end of this century (IPCC 2007), may have an impact on plant and
soil responses in some cases exceeding that of projected climate
change (Morgan et al., 2004).

The effect of CO, concentration on plant performances as a
single driver has been long investigated focussing primarily on
photosynthetic efficiency and water use. Rising CO, concentration
enhances the photosynthetic efficiency especially of C3-pathway
plant whose performances at the present are CO,-limited.
Conversely, C4 plants, whose photosynthetic efficiency is nearly
saturated at the present, were predicted to be less responsive to fur-
ther increase in CO,. At the same time, increased CO, concentra-
tion reduces transpiration per unit leaf area in most herbaceous
species, irrespective of their pathway, as effect of CO,-induced
stomatal closure. At canopy level, this may lead to a reduced evap-
otranspiration and higher soil moisture when compared to ambient
carbon dioxide (Field ez al., 1995).
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However, the response to CO, of grassland ecosystems in
terms of biomass accumulation and partitioning, richness and com-
petition between species is largely dependent on other drivers such
as climate (Lee ef al., 2010) and nitrogen, whose natural deposition
is expected to further increase in the next future (Galloway et al.,
2004). As such, the interaction between these single drivers plays
a key role in shaping the grassland ecosystem function in the next
future and experimental designs are going along these needs by
combining the expected changed in climate (temperature and rain-
fall) with those expected in carbon dioxide concentration and
nitrogen deposition (Zalaveta et al., 2003; Dukes et al., 2005). The
global survey reported in Lee et al. (2010) evidences that CO,
enrichment has a positive effect on above and below ground
biomass of both C3 and C4-dominated grassland (~+11%) even
though in the range of explored CO, concentration (439 to 720
ppm) there is no linear response of biomass to increasing carbon
dioxide concentration. Neither mean annual temperature or cumu-
lated rainfall altered the strength of biomass response to CO»
enrichment, not supporting the hypothesis that increasing CO, con-
centration have a greater effect on plants grown in limited water
conditions despite this interaction has been occasionally observed
(Niklaus and Korner, 2004). Conversely, the absence of the inter-
action between climate and CO, concentration on grassland
biomass is likely related to the fact that other drivers may control
grassland response to higher CO,, such as N or P availability
(Dukes et al., 2005) or the length of the growing season (Lee et al.,
2010). Aboveground biomass is more responsive to increasing
nitrogen with respect to CO, but only in sites with high precipita-
tion, reflecting the fact that in these areas grassland are more nitro-
gen that water limited in contrast to dry regions, where a lower
water availability prevents the nitrogen to be in solution (Lee et al.,
2010).

The experiments using a multivariate approach to consider the
effects of CO,, changes in temperature and rainfall and increased
nitrogen availability on different grassland ecosystems indicate
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that the interaction between these drivers and species richness are
consistent. These ranges from no interaction in a California annual
grassland, where the negative effects of N and CO, on species rich-
ness were additive (Zalaveta et al., 2003) to antagonistic interac-
tion (Reich, 2009), where CO, enrichment reduced the negative
effect of increasing N on species richness, in a temperate perennial
grassland in Minnesota. Recently, Zhu et al. (2020) pointed out
that while neither increasing N nor CO, enrichment alone altered
species diversity in an Alpine grassland, their combination did.
Despite these experiments Encompass different climatic zone and
ecosystems, the decrease in species richness generally observed by
increasing N and CO; is likely mediated by increasing biomass in
response to these changes and increasing competition for water
resources.

The response of plant species to observed and projected cli-
mate change (i.e. increasing temperatures, modification of rainfall
pattern and reduction of snow cover duration) can result into a
floristic simplification particularly in mountain areas of the Alps
and the Apennines, due to upward shifts, in some cases hampered
by natural barriers (e.g. rocks; Elsen and Tingley, 2015), or to a
reduced dispersal ability of grassland species (Engler ez al., 2009;
Gottfried et al., 2012), posing new threatening challenges to biodi-
versity conservation. This can lead to the decrease of occurrence
for specific cold tolerant vegetation types, that cannot colonize
upward areas characterized by not evolved soils or by rocky sur-
faces (with loss of some species occurring in this types), with a
general reduction of suitable areas for pastures in the higher moun-
tain belts (Engler ef al., 2011). Regarding modifications related to
vegetation, changes will concern botanical composition of natural
grasslands, inside which a turnover among different plant types is
expected (Tardella et al., 2016), with the reduction or the complete
loss of species suitable to colder environments and a spread of
xeric/thermophilus ones and/or shrubby vegetation (Dibari et al.,
2020).

As concerns grassland productivity, a general reduction of

Table 7. Methods used in the retrieved studies at the three biogeographical zone considered for the review.

Alps

Apennines

Cannone et al., 2008
Rogora et al., 2018
Matteodo et al., 2013
Stanisci et al., 2014
Unterluggauer et al., 2016
Gritsch et al., 2016
Carlson et al., 2017
Descombes et al., 2017
Liberati et al., 2019

Stanisci et al., 2014
Evangelista et al., 2016a, 2016b;
Frate et al., 2018

Petriccione and Bricca, 2019
Porroet al,, 2019

Gargano et al., 2017

Gottfried et al., 1999
Engler et al, 2011
Dullinger et al., 2012
Dibari et al, 2013
Gavazov et al., 2013
Cotto et al, 2017
Schirpke et al., 2017
Pellissier et al., 2018

Schwager and Berg, 2019

Filippa et al, 2019
Dibari et al., 2020
Dibari et al., 2015
Ferrarini et al., 2017
Frate et al., 2018

Dainese, 2011

Leingértner et al., 2014
Deléglise et al., 2015
Schmid, 2017

Scherrer and Korner, 2011
De Boeck et al., 2016
Berauer et al., 2019

Scocco et al., 2016a, 2016b
Tardella et al., 2016

Cannone et al., 2007
Tasser et al., 2017
Trnka et al., 2011
Dumont et al., 2014
Dellar et al., 2018

Mediterranean

Chelli et al, 2013

Mairota et al., 2014
Dono et al., 2016
Iglesias et al., 2016
Lozano et al., 2017
Pulina et al,, 2017

Rolo and Moreno, 2019

Chelli et al, 2016
Rodriguez-Ramirez et al., 2017

Dumont et al., 2015
Wellstein et al., 2017
Ergonet al.,, 2018
Lietal,2018
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aboveground biomass is observed and projected under climate
change in the three regions, as summer droughts are considered the
main driver altering grassland productivity (Schmid, 2017). This
climatic factor is predicted also to affect possible plants regrowth
after animal utilization and, consequently, the overall biomass pro-
duction pattern (Scocco et al., 2016a). Finally, an overall decrease
of forage quality and palatability of grasslands is observed and pre-
dicted, mainly related to increase warming and rainfall reduction
that are considered the main factors able to lessen nitrogen percent-
age in the available biomass and consequently crude protein con-
tent (Dumont et al., 2015) and to stimulate a spread of less unpalat-
able species and shrubs (Tardella et al., 2016).

However, grassland management seems to have a role of miti-
gating drought impacts on grassland productivity in the Alps, as
pointed out by Deléglise et al. (2015), who showed that the
canopy-cover gradient is a notable driver affecting changes in
biomass productivity under warmer/drier conditions. Similarly, cli-
mate change is expected to reduce the grassland forage production
in open pastures, while it is expected to stimulate grass productiv-
ity in densely wooded pastures (Gavazov et al., 2013).

The impacts of climate change on vegetation and forage qual-
ity and productivity could lead to dramatic changes in grassland
management, with a different extent related to the area, farming
and grazing systems. The upward shift of species expected in both
Alps and Apennines, as well as the expected shift of grassland
species from northern to southern slopes, could likely cause limi-
tations for business as usual management of mountain grasslands
such as the vertical transhumance during summer (Liechti and
Biber, 2016). The need to move grazing animals at higher altitudes
may exacerbate the already existing challenges that are facing tran-
shumant householders such as the declining of infrastructures (e.g.
processing facilities) and services (e.g. veterinary and agricultural
extension) in these areas and increasing distances to markets
(Liechti and Biber, 2016). Furthermore, the general reduction of
the suitability of mountain grazing areas and the decrease of forage
productivity and quality could lead to increasing conflicts for
resources among diverse actors with claims on pastoral commons
(Brown, 2003). Conflicts between pastoralists and other land users
under lower resources conditions can amplify tensions and con-
flicting views on, for instance, the need to protect or eliminate
predatory animals (Dressel ef al., 2015) and the rising demand for
extra-agricultural and livestock activities such as the touristic val-
orisation (Montrasio et al., 2020). These situations may ultimately
lead to enhancing the risk of more marginal highlands abandon-
ment which is associated with shrubs invasions, loss of biodiversi-
ty and increasing wildfires (Komac et al., 2013; Mantero et al.,
2020). Trends of mountain land abandonment, which started in
Europe in the second half of the 20™ century as a consequence of
people displacement from rural areas to cities mainly for socio-
economic reasons (Garcia-Ruiz and Lana-Renault, 2011), will play
a combined role with climate change forcing grasslands evolution
and leading to a biodiversity decline. The strong interconnectivity
between climate change and land abandonment impacts limits the
possibility of estimating their mutual role as stressors. At the same
time, it calls for further study for a salient and effective planning
of regional policies on future land use trends in marginal and rural
areas of the Mediterranean mountain regions (MedECC, 2020).

Patterns of intensification may also occur in the less marginal
mountain areas with increased stocking rates, and, thus, higher
risks of overgrazing, as a consequence of lower availability of suit-
able grazing areas or pasture productivity reduction. These indirect
negative implications could be particularly marked in the high-
lands that are frequently held and managed in common (Caballero
et al., 2007; Baur and Binder, 2013). Livestock activities in moun-
tain areas are threatened not only for the reduction of highland
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grasslands but also for expected lowering of forage productivity in
lowland areas, from where farmers usually produce hay to supply
animals requirements during winter (Caballero et al., 2007). In the
Swiss alpine areas, pipelines are in fact being built to transport
water to farm units that regularly suffer from lack of water in sum-
mer to allow forage production for periods when grazing is not
possible (Herzog and Seidl, 2018).

In the Mediterranean basin, the loss of grassland areas and the
expected decrease in forage availability will cause severe changes
in livestock activities and farm management. The increase of shrub
invasions, which is also worsened by land abandonment trends,
could lead to an under-exploitation of forage resources leading to
an increase of fuel biomass, thus intensifying the wildfire risk dur-
ing summer (Lovreglio et al., 2014; Mantero et al., 2020).
Moreover, the increasing uncertainty on forage availability and
quality could strongly affect the maintenance of the business as
usual practices of the Mediterranean grassland-based farming sys-
tems (Porqueddu et al., 2016). The dairy sheep and beef cattle live-
stock systems, which are sized based on autumn and spring pasture
herbage availability, as well as hay spring production which guar-
antees to meet the nutritional livestock requirements during the last
weeks of gestation in the late autumn, may need to drastically
change farming practices to be still economically viable. Dono et
al. (2016) estimated a net income reduction under climate change
scenarios in Mediterranean dairy sheep farms up to —13% mainly
related to increased costs of purchasing fodder to counterbalance
the reduced fodder production in spring.

Knowledge gaps, open research questions and
future perspectives

The scientific agreement and robustness emerging from this
analysis is sufficient to answering the research demand on having
a comprehensive insight on climate change impacts on the Italian
grasslands, as well as it clearly highlights knowledge gaps, for
which further studies are needed.

In the Alpine environment, medium or little agreement
between studies on the impact of climate change on biodiversity
maintenance, upward shift of some species, changes of plant func-
tional traits and decrease of grassland biomass production and
quality was highlighted by the analysis of the literature. However,
few scientific evidences are available on the loss of grassland areas
in the Italian Alps, and still uncertainties, even if at a lesser extent,
were highlighted for the habitat suitability, biodiversity and floris-
tic richness trends.

In the Apennines grassland systems, several knowledge gaps
emerged on the impacts of climate change on plant functional
traits, future habitats suitability and grasslands loss. Nevertheless,
it is recognized that these agroecosystems have suffered from
decades of both abandonment and intensification trends, which
lead to a loss of extensive grasslands, independently on the climate
change driver. Similar to the Alpine areas, the low agreement
between studies about the upward and S-N slope shift of species
and the quantity of forage production, suggests the need for further
research insights.

A severe knowledge gap about climate change impacts on
grassland biodiversity and vegetation emerged from the literature
review on the Mediterranean biogeographic areas of Italy.
Although grassland biodiversity, vegetation, and floristic richness
are well investigated, e.g. across different gradients of land uses
and management (Bagella et al., 2014; Bagella et al., 2016), insuf-
ficient research evidence was found on the implications of climate
change on the grassland-related ecosystem services provision. The
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low agreement and weak evidences on grassland loss emerged
especially from studies on forest vegetation dynamics. The impacts
of climate change on grassland production have been adequately
investigated, particularly regarding the quality of forage.
Nevertheless, there is low agreement on the overall impacts of cli-
mate change on grassland productivity, in particular on the autumn
production, and on changes of functional traits of pasture species.

Overall, this review highlighted that a comprehensive under-
standing about the grassland species responses to changes in cli-
mate in the Alpine, Apennine and Mediterranean areas of Italy is
still required to predict changes in the grassland species distribu-
tion. This is particularly important for Mediterranean grasslands
composition, for which insufficient knowledge is available so far.
The reasons for contrasting research findings, could be related to
several aspects such as the different methodologies used for the
impact assessment (e.g. observational or manipulative studies;
field experiments or simulation models; plot, field, farm or land-
scape scale of investigation), the different duration of the studies,
the high variable nature of the measured traits and the complexity
of the ecological, management, environmental interrelationships of
the multispecies grassland systems that are highly site-specific.

The role of LTEs emerged as a strategic approach in improving
the understanding of the long-term effects of climate change on
grassland vegetation dynamics and biodiversity. This approach
was extensively used in the Apennines and Alps, although in the
latter case only few LTEs studies were located on the Italian side
of Alps. The LTE approach on grasslands is rare in the
Mediterranean bioclimatic zone and should be further implement-
ed to build robust scientific knowledge on climate change impacts
on grassland biodiversity and vegetation. Long term datasets
derived from LTEs are also very useful for model calibration and
for the improvement of model performances in simulating vegeta-
tion dynamics under future climate scenarios. On the other hand,
although under mountain environments LTEs have provided strong
scientific evidences on climate change impacts on vegetation, few
studies were carried out in these areas to evaluate the impacts of
climate change on forage production and quality, as well as on
morphological, phenological and physiological traits of plant com-
munities. Thus, future research activities on this topic should be
developed by combining field experiments with modelling and
remote sensing approaches, to evaluate the interaction between cli-
matic and management scenarios. Most biophysical/biogeochemi-
cal simulation models of grassland systems ignore the dynamics of
plant species composition (Van Oijen et al., 2018), and this leads
to considerable uncertainty about the models’ reliability to assess
vegetation responses against abiotic stresses such as drought, tem-
perature raise, efc. A promising field of research is therefore to
implement biogeochemical models with modules able to mod-
elling the plant assemblage composition dynamics in relation to
climatic and management pressures (Confalonieri, 2014; Movedi
et al., 2019).

Another open field of research is about the assessment of the
response of the biomass and plant assemblage composition to
direct and indirect CO, effects. The free-air carbon dioxide enrich-
ment (FACE) experiments approach, for instance, has never been
applied on Italian grassland species, with the exception of the
SWISS FACE experiment (Van Kessel ef al., 2000). The rise of
CO: concentration can have effects on the plant-animal interac-
tions in the grassland under grazing and/or on physical and chem-
ical characteristics of plants and plant communities (Dumont ef al.,
2015).

The development of climate change policies for grassland-
based systems would require a more interdisciplinary research
approach (Gibson and Newman, 2019). In fact, poorly managed
grasslands due to farming abandonment are under threat as a con-
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sequence of fragmentation, habitat loss, land-use change, introduc-
tion of invasive species and endemic species loss. These impacts
are possibly exacerbated by the effects of climate change. The
strong interdependence between social and economic causes for
land abandonment and the environmental factors, including cli-
mate change, is a priority for supporting the long-term sustainabil-
ity of Italian grassland-based habitats and farming systems, and
related human communities. The effectiveness of such integrated
approaches has implications on how research programme topics
are prioritized and how they tackle the apparent conflict between
the need for long term experiments to address environmental and
societal challenges related to long term grassland dynamics, and
the administrative constraints associated to short-term funding of
the current research programmes.
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