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Abstract

Climate change strongly impacts ecosystems and human activities. Its effects are particularly severe in mountain areas and
within the Mediterranean-Climate Region (MCR), where they cause socio-economic and territorial dynamics with serious
consequences on Ecosystem Services (ES) supply, biodiversity, and landscape quality. The majority of impacts of climate
change often occur in combination with that of human activities, resulting in ecosystem alteration, soil degradation, landscape
fragmentation, disruption of interspecific dynamics, and establishment of invasive species. Nevertheless, virtually no study
performed a comprehensive assessment of current knowledge on impacts due to climate and land use changes on Mediter-
ranean mountains, complicating the development and implementation of adaptation strategies. This paper investigates the
effects of climate and land use changes on biodiversity and ES in the vulnerable Mediterranean mountains, focusing on the
Apennines (Italy). We performed a literature review to (i) evaluate the impacts of climate change on ES and biodiversity,
taking into account the preeminent role of land use in this geographical context; (ii) understand how knowledge has been
translated into best practices (such as strategies, actions, or solutions); and (iii) recognise the contribution of spatial planning
instruments to enhance resilience and ES supply. Results show that less than 50 papers addressed these issues, highlighting a
knowledge gap, with limited translation into operative planning concepts. Although the connections between socio-economic
and ecological systems are widely acknowledged, and the severe impacts of climate change across multiple sectors are well
understood, research addressing these challenges often remains compartmentalised. Available studies in fact often focus on
a limited number of specific factors, without embracing a more comprehensive and holistic approach. Broad-scoped and
multi-scale studies are needed to adequately cope with the deep consequences of climate and land use changes on ES and
biodiversity in the Mediterranean mountains.
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Introduction

Climate change is a complex phenomenon affecting all
regions worldwide, causing dramatic impacts on species
and ecosystems as well as social, economic, and territorial
threats (Sala et al. 2000; Parmesan and Yohe 2003; Mooney
et al. 2009; Gasper et al. 2011). The increase in the aver-
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leading to decreased water availability during dry seasons
and prompting an earlier onset of vegetation growth. Such
changes disrupt water supply and heighten ecosystem vul-
nerability, as highlighted by Fayad et al. (2017) particularly
under Mediterranean-like climates where snowmelt plays
a critical role in water resource stability. These dynamics
not only affect water resources critically but also heighten
ecosystem vulnerabilities and reduce biodiversity resilience
due to the combined impacts of temperature fluctuations and
the altered timing of snow and precipitation events (Beniston
2003; Barnett et al. 2005).

Despite the global scale of climate change impacts, some
geographical or climatic regions are particularly hit by ongo-
ing and/or forecast changes, such as the polar regions and
mountain areas, which are exposed to a higher rate of warm-
ing (Diffenbaugh et al. 2007; Pepin et al. 2015, 2022) and
host species and ecosystems adapted to cold climates (de
Gabriel Hernando et al. 2021; Rodder et al. 2021; Bram-
billa et al. 2022), and those with a Mediterranean climate
(del Pozo et al. 2019). The Mediterranean-Climate Region
(MCR) is notably vulnerable to climate change, characterised
by intensified warming, drying, and a rise in extreme cli-
matic events (Bravo et al. 2008; del Pozo et al. 2019), leading
to warmer and drier conditions, and an increase in extreme
climatic events. Both historical reconstructions and future
projections identified rather extreme warming patterns in
this region (Guiot and Cramer 2016). Such changes strongly
affect ecosystems, with significant impacts on their function-
ing and services (Mooney et al. 2009) and biodiversity, with
altered distribution and abundance patterns (de Gabriel Her-
nando et al. 2021), disruption of biotic interactions (Bram-
billa et al. 2020), and behavioural changes (Lavergne et al.
2010). In addition, climate change is also triggering social
and territorial dynamics, which in turn are impacting Ecosys-
tem Services (ES) supply, biodiversity, and landscape quality,
all these processes resulting in serious consequences for local
populations too (Dhakal and Kattel 2019).

Mountains within the “old Mediterranean region” (i.e. the
Mediterranean basin) are disproportionately sensitive to cli-
mate change (Schroter et al. 2005), and the supply of crucial
ES is more severely threatened than in many other European
ecosystems (e.g. declines in soil fertility and water avail-
ability, increased risk of forest fires, soil erosion, etc., see
Bravo et al. 2008). Moreover, Mediterranean mountains are
also strongly affected by human activities, as they have been
modified by local communities for millennia: farming and
pastoral practices have contributed to shaping heterogene-
ous, species-rich landscapes throughout the Mediterranean
region (Plieninger et al. 2006). The changes of the last cen-
turies that have affected different land uses (agriculture, live-
stock breeding, forestry), causing agricultural abandonment
and intensification phenomena, have impacted ecosystems,
landscape, and biodiversity in several ways (Cramer et al.
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2018). Most relevant changes in Mediterranean mountains
have resulted from human land use and its dynamics (Médail
2016), and also climate change impacts are likely mediated
by land uses (such as agricultural intensification, loss of crop
diversity, changes in forest cover) (Aurelle et al. 2022). Land
use/land cover (LULC) changes and climate change effects
are both critical drivers of biodiversity and ecosystem func-
tioning in the Mediterranean mountains; among them, there
is the abandonment of agriculture and grazing in less pro-
ductive areas, with subsequent increase in forest cover. At
the same time, urban growth reduces biodiversity in vulner-
able ecosystems, converting natural and agricultural lands
into anthropised areas, a phenomenon defined as land take
process (European Commission 2023), which is particu-
larly alarming in the Mediterranean region (especially, but
not exclusively, on coastal areas; Fiorini et al. 2019). Such
impacts are particularly concerning because Mediterranean
ecosystems provide critical support to local populations and
an exceptionally high number of species, the Mediterranean
region being a biodiversity hotspot at a global level (Myers
et al. 2000). LULC changes cause land take and soil sealing
phenomenon, fragmentation of ecosystems and landscape,
and loss of landscape diversity and of heterogeneous mosa-
ics typical of the Mediterranean region (Santos Ferreira et al.
2024), negatively impacting biodiversity while potentially
promoting the establishment of Invasive Alien Species
(IAS); all those impacts are further aggravating those of
climate change (Mooney et al. 2009).

The warming temperatures, changes in precipitation, and
increasing frequency of extreme weather events also impact
agricultural practices, causing additional risks to food secu-
rity and the local economy (Mahato 2014). Specifically,
MCR’s agriculture is mainly threatened by the increased
frequency of drought and high-temperature events (Giorgi
and Lionello 2008; IPCC—Intergovernmental Panel on Cli-
mate Change 2014; del Pozo et al. 2019). These impacts
can further increase the abandonment of agricultural land,
which is particularly severe in mountain areas of southern,
central-southern, and eastern Europe (Vacquie et al. 2015;
Estel et al. 2015; Terres et al. 2015; Chiti et al. 2018; Gela-
bert et al. 2022; Anselmetto et al. 2024) and is forecast
to continue over the next decades (Anguiano et al. 2008).
Rural abandonment is mostly triggered by socio-economical
dynamics, and can be further promoted by climate change.
The main pattern it causes is a transition from cropland and
pastures to fallow land, followed by transitional shrubland
and eventually secondary woodland, with variations due to
local soil, topographic, and climatic characteristics. New
forest habitats resulting from tree and shrub encroachment
can accumulate a higher amount of carbon than cultivated
areas (but not necessarily higher than grassland (Dass et al.
2018)), which could contribute to climate change mitigation.
At the same time, such changes can also significantly impact
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landscape, biodiversity, and ecosystem dynamics (including
amplified risk of large wildfires, which could counterbalance
the benefits of carbon storage, and improved soil stability
resulting from enhanced soil cover and protection) and ser-
vices (Tasser et al. 2020; Varela et al. 2020), all aspects
that are equally essential for mitigating global change effects
(Chiti et al. 2018). When not abandoned, rural farming sys-
tems often undergo agricultural intensification, which is one
of the most important sources of impact on environmental
and landscape quality (Assandri et al. 2018, 2019; Bram-
billa et al. 2021). The intensification and mechanisation of
rural practices in mountains indeed lead to fragmentation
of remaining natural habitats, lower crop and landscape
diversity, and larger fields (eventually leading to large-scale
monocultures) (Flury et al. 2013), with dramatic impacts
on biodiversity (Brambilla 2019) and ES (Tscharntke et al.
2005; Emery et al. 2021; Tasser et al. 2024). Recent research
has increasingly demonstrated the multiple benefits of ser-
vices supplied by biodiversity to agricultural production
(e.g. pollination and pest control), which can improve both
yield and system resilience (Ortiz et al. 2021). Abandonment
and intensification of agricultural practices are generally
linked to the same drivers, but are often spatially separated:
where intensification is not possible (e.g. because of topo-
graphic or other practical reasons), farming becomes less
remunerative, and fields and pastures are often abandoned.
Understanding trends in LULC, particularly those relevant to
the linkage between agricultural practices, ES, and biodiver-
sity, is key to long-term sustainability in the Mediterranean
mountains under ongoing global changes.

In this sense, the operationalisation of critical strategies
for biodiversity conservation and ES supply requires their
integration into territorial governance instruments, which
should take into account that an efficient management of
biodiversity requires exploring biodiversity changes under
future environmental conditions and alternative scenarios
(Titeux et al. 2016).

Spatial planning may play a central role in ensuring the
long-term persistence of biodiversity and ES by reducing
environmental damage, enhancing and protecting natural
resources and heritage, and limiting natural disasters (espe-
cially those connected to climate change) (United Nations
2008). Moreover, spatial planning and climate change adap-
tation strategies should integrate each other to find a com-
mon pathway for contrasting the impacts of global change,
paying particular attention to the management of LULC and
the protection of natural capital (IPCC—Intergovernmental
Panel on Climate Change 2007). Spatial planning is thus
the optimal framework for integrating strategies to achieve
climate adaptation, biodiversity, and ES objectives, provid-
ing more effective coordination of sectoral actions with an
intersectoral spatial dimension (e.g. nature and environ-
ment, agriculture, economic development). Merging spatial

planning and climate change adaptation strategies can be an
efficient tool, particularly for guiding urban development
towards risk-informed decisions in response to increas-
ing urbanisation, thereby safeguarding natural resources
(IPCC—Intergovernmental Panel on Climate Change 2007,
Onur and Tezer 2015).

Despite the urgent need for detailed knowledge and
informed strategies to counteract the negative socio-eco-
logical outcomes of ongoing changes, research efforts until
now have been scarce and fragmented. Virtually no study
performed a comprehensive assessment of current knowl-
edge on impacts due to climate and land use changes on
Mediterranean mountains, and such a lack of awareness
complicates the development and implementation of adap-
tation strategies. Based on these premises, we aim to inves-
tigate how scientific research has addressed the impacts of
climate change and LULC changes on biodiversity and ES
on a Mediterranean mountain system, and how the deriv-
ing knowledge is considered in spatial planning tools and
practices. Specifically, we aim to find good practices (such
as strategies, actions, and solutions) to enhance resilience to
climate change by addressing LULC issues, which are cru-
cial in driving the system’s response to climate change, and
that could be integrated into spatial planning instruments for
improving the socio-ecological systems of the Apennines
and other Mediterranean Mountains.

The research questions that guided our work are as fol-
lows: (i) What are the advances in the literature regard-
ing the relationships between LULC changes and climate
change, and the related impacts on biodiversity and ES in the
Mediterranean mountains? (ii) What strategies, actions, and
solutions have been implemented or suggested to cope with
this problem? (iii) Have strategies, actions, and/or solutions
been integrated into spatial planning instruments?

Materials and methods

We carried out a literature review aiming to investigate how
climate change and LULC dynamics are impacting, and will
impact, biodiversity and ES in the Mediterranean mountains.
We selected the Apennines, one of the main Mediterranean
mountain systems, extending for more than 1300 km across
Italy, as a case study. Apennines were preferred over other
Mediterranean mountain systems given the high level of
sensitivity and vulnerability to global change and climate
modifications (Dibari et al. 2014).

The literature review was conducted in February 2022,
using the electronic databases of Science Direct and Scopus,
searching for diverse combinations of selected terms in the
titles, abstracts, and keywords of scientific articles or chap-
ters of books published in English during the last 10 years.
After some attempts with varying strings with and without

@ Springer



58 Page 4 of 15

Regional Environmental Change (2025) 25:58

terms describing the dynamics triggered by climate and land
use change in the Apennines (see below), we opted to use as
a string for the literature search the following one: “Apen-
nines AND climate change AND land use”. The choice of
the search terms was meant to select publications focused
on the Apennines region, as this is an emblematic territory
where climate change (Dibari et al. 2014) and LULC dynam-
ics (e.g. agricultural intensification and abandonment) have
modified landscape structure and quality, impacting biodi-
versity and ES (Brambilla et al. 2017). Considering that, we
added the term “land use” to encompass diverse dynamics
and related practices, such as agricultural activities, other
anthropic uses and possible impacts (i.e. soil sealing), land-
scape patterns, and management and spatial planning instru-
ments. Lastly, the keyword “climate change” was obviously
added to identify studies that took into account the effects
of climate.

We deliberately avoid including “Ecosystem services”
and “Biodiversity” within the keywords. Before selecting
the above research string, we tested indeed several alterna-
tive combinations, for example, using the keyword “Ecosys-
tem services” associated with “Apennines”, but the results
were inconsistent (e.g. less than 15 publications emerged
for such combination). The reduced number of publications
containing the keyword “Ecosystem services” probably did
not necessarily mean that there were no studies on ES, rather
that this specific term was not frequently used. In fact, in the
past decade, there was a strong increase in scientific publi-
cations and policy applications that include the term ES as
highlighted by Kubiszewski et al. (2023). Significant growth
in the use of ES in international and national political agenda
was carried out through the works done especially by the
Intergovernmental Platform on Biodiversity and Ecosys-
tem Services (IPBES), established by the United Nations in
2012, the Common International Classification of Ecosys-
tem Services (CICES), released in 2013 and updated in 2018
(Haines-Young and Potschin 2013), and The Economics of
Ecosystems and Biodiversity (TEEB), launched in 2007
(Costanza et al. 2017; Kubiszewski et al. 2023). Another
tentative research combination was with “Climate change”
and “Apennines”, but the number of scientific products was
too high (> 380), and checking the abstracts revealed that
the keywords were too generic and intercepted many pub-
lications that dealt with topics definitely not related to our
research purposes. Hence, these two keywords were kept
with the addition of a third keyword, “land use”, which was
also functional to narrow the fields selecting contributions
relevant to our purposes.

After defining the research parameters, 50 publica-
tions emerged from the literature search, and only one was
excluded from the review as not accessible. For each publi-
cation, the data relating to author(s), title, year, and aim(s)
were collected; afterwards, they were catalogued based on
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three different categories: (i) research context of the sci-
entific publications; (ii) knowledge issues and main topics
related to climate change, biodiversity, and ES; and (iii)
possible implications for climate adaptation in mountain
regions (i.e. presence of strategies, actions, and solutions,
also integrated into spatial planning instruments, to cope
with climate change effects) which are described in detail
in the following sub-section. We formulated specific ques-
tions for each of the three categories to properly describe the
publications’ contents (Fig. 1).

Research context

First, we classified the literature retrieved from the search
according to the spatial scale and the types of landscape
considered, according to the two related following questions:

What is(are) the scale(s) of the study context?

Study scale is key to understanding ES and biodiver-
sity responses. Scale affects the methods and approaches
used for ES assessment (and the relative results) and for
defining synergies and trade-offs among ES and between
ES and biodiversity (Ronchi 2018). This is because ES
are scale dependent (Zhang et al. 2013; Andersson et al.
2015; Ronchi 2018), as scale is a fundamental attrib-
ute in ecosystem functions and processes. Consequently,
the patterns of ES supply and the relative perception are
influenced by scale (Emmett et al. 2016; Liu et al. 2017).
Scale can also affect the perceived link between climate
and biodiversity, especially when climate effects on spe-
cies are indirect and may appear different across scales,
likely because of different correlation patterns with ulti-
mate drivers of species’ ecology (Brambilla et al. 2019).
Moreover, scale is also crucial to identify the type(s)
of spatial planning instrument(s) that can be activated
or promoted to integrate strategies aimed at increasing
territorial resilience to climate change, and/or reconcil-
ing biodiversity and ES with agricultural production in
MCR. In fact, according to the survey scale, different
spatial planning instruments with specific roles and com-
petencies should be considered. In Italy, for example,
at the landscape scale, regional landscape plans provide
strategies to preserve and enhance the landscape, pre-
venting unfavourable changes in areas of natural, cul-
tural, or historical values. Differently, when dealing with
the urban scale, local development plans are the main
land use instruments that consider land transformations
and future development strategies (OECD 2017). Hence,
knowing the reference scale of a specific research case
allows for understanding the most appropriate spatial
planning instrument for integrating considerations related
to ES, agriculture, and biodiversity in the Apennines. The
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Fig. 1 Workflow of the screening and methodological process for the literature review

possible scales we considered were (1) Micro (or neigh-
bourhood); (2) Local; (3) Supra-local; (4) Landscape; (5)
Regional; and (6) National.

Does the scientific publications include any references
to a specific land use/land cover?

The explicit reference to a certain LULC is fundamental for
selecting best practices and retracing some possible LULC
dynamics, also mentioned in the introduction (e.g. urbani-
sation, agricultural abandonment, farming intensification),
as they are likely more effective and better calibrated than
generic measures. We considered the following broad LULC
classes: U — Urban; PU — Periurban; A — Agricultural; S
— Semi-natural (including secondary grassland, agroforestry,
agricultural mosaic, low-intensity agriculture); N — Natu-
ral (including forest, wetland, natural grassland, ...); and
C — Coastal plain/Marine.

Knowledge issues and main topics

We characterised each publication based on how climate
change impacts and related dynamics were considered, and
how ES and biodiversity had been assessed aiming also
to understand their relative interactions and how they are

assessed and studied. We, therefore, formulated three dif-
ferent questions:

How is climate change addressed and its impacts
evaluated?

We identified the following possible answers: (i) climate
change was addressed using explicit modelling of impacts on
ES; (ii) climate change was addressed using qualitative eval-
uation of impacts on ES; (iii) climate change was addressed
by setting policy instruments, actions, strategies, or solu-
tions; (iv) climate change was not adequately addressed, it is
used as a general framework, or is just mentioned. The term
“policy instruments” refers to the classification developed by
IPBES (https://www.ipbes.net/policy-instruments).

In the scientific publications, is there an Ecosystem
Services—based approach? Which Ecosystem Services have
been considered according to the Common International
Classification of Ecosystem Services (Haines-Young

and Potschin 2018)?

Considering the importance of ES, specific attention was
dedicated to understanding if and how an ES approach was
used, including also implicit references to ES. As already
mentioned, the term ES had only recently been widely
used in scientific publications, but the issue has been his-
torically addressed for a longer time.
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How is the topic of biodiversity treated?

We identify some alternative options, which are (i) biodi-
versity was addressed considering the direct effects of cli-
mate change; (ii) biodiversity was addressed considering
the indirect effects of climate change; (iii) biodiversity was
addressed considering individual species; (iv) biodiversity
was addressed considering multiple species; (v) biodiversity
was addressed considering biological communities.

Implications for climate adaptation in mountain
regions

We considered the potential implications of research find-
ings in terms of strategies, actions, and solutions regarding
the relationship among ES and biodiversity in Apennines,
also considering the LULC dynamics that affect these con-
texts. We, therefore, formulated two specific questions to
address these issues.

Are there any actions/strategies/solutions defined
to improve territorial resilience to climate change effects? If
YES, what aspect are they referring to?

We have identified four possible “statutory settings”
(adapted from Albrechts et al. (2020)), i.e. (i) hydro-geo-
morphological structure, (ii) ecosystemic and environmental
structure, (iii) cultural-historical structure, and (iv) produc-
tive and rural landscape.

Are there any references to spatial planning or policy
instrument(s)? If YES, what was the role(s)?

The possible answers are (i) planning acts as a general
framework (without operative and binding contents); (ii)
planning supports the definition of policies; (iii) planning
provides strategies (with operative and binding contents);
(iv) planning defines scenarios or alternatives; (v) planning
proposes land use management practices.

Results
General overview

The largest fraction of publications emerged from the review
was devoted to understanding the relationship between cli-
mate change and LULC variables in the Apennines region.
The correlation between two or more variables was often
supported by a collection and analysis of data (often his-
torical) and their future projection, trying to anticipate
and describe some expected consequences and impacts of
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climate change. Adopting indicators, methodologies, and
techniques (either established or new and experimental)
was usually supported by a case study application aiming
to best represent the relationships between two or more
variables, always in the frame of climate change. The case
studies emerged from the literature review were mainly
located in the central Apennines, highlighting a northern
cluster of experiences located between the Tuscany and
Emilia-Romagna regions and another, larger one, involving
the Marche, Abruzzo, and Campania regions. A few studies
encompassed the entire mountain system or a plurality of
sites scattered all over the Apennines (Fig. 2).

The dominant topics that emerged from the publications
were related to the vegetational aspects, focusing on the
analysis of the variation in the distribution, composition,
ecology, and structure of species or communities linked to
LULC and climate change (e.g. Corazza et al. 2016; Cala-
brese et al. 2018; Frate et al. 2018). Some contributions were
also focused on the effects of the soil degradation process
on LULC change and the threats to biodiversity linked to
natural and anthropogenic factors (e.g. Vitali et al. 2018;
Malatesta et al. 2019).

Another important set of publications was dedicated
to analysing the dynamics related to water and soil. The
hydrologic cycle was addressed with particular attention
to groundwater recharge and the related effects of different
environmental and climatic changes for defining urgent
human interventions (e.g. Allocca et al. 2014; Canora
et al. 2018; Pavanelli et al. 2019). Differently, pedological
aspects were addressed by investigating the link to vari-
ous risks (erosion, abandonment, the decline of organic
matter) (e.g. Smiraglia et al. 2016; Brandolini et al. 2018)
and the ES benefits (storage of organic carbon in soil and
vegetation, soil formation), adressing the relationship
between human activities and environmental change in
the Apennine region (e.g. Chiti et al. 2018; Pellis et al.
2019). Lastly, another small group of publications was
dedicated to geomorphology (considering both soil and
water), focusing on the risk of flooding and landslides (e.g.
Lonigro et al. 2017; Pisano et al. 2017), also “to suggest
suitable interventions for risk mitigation” (Faccini et al.
2017). The last remaining few contributions investigated
the effects of climate change on other variables, among the
many: archaeology (e.g. Brown et al. 2013), bird habitat
(Brambilla et al. 2020), pastoral resources (Dibari et al.
2015), and landscape patterns (Garbarino et al. 2020)
(Fig. 3).

Research context

A large territorial scale was adopted in most scientific publi-
cations (46 out of 49). Specifically, 39 adopted the regional
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Fig.2 Regional distribution of the case studies included in the scien-
tific publications; the shown distribution does not include the stud-
ies carried out at a national scale. In brackets, the number of articles

one, including cases developed along mountain chains, river
valleys, water basins, and natural parks, while few limited
publications used the national and landscape scales (6 in
total). The remaining ones assumed the supra-local scale,
while no one focused on the micro and the local ones. Lastly,
only one experience adopted a multi-scale approach, allow-
ing the combination of analyses at different spatial scales (in
that case, regional and landscape) and their integration (i.e.
Garbarino et al. 2020). The multi-scale setting was func-
tional to “compare landscape transition patterns of the Alps
and the Apennines (Italy)” and “measure the influence of
climatic, topographic and anthropogenic driving factors”
(Garbarino et al. 2020) (Fig. 4).

Low

High

that have dealt with a specific regional area (including those that
have dealt with more than one region) (Source of base map: Esri,
Maxar, Earthstar Geographics, and the GIS User Community)

In the publications considered, research dedicated to
natural areas predominated: 44 publications were entirely
devoted to natural areas, while other 4 considered a com-
bination of multiple LULC always including natural ones
(i.e. natural and semi-natural, and natural and agricul-
tural). On the other side, there were no studies that inves-
tigated urbanisation, despite the expansion of anthropic
LULC and the related effects due to land take process
and soil sealing on ecological quality, even though most
urbanisation issues in Mediterranean areas are concen-
trated along coasts and their surroundings.
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Fig.3 TreeMap with the distribution of main topics of the scientific
contributions included in the literature review. The figure was devel-
oped using “RAWGraphs”, a web interface to create custom vector-
based visualisations, and refined with Adobe Illustrator 2021 (Adobe
Systems Inc., San Jose, CA, USA)

Knowledge issues and main topics: climate change,
Ecosystem Services, and biodiversity

Most papers (N = 28) did not explicitly and quantita-
tively address the effects of climate change on ES and
biodiversity. Instead, they used it to develop the general
framework or explain patterns found in research without
quantitatively linking climate change to the observed
situation (e.g. mentioning mitigation strategies for
climate change impacts, discussing changes in ero-
sion rates without directly connecting them to climate
data, or attributing shifts in soils to climate and human

Landscape scale

Supra-local
scale

Fig.4 TreeMap with the distribution of the scales of the study con-
text of the scientific contributions included in the literature review.
The figure was developed using “RAWGraphs”, a web interface to
create custom vector—based visualisations, and refined with Adobe
Illustrator 2021 (Adobe Systems Inc., San Jose, CA, USA)
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activities without providing specific climate metrics).
In some cases, the effects of climate change were con-
sidered marginal or at a scale too small for a quanti-
tative assessment, leaving the actual climate impact
unclear. Conversely, 16 papers explicitly evaluated the
effects of climate or climate change on biodiversity,
ES, or landscapes, whereas six papers did not address
climate change at all but mentioned it for setting the
framework of the study.

Almost no publications proposed a qualitative evaluation
of impacts on ES, nor addressed instruments for policy set-
tings, actions, or strategies. Half of the publications (N = 25)
included considerations related to ES topic, but only 16 of
them used the ES-based approach as a method of investiga-
tion; such works were primarily published in the last 5 years,
while the others (N=9) considered ES in an indirect form.
The other scientific publications did not include considera-
tions explicitly or implicitly related to ES; this implies that
the topic is not commonly used to understand the effects
of climate change in the Apennines area. Many studies
used data, including historical ones, to estimate the state
and trends of one or more variables, e.g. by analysing and
comparing vegetation samples collected in different years
(Calabrese et al. 2018), assessing the effects of the land use
change (Chiti et al. 2018), or investigating the role of soils
to evaluate the main environmental changes of Holocene
(Pelle et al. 2013).

In most cases, the publications have considered regulat-
ing and maintenance services (e.g. soil erosion, soil organic
carbon, water yield, nutrient and sediment retention, soil
formation, and habitat) (Haines-Young and Potschin 2018).
Regulating ES were always investigated separately, except
for two publications in which they were combined with pro-
visioning ES (i.e. soil erosion and crop production, and soil
fertility and moisture) (Smiraglia et al. 2016; Calabrese et al.
2018), and another one in which regulating and provision-
ing services were integrated with cultural services (namely
food production, climate change mitigation, and recreational
opportunities) (Paletto et al. 2021).

Concerning biodiversity, a relatively low number of stud-
ies addressed the effect of climate on species and the likely
implications of climate change. Sixteen papers dealt directly or
indirectly with biodiversity. Three mentioned it only to set the
study’s framework (Smiraglia et al. 2016) or in relation to other
topics (Brown et al. 2013; Brandolini et al. 2018). The other
nine explicitly included one or more species (with Pinus mugo
being the single taxon most frequently investigated). The com-
bined effect of climate and land use on biodiversity was evalu-
ated for plant species or vegetation types, such as tree species
and/or forests (Dai et al. 2017; Vitali et al. 2017; Calabrese
et al. 2018; Calderaro et al. 2020; Garbarino et al. 2020), or
semi-natural grassland (Napoleone et al. 2021), or both (Frate
et al. 2018). Animal species were much less represented: the



Regional Environmental Change (2025) 25:58

Page9of15 58

combined effect of climate and land use was evaluated only
for grassland birds (Brambilla et al. 2020), whereas one study
addressed the consequences of land abandonment on the avail-
ability of palatable species for the Apennine chamois Rupi-
capra pyrenaica ornata (Corazza et al. 2016). Climate impact
on tree growth was evaluated for Pinus species (Palombo et al.
2014; Piermattei et al. 2014), and the impact on the future
distribution of long-horn beetles (Cerambycidae) was forecast
(Poloni et al. 2022). Different climatic and non-climatic cor-
relates of different types of beech forests were also addressed,
even if within a single site, and with limited consideration of
climate change, used as an introductory framework (Scolastri
et al. 2014) (Fig. 5).

Implications for climate adaptation in mountain
regions: spatial planning and policy instruments

From the planning perspective, only six publications
included related considerations. Firstly, spatial planning
was mostly considered a tool for including land manage-
ment strategies to mitigate climate change effects and limit
ecological-environmental damages (N = 5). Secondly, the
landscape planning instruments seemed to be the ones
commonly recognised as most suitable for integrating

_.- Climate change

Ecosystem Services

50 papers

main topics

"~~~ Biodiversity

consideration of ES, biodiversity, and climate change (N =
5), even though the scale adopted in the publications has
often been the regional one (N = 39). From the review, no
references to other instruments related to spatial planning
emerged regarding experiences and good practices.

The other land use management strategies included in
the papers but without a direct reference to spatial plan-
ning mainly targeted hydro-geo-morphological structures
(N=5). Most of the strategies promoted or suggested
referred to the containment of risky phenomena, basically
flooding, soil erosion, or water scarcity. They proposed
different land management practices for increasing the
resilience of territories, based on traditional solutions,
vegetation development, and other ecosystem-level tools,
spanning from recovery and maintenance of terraced areas,
to passive rewilding (Borrelli et al. 2013; Allocca et al.
2014; Smiraglia et al. 2016; Faccini et al. 2017; Calderaro
et al. 2020; Garbarino et al. 2020; Albrechts et al. 2020).
Some recommendations for research are also proposed,
e.g. to understand the conservation value of particular
habitats for functional and phylogenetic diversity (Napo-
leone et al. 2021).

Little attention was devoted to the cultural-historical
(N=2) and productive and rural systems (N= 3) (Albrechts

28 papers

not explicitly address the effect of
44 papers Climate change on Biodiversity and ES
include considerations on
Climate change

16 papers

explicitly address the effect of

Climate change on Biodiversity and ES

16 papers

adopt the ES-based approach
25 papers
include considerations on ES

9 papers

use ES in indirect form

9 papers

explicit focus on biodiversity
16 papers
include considerations on
Biodiversity

3 papers

general mention of biodiversity

4 papers

impacts on specific species

Fig.5 Linear dendrogram where the main topics are synthesised, along with the distribution of the papers across them
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et al. 2020). In the first case, the proposed strategies mostly
had a touristic and recreational connotation to keep local
economies vital, preventing land abandonment (Smiraglia
et al. 2016; Brandolini et al. 2018). A few papers promoted
agricultural practices to sustain climate change adaptation,
such as the adoption of “adaptable” cultivars (Smiraglia
et al. 2016) or planned grazing to promote grassland recov-
ery (Smiraglia et al. 2016; Malatesta et al. 2019).

Discussion

Mountains are undergoing dramatic climate-induced
changes (Schmeller et al. 2022), with consequential effects
on ecosystems (Dainese et al. 2024) and hence on human
societies through changes in ecosystem services (Faccioni
et al. 2019). Despite the vulnerability of Mediterranean
mountains to global and land use change (Guiot and Cramer
2016; Aurelle et al. 2022), knowledge about the impacts and
possible adaptation strategies for the Apennines remains
limited. This study highlights the current understanding of
climate and land use effects on biodiversity and ES in this
key mountain chain, with fewer than fifty scientific publica-
tions addressing these issues. While the links between socio-
economic and ecological systems are widely recognised (and
particularly important in the Mediterranean region; Blondel
2006) and the dramatic impact that climate change has on
many related sectors is of utmost importance (Aurelle et al.
2022), addressing the causes and consequences of climate
change is often performed through compartmentalisation,
i.e. by limiting the fields of investigation to one or two
aspects or assets, and by assessing a specific and detailed
dynamic of a single element. This approach does not con-
sider the relationships among multiple aspects and their
reciprocal influences, and this could be one of the reasons
of the scarce literature we found.

Global change impacts in the Apennines

Our results suggest that climate change was examined in a
few publications (N = 16) primarily as a framework rather
than in-depth, focusing on its impact on biodiversity and ES
without considering multiple variables. Biodiversity conser-
vation and supply of ES are instead intrinsically linked to
each other and dependent on the effects of climate change,
which is why it is necessary to deal with them jointly, espe-
cially in a highly vulnerable context such as the Apennines.

In addition, the consideration of a single topic was often
limited to a specific aspect, making the assessment of secto-
rial interest and relevance. ES are rarely considered in the
reviewed literature (also in implicit form) compared to other
variables, probably due to the difficulty in measuring and
quantifying them that, in turn, makes it hard to correlate ES

@ Springer

with climate change. This occurs despite ES can be highly
sensitive to climate change and even if the key role of ES
in climate change adaptation and disaster risk reduction is
widely acknowledged (Munang et al. 2013). Moreover, most
publications that consider ES are dedicated to regulating
services, limiting the ecosystem approach to only one type of
service, excluding bundle and trade-off assessments, which
are particularly important in a complex context such as the
Apennines and for low-intensity farming areas, where mul-
tifunctionality is crucial. For instance, the cultural services
related to landscape quality are essential in terms of the cul-
tural heritage of rural lifestyles and extraordinary recrea-
tional and touristic values in the Apennines (e.g. Brambilla
and Ronchi 2020) that need to be considered in preserving
the ecological values of such systems and their vital role
for local communities (food production, risk reduction, rec-
reational and touristic opportunities, etc.). Therefore, the
research dedicated to evaluating the ability of ecosystems
to provide multiple ecosystems simultaneously (i.e. multi-
functionality) is still very limited, especially as far as the cli-
mate change context is concerned. Such a pattern is largely
mirrored by the relatively scarce attention paid to mountain
ecosystem services until a few years ago (Grét-Regamey
et al. 2012), in spite of their importance (Leister et al. 2019).

Despite the heavy pressure posed to biodiversity by cli-
mate and LULC changes, the number of studies dealing with
the effects on species and communities was surprisingly
low. Most studies were focused on specific plant species or
selected vegetation types, all generally linked to mountain
habitats. Very few studies addressed the link between cli-
mate and animal species (one study on birds, one on beetles,
and one on key food for an endemic mammal subspecies),
despite the high sensitivity of many taxa to climate change in
the area. Within animal species, climate change is affecting
and will affect many taxa within the Apennines and other
southern European mountains, through, e.g., impacts on sur-
vival (Strinella et al. 2020), population connectivity (Ceresa
et al. 2024), or distribution (Biella et al. 2024).

Implications for adaptation and spatial planning

According to the literature we surveyed, adaptation in moun-
tain regions (i.e. strategies, actions, and solutions, also inte-
grated into spatial planning instruments to cope with climate
change effects) should take place at a vast territorial scale.
Most publications (N = 46) have adopted the large territorial
scale for conducting their studies and proposing strategies
to cope with climate change effects. In fact, the large ter-
ritorial scale (as the regional one) allows intercepting more
dynamics that could be lost or underestimated at a smaller
scale, such as the local one. The latter could potentially lead
to a limited understanding of effects, preventing the defini-
tion of effective management strategies (Zhang et al. 2013;
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Andersson et al. 2015). Within such a result, six papers
evoked the contribution of spatial planning to address adap-
tation in the Apennines and considered it the most efficient
tool for implementing land management strategies to miti-
gate global warming effects and limit ecological/environ-
mental damages.

What is not apparent yet in the literature review is that
different planning tools may insist on the same territory
with different competencies, roles, and issues to deal with.
In general, from the literature review, only a single planning
instrument is mentioned; on the one hand, this suggests that
a deeper knowledge and appreciation of multiple planning
instruments would be required. On the other hand, the plan-
ning recommendations have identified only a subset of the
potential strategies and are not necessarily well-calibrated
with respect to the planning instrument.

The single-size approach is mirrored by a scarce con-
sideration of the need to downscale general indications to
achieve effectiveness. Adopting a multi-scale approach is
key to improving practical implementation by downscaling
large-scale and comprehensive considerations to the local
and sectorial dimensions (Zulian et al. 2021).

Caveats and limitations

The results of our search are dependent on the keywords
used for the literature review. Our criteria could have ruled
out some studies that include multiple mountain ranges and
do not feature “Apennines” among the keywords or within
the abstract/title, as well as studies dealing with wild species
and climate change, but not featuring “land use” within the
same key parts. Replacing “Apennines” with “mountain®”’
and “Europe” in Scopus, as examples, led to a fourfold
increase in the number of papers, many of which were, how-
ever, not encompassing the Mediterranean region. Remov-
ing “land use” in the original search string led to an almost
fivefold increase in Scopus, again featuring also many papers
not particularly relevant to our study. Taken together, these
observations suggest that, despite the unavoidable limita-
tions due to our specific search string, the number of studies
focusing on the interconnected consequences of climate and
land cover changes on biodiversity and ecosystem services
is relatively low for such a sensitive and vulnerable region.

Conclusions

Our findings suggest that future research should be dedi-
cated to integrating ES and biodiversity in the assessment
of the impacts of the current climate and LULC changes,
avoiding the fragmentation of topics while promoting a
combined approach necessary for complex systems like the
Mediterranean mountains. Indeed, in the Mediterranean

region, biodiversity, landscapes, and human activities are
inextricably linked since millennia (Blondel. 2006), and
the effects of climate and LULC changes are synergistically
impacting on ecosystems and human societies, and the latter
two reciprocally affect each other (European Commission
2021; Aurelle et al. 2022). The simultaneous considerations
of multiple ES and biodiversity would indeed allow a better
understanding of impacts (including cumulative and indirect
ones) and provide more appropriate and thorough strategies
to better cope with the issues resulting from the combined
effects of climate and land use changes. Facing one negative
effect at a time, without considering trade-offs and synergies,
would lead to potentially unwanted outcomes. In fact, ES
and biodiversity across different but interlinked environmen-
tal contexts (rural, forest, transitional habitats, etc.) must be
simultaneously considered to manage potential conflicts and
address trade-offs between different services, opportunities
for different species and communities, and across different
stakeholders. Ongoing changes triggered by both climate
change and LULC changes, such as forest increase, changes
in wildfire regimes, and reduction or degradation of grass-
land and grassland-like ecosystems, have opposite outcomes
on different ES and species in the Mediterranean region
(Sirami et al. 2008; Otero et al. 2015; Quintas-Soriano et al.
2022). A broad view of the consequences of those changes
is thus necessary to inform and support decision-making
processes. Broad-scoped approaches should also explicitly
consider the most appropriate scales for both investigation
and planning, with multi-scale approaches likely being the
most suited in many instances.
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