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1. Introduction

1.1 The state of biodiversity 

Biodiversity, the variety of organisms of the Earth, including all species of plants, animals, 

microorganisms, as well as genetic diversity, is crucial for maintaining the ecological balance that 

supports human well-being (IPBES, 2019). However, the global human population has doubled in 

the last 50 years,  the global economy has grown almost four times, and global trade has increased 

tenfold, all leading to a higher demand for energy and resources and changing land-use (IPBES, 

2019). This has generated rapid decline of species and ecosystems at unprecedented rates, i.e. tens 

to hundreds of times higher than the historical average over the past 10 million years. This rapid 

loss is driven by factors such as habitat destruction, climate change, pollution, overexploitation, and 

the spread of invasive species. These trends highlight the severity of Earth’s ongoing sixth mass 

extinction event (Barnosky et al., 2011; Ceballos et al., 2020) 

Biodiversity loss in Europe is driven by a long history of land use, intensive agriculture, 

urbanization, and a dense human population, which have led to the severe alteration and 

fragmentation of natural habitats. This is reflected in the State of Nature Report (EEA, 2020), the 

most recent assessment of Europe's natural assets for the period 2018–2020, which found that only 

14% of the priority habitat and 27% of priority species are in a favorable conservation status (FCS) 

(Fig. 1). FCS is defined as the set of conditions that species and habitats must reach in order to 

thrive and persist in the long term. For species, these conditions are quantified in terms of range and 

population size and dynamics, and habitat availability (Bijlsma et al., 2018). The efforts among 

Member States to maintain them in a FCS is coordinated by the European Habitat and Birds 

Directives, which pose attention on more than 2000 priority species and address their conservation 

through Natura 2000 protected areas (EEC, 1992).
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 Although the results showed a 4% improvement of  the FCS compared to the previous 

reporting period, this was likely due to changes in methods or data quality. Among taxonomic groups, 

only reptiles and vascular plants seem to have a high proportion of species in favourable conditions.  

Many other taxa remain in an unfavourable conservation status. Among them, 35% show declining 

trends in populations, range or habitat (EEA, 2020) (Fig. 1.1). Mammals stand out due to their 

negative decline rates. The main reasons for the decline are agriculture (21%) and pollution related to 

agricultural activities, urban growth, leisure activities (13%), and forestry activities (11%). It is also 

noted that climate change has become a rising threat, compared to the previous reports. Its effects are 

already evident in Europe and are expected to continue impacting species in the future, as projected by 

some scenarios, likely worsening other threats, such as the spread of invasive species (EEA, 2020) 

(Fig. 1.1).

The report also assessed the coverage of Natura 2000 sites, which represent the backbone of 

the protected areas network in Europe. It is constituted by 27,852 sites covering an area of 1,358,125 

km2, which corresponds to around 18% of the land and 10% of the seas of Europe. The network 

includes 1000 habitats and more than 1400 species of European importance and provides ecosystem 

services, such as carbon storage and flood control. However, the report highlighted how Natura 2000 

is  not  properly  effective,  i.e.  it  did  not  contribute  to  achieving  species  and  habitat  favourable 

conservation status (FCS), along with maintaining ecosystem services (EEA, 2020)  (Fig. 1.1). 
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Figure 1.1 State of Nature Report in a nutshell. From EEA, 2020 
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Therefore, the EU Biodiversity Strategy set more ambitious targets for 2030. Among the 

main objectives is the achievement of the FCS for at least 30% of priority species and habitats. To 

guarantee this goal, the protection through an expanded protected areas network and restoration 

measures are crucial. Protection and restoration priorities are particularly oriented toward ecosystems 

that allow the EU to reduce greenhouse gas emissions and mitigate climate change. The strategy also 

seeks  to  strengthen  the  connection  between  biodiversity  and  human  well-being,  including 

participation of all stakeholders in managing nature in line with the global sustainable development 

goals (EC, 2020a).

1.2 Climate change and mitigation actions in Europe

Climate change presents a complex and pressing challenge in Europe, impacting all facets of 

life on Earth. It has the potential to disrupt or eliminate ecosystems, leading to species extinction and a 

decline in biodiversity. In turn, the loss of biodiversity undermines the resilience of ecosystems to 

climate  change  and  affects  the  provision  of  ecosystem  services.  Moreover,  climate  change  is 

associated with high risk for human wellbeing, causing heat-related illnesses and respiratory problems 

due to air pollution, and spreading other diseases (IPCC, 2023). 

In Europe, strategies to mitigate climate change involve the restoration and/or the protection 

of ecosystems that have the potential to reduce green-house gases emissions; this can be achieved also 

through planting 1 million trees, an important restoration goal of the EU Biodiversity Strategy (EC, 

2020a). Also preventing deforestation and unsustainable land-use changes are essential to reduce 

emissions from agriculture and land-use sectors and promoting low-emission farming practice is a  

priority to decrease emissions from fertilizers and soil degradation. 

An essential policy to mitigate climate change is the EU renewable energy transition. In 

particular, the EU Renewable Energy Directive (European Parliament and Council, 2023), as outlined 
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in the European Green Deal and related policies, aims to transition Europe to a clean, sustainable  

energy system that aligns with climate neutrality goals by 2050. The highlights of this Strategy are the 

electrification in several  sectors  using renewables,  like transportation,  heating and cooling,  and 

industry; and the increase at 42.5% renewable energy in the EU's total energy mix by 2030, with the 

possibility of achieving 45% under enhanced measures. Specifically, in this context the expansion of 

wind, solar, hydropower, geothermal, and ocean energy is envisioned (European Parliament and 

Council, 2023).

Although  Renewable  Energy  Sources  (RES)  expansion  is  essential  to  reach  climate 

mitigation goals, it should be carefully planned in order to avoid potential environmental impacts. 

Indeed, RES expansion may have several impacts on wildlife. The construction and operation of 

renewable energy facilities, such as wind farms, solar farms, and hydropower plants, can disrupt 

wildlife habitat or cause fragmentation; in addition, wind turbines may interfere with the migratory 

patterns. Moreover, the noise or the flashing lights emitted from wind or solar installations can disturb 

wildlife, causing the individuals’ displacement (Helldin et al., 2012; Ferrão da Costa et al., 2018; 

Gaultier et al., 2023)

The mitigation hierarchy is a useful tool to limit the impacts of industry sectors, and that can be 

adopted to mitigate the impacts of the RES plants (Cares et al., 2023). The first step of the hierarchy is 

the avoidance of the impacts by modulating the project design, location, or timing. This could involve 

selecting  sites  that  are  less  likely  to  harm biodiversity  or  ecosystems.  The  second  step  is  the 

minimization, which occurs when avoiding impacts is not possible but they can be at least minimised. 

Afterward, if a negative outcome has been produced, the third step to mitigate it is the restoration. This 

may involve replanting vegetation, restoring wetlands, or other ecological restoration actions. Lastly, 

if impacts can not be avoided, minimized, or restored, compensation measures can be taken, such as 

creating new protected areas or enhancing habitats elsewhere to offset the loss (Cares et al., 2023).
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1.3. The relationship between people and nature in achieving the goals of 
the 2030 EU Biodiversity Strategy 

The European Biodiversity Strategy seeks to promote not only planet and climate health but 

also human well-being, reflecting the overarching objectives of the 2030 Agenda for Sustainable 

Development (UN, 2015). This stems from the understanding that society depends on a good state of 

the planet for its sustenance (Díaz et al., 2015). In particular, the health and the economic growth of  

society depend on ecosystem services, positive contributions that nature provides to people, also 

called Nature Contributions to People (NCPs). Over half of the Gross Domestic Product of the world 

depends on nature and its services, particularly for construction, agriculture and food sectors  (IPBES, 

2019). The variety of ecosystems which Europe boasts is associated with several ecosystem services 

(Maes et al., 2020). They can be divided by the type of benefits provided in provisioning, regulatory 

and cultural  services.  Provisioning services supply tangible products like food, fiber,  or timber; 

regulating services mitigate environmental pressures or the effects of natural hazards, contributing to 

societal safety, such as carbon sequestration, fire control and flood control. Furthermore, ecosystems 

also deliver cultural services, which encompass non-material benefits such as spiritual enrichment and 

recreational opportunities (Maes et al., 2020) 

Viceversa, biodiversity outcomes are influenced by human development. Over the millennia, 

human pressures have shaped ecosystems, leading the state of nature to a critical status, as it was 

highlighted in the EEA Report (EEA, 2020). For this reason, the active participation of society, 

including citizens,  social  partners,  and research and knowledge communities  is  fundamental  to 

achieve the ambitious sustainable development targets. Stakeholders’ engagement, including also 

women, youth, civil society, and local communities is essential to guarantee the principle of equity, a 

pillar of the EU Strategy and the 2030 Global Agenda for Sustainable Development  (UN, 2015; EC, 

2020a). 

https://www.zotero.org/google-docs/?broken=T63kUE
https://www.zotero.org/google-docs/?broken=axM8n8
https://www.zotero.org/google-docs/?broken=axM8n8
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It is increasingly evident in Europe that stakeholders hold diverse preferences regarding nature 

than can be often competing. This stresses the need for an integrated management approach that takes 

into account  relevant  conservation values and options  (EC,  2020a).  Stakeholders  may facilitate 

dialogue among traditionally competing sectors such as agriculture, urban planning, and tourism, 

contributing to finding shared solutions (Ribeiro et al., 2013; Van der Wal et al., 2014; Rosa et al.,  

2017; Pereira et al., 2020). They can also contribute local and specialized knowledge that can improve 

the quality of conservation strategies and make the policies socially acceptable and tailored to local 

needs  (Pereira  et  al.,  2020).  They  are  crucial  in  addressing  conservation  measures,  supporting 

ecological restoration efforts and managing protected areas (Dunn‐Capper et al., 2024). Thus, the 

stakeholders’ engagement is a key aspect in the implementation of the protected areas network in 

Europe by 2030  (EC, 2020a).

1.4 Building the Trans-European Nature Network by 2030

Efforts  to  improve  the  protected  areas  network  in  Europe  should  factor  in  the  existing 

conditions  of  Natura  2000  sites.  They  remain  not  adequately  funded  and  managed  to  meet 

conservation  goals  and  lack  consistency  across  member  states  related  to  implementation  of 

conservation measures and monitoring quality. Moreover, the majority of Natura 2000 sites (80%) are 

linked by natural or semi-natural ecosystems, such as agro-forestry areas, outside the network. Half of 

these connections are made up of continuous, unprotected forest and woodland. However, around 

15% of disconnected Natura 2000 sites are less than 1 km apart but are separated by highways, which 

block species movement and these areas from being part of a continuous nature network. In addition, 

the efficiency of Natura 2000 is potentially affected by the effects of climate change on species and 

habitat, which may cause shifts in species ranges and habitat suitability, making some protected sites 

unsuitable in the future (EEA, 2020a) . 

For these reasons, one of the most important targets of the  EU Biodiversity Strategy is the  

creation of a Trans-European Nature Network, which is a network of protected areas coherent among 

https://www.zotero.org/google-docs/?broken=zOCTW0
https://www.zotero.org/google-docs/?broken=zlEcZP
https://www.zotero.org/google-docs/?broken=mPBA49
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EU Member States (MS), resilient to the future environmental changes and well-connected. This will 

be achieved firstly through the expansion of the pre-existing Natura 2000 network. The set goal is to 

ensure that 30% of land surface and 30% of seas of Europe is covered by protected areas (EC, 2020). 

Moreover, 10% of Europe should be strictly protected, which means leaving natural processes within 

them undisturbed to respect the areas’ ecological requirements (EC, 2020a). 

In such Strategy, crucial elements supporting Natura 2000 sites are Green (land) and Blue 

(water) Infrastructures, which are defined as “natural and semi-natural areas with other environmental 

features, designed and managed to deliver a wide range of ecosystem services, while also enhancing 

biodiversity” (EC, 2019). A proper EU GI strategy has been integrated to boost GI protection and 

restoration in order to allow wildlife conservation and simultaneously provide several benefits for 

society (EC, 2020a). This ability to provide multiple services is known as multifunctionality, and it is 

a crucial aspect of the GI network, together with the connectivity (EC, 2019). Indeed, GIs must be key 

elements to connect the Natura 2000 protected areas, ensuring their resilience in the long term (EC, 

2019). To face these challenges, it is important to consider not only the structural connectivity of the 

network but also the functional one, which is the landscape's capacity to allow animals’ movements, 

ecological processesses and genetic exchanges (EEA, 2020a).

GIs can be intended as a variety of green elements, from green roofs to forest areas and may 

vary in protection status, ownership, biodiversity, and competing priorities. They generally primarily 

aim to protect biodiversity, but can also support climate adaptation and human health. GIs versatility 

is also evident in their contribution to mitigate climate change by halting the loss or restoring carbon-

rich ecosystems, such as alpine ecosystems, grassland and woodland; increasing the forest cover 

overall or creating shade in cities that reduces the heat island effect improving human welfare (EC, 

2020a). GIs may serve to establish new landscape elements to link existing GI, integrating them into 

agricultural and rural planning, to improve habitat quality and ecosystem services, and as protected 

areas themselves to contribute to the EU’s 30% protection target by 2030 (EEA, 2020) (Fig. 1.2). 

https://www.zotero.org/google-docs/?broken=QHxE38
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Figure 1.2. Potential components of Green Infrastructure. Some illustrated examples are green roof, 

wildlife  overpass,  Natura  2000  sites.  From  EEA  (2021) 

(https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-

infrastructure/what-is-green-infrastructure). 

Within the framework of the 7th EU Environment Action Programme and the EU Biodiversity 

Strategy to 2020, the European Union has developed a suite of tools to map and assess the spatial and 

functional  dimensions  of  Green  Infrastructure  (GI)  to  support  its  expansion.  For  instance,  the 

Mapping and Assessment of Ecosystems and their Services (MAES) initiative, in combination with 

geographical information system (GIS) tools and the European CORINE Land Cover (CLC) dataset, 

is used to identify opportunities for expanding the GI network  (EC, 2019). Moreover, landscape 

connectivity tools facilitate the identification of ecological corridors that link protected areas, while 

conservation planning tools prioritize areas for conservation and restoration based on ecological 

value,  habitat  quality,  and  connectivity,  with  consideration  for  both  biodiversity  and  critical 

ecosystem service provision (EC, 2019). 

https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.zotero.org/google-docs/?broken=XvldnI
https://www.zotero.org/google-docs/?broken=XnwV48
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Systematic conservation prioritization (SCP) is a useful tool to spatially identify and 

prioritize areas important for conservation aiming to achieve conservation goals in the most efficient 

way possible (Ball et al., 2009). It tries to find a set of configurations that meet conservation targets, 

while minimizing conflicts with other land uses and stakeholders in the planning area (Ball et al., 

2009; Perschke et al., 2024). Marxan (Ball et al., 2009) and prioritizR (Hanson et al., 2025) are widely 

used for spatial prioritization, aiming to identify the most important areas for conservation while  

considering ecological, social, and economic factors. They use optimization algorithms to find the 

best solutions for protecting biodiversity, given constraints like budget or land use. Both tools require 

key input  data:  Planning Units,  which  are  spatial  units  that  define  the  geographic  areas  under 

consideration  for  conservation,  often  corresponding  to  parcels  of  land  or  grid  cells;  species 

distribution maps, habitat types, or other elements, defined as “features” to address the conservation 

measures  toward and the  relating targets  in  terms of  protection to  be  achieved;  protected area 

boundaries to represent biodiversity. They can also require cost data, i.e. monetary costs such as land 

acquisition costs  or opportunity costs, which represent the benefits foregone when a land or area is set 

aside for conservation instead of being used for other purposes. Marxan applies simulated annealing, 

a method used to find the best solution to a problem by trying different options and gradually 

improving  them;  prioritzR  adopts  a  integer  linear  programming,  a  mathematical  optimization 

approach that formulates the problem as a set of linear equations, aiming to find the best combination 

of areas to select while minimizing costs and satisfying various constraints, therefore allowing more 

flexibility (Ball et al., 2009; Hanson et al., 2025). These software are particularly suitable to address 

the protected areas expansion in 2030 and map GIs, whose priorities are oriented toward different 

targets for nature but also for people. 

1.5 Focus taxonomic group

Within the context of planning conservation measures, such as protected area expansion and 

mitigation actions, it is essential to take into account taxonomic groups most exposed to 

https://www.zotero.org/google-docs/?broken=vFvBEU
https://www.zotero.org/google-docs/?broken=uPVq9K
https://www.zotero.org/google-docs/?broken=6sHAe0
https://www.zotero.org/google-docs/?broken=ry1dIQ
https://www.zotero.org/google-docs/?broken=ry1dIQ
https://www.zotero.org/google-docs/?broken=0zDIo7
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anthropogenic and climatic impacts; therefore, this study focuses on priority terrestrial mammals in 

Europe, which represent a key component of the continent's biodiversity. Mammals are facing a 

serious decline in Europe, according to the State of Nature Report (EEA, 2020). They are 

particularly adapted to this research focus for several reasons. They are one of the most studied 

taxa, spread everywhere and adapted to live in a variety of environments (Hoffmann et al., 2011). 

However, they are sensitive to environmental changes, constituting crucial indicators of ecosystem 

health (Szymañski et al., 2021; Jacob et al., 2024; Plön et al., 2024). As they are strictly related to 

their habitat, with often large home ranges, and vulnerable to habitat fragmentation (Crooks et al., 

2017; Kuipers et al., 2021) they can also resulted in good indicators for the ecological integrity of 

the landscapes (Velásquez-C et al., 2024). They are often considered keystone; which means that 

they are crucial for the functioning of ecosystems. Indeed, they provide regulatory ecosystem 

services such as seed dispersal, vegetation control, and acting as scavengers; moreover, they are 

also related with other ecosystem services, more directly beneficial for humans, such as pest control 

and ecotourism (Lacher et al., 2019). Lastly, they are charismatic and flagship species, which means 

that they receive public and political support and research and conservation measures on them are 

more easily funded, which can be beneficial also for other related organisms and ecosystems 

(Lundberg and Arponen, 2022).

In particular, in this study, I focused on terrestrial mammals threatened with extinction at 

European level according to the IUCN Red List or that are listed in Annex II or IV of the Habitats 

Directive  (EEC, 1992). Annex II lists species of community interest that require special areas of 

conservation within Natura 2000; Annex IV contains those species that need strict protection across 

their entire range. Some species appear in both Annexes, such as Canis lupus. We therefore selected 

79 priority species  (EEC, 1992).

https://www.zotero.org/google-docs/?broken=hy4yTC
https://www.zotero.org/google-docs/?broken=unFFYh
https://www.zotero.org/google-docs/?broken=aDDY5U
https://www.zotero.org/google-docs/?broken=cokxne
https://www.zotero.org/google-docs/?broken=4RBvPw
https://www.zotero.org/google-docs/?broken=TsvzlH
https://www.zotero.org/google-docs/?broken=TsvzlH
https://www.zotero.org/google-docs/?broken=9WdyWm
https://www.zotero.org/google-docs/?broken=1Tie5m
https://www.zotero.org/google-docs/?broken=AulcZZ
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1.6 Knowledge gaps and objective of this thesis

This project aims to formulate scenarios of expansion of the Green Infrastructure Network to 

achieve the 2030 EU Biodiversity Strategy objectives, in particular to identify protected areas that can 

enhance the pre-existing ones, used as corridors for mammal species and provide multiple positive 

Nature  Contributions  to  People  (NCPs).  Therefore,  this  thesis  firstly  wanted  to  inform  future 

conservation strategies for mammals in Europe,  formulating clear and quantitative conservation 

targets and exploring different preferences about the role of nature, which takes into account society 

needs in Europe. Consequently, it aims to identify priority areas critical for mammal conservation and 

the  provisioning of  Nature’s  Contributions to  People (NCP) that  can be addressed through the 

expansion of Green Infrastructures network. 

  Therefore, Chapter 2 was intended to address gaps in the formulation of conservation targets 

based on the concept of Favourable Conservation Status (FCS) in Europe, as it lacks consistent 

methodologies that allow feasibility and are applicable across EU Member States, testing several 

approaches that considered the historical range or population before a decline or based on modelling. I 

focused on formulating conservation targets for the taxonomic group of this study, priority mammals 

in Europe. They were defined as species listed in the Annex II or IV of the Habitats Directive or are  

threatened with extinction according to the European IUCN Red List assessment. 

Chapter 3 aimed to formulate positive conservation narratives for Europe that may guide 

future conservation strategies. These typically do not incorporate multiple society visions. The goal 

was to provide policy guidance for nature protection by aligning with the Nature Futures Framework 

(NFF) proposed by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 

Services  (IPBES),  through expert  consultations  via  workshops  and webinars,  gathering  diverse 

perspectives on key topics relevant to protection and restoration goals. This framework allowed for an 

exploration of conservation narratives through the lens of intrinsic, instrumental, and cultural values, 

highlighting both their differences and potential overlaps. In particular, the specific objective was to 
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inform EU conservation  targets  and  socio-ecological  development  pathways,  addressing  policy 

decisions aimed at nature protection. 

After  gathering  information  crucial  for  the  spatial  planning  of  area-based  conservation 

measures, I focused on the formulation of scenarios of expansion of Green Infrastructure (GI) in Italy 

in Chapter 4. The expansion of the GI network has never been planned in the country with a holistic 

approach that integrates priorities for mammals and multiple NCPs, while contributing to the goal of 

30% protected area coverage by 2030. In this chapter, I considered 40 priority mammal species 

occurring in Italy, and both regulatory and cultural NCPs, incorporating culturally important areas at 

national scale. I performed systematic conservation prioritizations through prioritization tools to 

explore different scenarios of expansion of GI.

Lastly,  Chapter  5  aimed  to  provide  a  methodology  to  incorporate  GI  as  a  mitigation 

approach  into  strategy  plans  to  offset  potential  impacts  of  human  development  on  nature.  In 

particular, here I wanted to test the approach with a case study on wind energy in Italy. First, I 

evaluated the disturbance of the habitat of mammals or of the distribution of NCPs caused by the  

existing wind plants. This allowed me to select the main NCPs and the focus species of this chapter  

among  priority  mammals  (32  species).  After  that,  I  used  prioritization  tools,  adapting  the 

methodological approach applied in the third Chapter, to identify GI useful for compensating the 

impacts.
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Abstract

The  European  Habitats  Directive  lists  species  and  habitats  of  conservation  priority  for 

member states of the European Union, and prescribes that they achieve a Favourable Conservation 

Status (FCS). The benchmark for assessing whether species achieve FCS is provided by Favourable 

Reference Values (FRVs) of distribution and population size.  FRVs cannot be used directly as 

conservation  targets,  because  they  are  incomplete,  incomparable  as  they  are  identified  through 

different methods, and not necessarily achievable in a specified time frame. We set conservation 

targets for the year 2030 for European terrestrial mammals listed in Annexes II and IV of the Habitats 

Directive, and/or threatened at European level according to the IUCN Red List of Threatened Species, 

based on the concept of FCS. We used several methods, including models of population growth and 

range  expansion  to  2030,  and  a  reference-based  approach.  These  targets  can  be  used  to  plan 

conservation actions for priority mammals, such as increasing protected area coverage to 30% of 

Europe as envisaged in the European Biodiversity Strategy 2030.

mailto:alessandra.dalessio@uniroma1.it
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2.1 Background and summary 

Over the past millennia, roughly 75% of the Earth's land surface has been subject to human 

overexploitation of space and natural resources (Luyssaert et al., 2014; IPCC, 2023).  One of the most 

prominent outcomes of this is that biodiversity is undergoing significant declines as a result of the 

multifaceted impacts of human activities, including habitat conversion, degradation, fragmentation, 

and loss, as well as climate change, overharvesting of natural resources, and pollution (IPBES, 2019; 

Díaz  and  Malhi,  2022;  Jaureguiberry  et  al.,  2022) These  relatively  novel  pressures  on  natural 

dynamics have led many wildlife  species  to  the brink of  extinction,  with increasing reports  of 

populations and natural communities declining and simplifying worldwide (Hoffmann et al., 2010; 

Tittensor et al., 2014; Pimm et al., 2014).

The European Union has adopted biodiversity policies to protect and restore the continent's 

natural ecosystems and species, such as the Habitats Directive 92/43/EEC  (EEC, 1992) and the 

European Biodiversity Strategy  (EC, 2020a). The Habitats Directive establishes Special Areas of 

Conservation within the Natura 2000 protected areas network to maintain vital  ecosystems and 

species of community interest.  Member States (MS) are mandated to maintain both species and their 

habitats in a good conservation status for the long term, by implementing measures of conservation or 

restoration as outlined in the Directive's annexes. The European Biodiversity Strategy for 2030 

focuses on even more ambitious targets, such as the expansion of protected areas by 2030 ensuring 

30% of the land and 30% of the seas of Europe covered, with 10% of these territories regulated under 

criteria of strict protection (EC, 2020a). Moreover conservation and restoration interventions should 

aim at achieving that at least 30% of habitats and species reach their Favourable Conservation Status.

According to the HD  (EEC, 1992) , FCS for a species is achieved when the temporally-

dynamic population data show that the species can thrive in the long term as a viable component of  

their natural habitats; their geographical ranges are neither in reduction nor are likely to be reduced for 

the future and they have, and will probably continue to have, a sufficiently large realised habitat. Thus, 

https://www.zotero.org/google-docs/?broken=Xb0PBL
https://www.zotero.org/google-docs/?broken=r8TM8F
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https://www.zotero.org/google-docs/?broken=3TWbgV
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to assess the FCS, each EU MS must compile periodic reports by specifying the population and range 

size, habitat occupied by the species and their future prospects at the MS and biogeographic region 

scale.  Population  and  range  status  are  assessed  against  benchmarks,  the  so-called  Favourable 

Reference Values for population and distribution size (EEC, 1992).

Distance from the FCS can be used to guide conservation action through the formulation of 

conservation targets.  However,  the  distinction between establishing favourable  reference values 

(FRVs) and setting concrete conservation targets should be kept in mind (Bijlsma et al., 2018). Setting 

targets requires the reference values to be translated into feasible and time-bound objectives. These 

targets should be achievable in the short, medium and long term. This requires an understanding of 

spatial scales and historical impacts to determine what is ecologically and technically feasible. To set 

targets, it is necessary to consider the historical processes and major impacts that have shaped current 

distributions and populations. This includes understanding large-scale development, infrastructure, 

urban development and socio-economic changes (Bijlsma et al., 2018).

The most recent EU MS reports compiled for the period 2013-2018 about the conservation 

status of habitat and species, highlights that more than 60% of the non-bird species, including plants, 

were still in an inadequate conservation status (EEA, 2020). Mammals are one the most endangered 

taxa with 84 species (34%) listed in the HD’s Annex II and IV, which list species requiring special 

conservation areas or needing strict protection (EEA, 2020;IUCN,2023). According to the Report, 

less than 25% of assessed mammals are in good conservation status, while 55% are in poor or bad 

conservation status. Furthermore, for the remaining 20% the conservation status is unknown (EEA, 

2020). The reports have limitations in defining the FCS and in translating favourable reference values 

into conservation targets. Indeed, each Member State used different methodologies, sometimes not 

providing known reference values or tending to produce qualitative rather than quantitative ones. This 

makes it difficult to translate them into conservation targets to address conservation needs and to plan 

specific actions.

https://www.zotero.org/google-docs/?broken=WoMwU4
https://www.zotero.org/google-docs/?broken=WoMwU4
https://www.zotero.org/google-docs/?broken=EjBwUb
https://www.zotero.org/google-docs/?broken=sNix2F
https://www.zotero.org/google-docs/?broken=LYUoxl
https://www.zotero.org/google-docs/?broken=9o0BsQ
https://www.zotero.org/google-docs/?broken=ff4VwV
https://www.zotero.org/google-docs/?broken=WdB1kd
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Here, we formulated quantitative conservation targets based on the FCS concept, following a 

similar approach to that used by Bijlsma et al. (2018) to define FRVs starting with the collection of 

information on species biology, population and range trends, and threats. We provided a framework 

for setting population and range size targets, taking into account the feasibility of achieving them. We 

used several methods, including models of population growth and range expansion to 2030, and a 

reference-based approach, to provide targets that can overcome the use of qualitative values and be 

useful in planning conservation actions for European mammal species.

2.2 Materials and Methods

2.2.1 Study area

This research focused on the 27 MS of the European Union, according to the most updated 

MS profiles of the EU. We derived the European MS map from the World Administrative Boundaries 

map   (https://public.opendatasoft.com/explore/dataset/world-administrative-boundaries/

information/), selecting the 27 countries of interest. Then, we downloaded the Biogeographic Regions 

(BIOGEO) map, provided by the European Environment Agency (EEA, 2016) are defined as areas of 

similar biota, flora and fauna, and divided into the Anatolian, Alpine, Arctic, Atlantic, Black Sea, 

Boreal, Continental, Macaronesia, Mediterranean, Pannonian and Steppic regions (EEA, 2016). We 

overlapped the above maps to obtain a basemap with intersections between MS and BIOGEO. Maps 

presented in this work have been elaborated in GRASS GIS (vers 7.8.2) at 0,009 degrees spatial  

resolution, which corresponds to ca. 100 m, and in the World Geodetic System 1984 (WGS84) ( Fig. 

S1).

2.2.2 General framework
We formulated conservation targets for terrestrial mammal species occurring in the study 

area that are listed in Annex II and IV of the Habitats Directive (EEC, 1992) and/or listed as Near 

Threatened, Vulnerable, Endangered or Critically Endangered by the IUCN Red List of threatened 

https://public.opendatasoft.com/explore/dataset/world-administrative-boundaries/information/
https://public.opendatasoft.com/explore/dataset/world-administrative-boundaries/information/
https://www.zotero.org/google-docs/?broken=C4lD74
https://www.zotero.org/google-docs/?broken=3HJsaY
https://www.zotero.org/google-docs/?broken=VMLmdB
https://www.zotero.org/google-docs/?broken=6LBGQS
https://www.zotero.org/google-docs/?broken=roIGzB
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species (IUCN, 2024a). To obtain quantitative targets for species range (range targets, RT) and 

population (population target, PT) we adopted a multi-step approach (Fig. 2.1) :

Figure 2.1.  Flow chart of the general framework used to formulate the targets (T).  First, 1) we 

gathered information on species’ biology, historic trends and threats to 2) decide whether T is equal to 

or greater than the current value (1). Then, when T> CV we estimated the targets, following a 

hierarchical process (3a),  using the model based approaches ( i) Population Growth models (PGM) 

https://www.zotero.org/google-docs/?broken=u5m8n2
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and ii) Potential Range Expansion model (PREM), iii) reference-based approaches and iv) gap-

filling ; otherwise, when T=CV, we set the targets based on the current population or range size (3b). 

4) We then scaled up T to the level of MS and BIOGEO. 

In Step 1 (Fig. 2.1) we performed a literature search to gather information about species 

biology, functional traits, habitat use, current distribution and population, and to assess both historical 

and current threats, and the conditions of the population and range before the threats. All information 

comes from relevant scientific papers, from the assessments of the IUCN Red List of Threatened 

species  (IUCN,  2024a)  and  from  national  or  regional  reports  made  by  ministries  and  official 

environmental institutions. In the absence of other sources, we used the State of Nature Report (2013-

2018) provided by MSs  (EEA, 2020; EEA, 2022). All the literature for each species is listed in a data 

table deposited in the Figshare (https://doi.org/10.6084/m9.figshare.26781724.v1) and reported in 

References.

We used this information to divide species in two sets: those that needed targets  greater than the  

current population abundance and distributional range extent (hereafter: current values) based on 

threats and temporal trends, and those whose targets should be equal to the current values (Fig. 2.1).

 We set targets equal to the current values (Step 3a in Fig 2.1) when:

● A species is Least Concern according to the IUCN Red List and has a stable or increasing 

population trend and never experienced a decline in the past. Thus, its current status may be 

already considered as favourable;

● The population has experienced a decline that is also projected for the future and when threats 

to the species are irreversible; therefore, the range and the population size can not be greater  

than the current values since it is not feasible for the species to reach a higher target in the short 

term. To define an irreversible threat, we followed the definition given in the guidelines for 

Using the IUCN Red List Categories and Criteria (IUCN, 2012). According to the guidelines, 

https://doi.org/10.6084/m9.figshare.26781724.v1
https://www.zotero.org/google-docs/?broken=ALsqS1
https://www.zotero.org/google-docs/?broken=CmuF6S
https://www.zotero.org/google-docs/?broken=AIqpIr
https://www.zotero.org/google-docs/?broken=Rk6PYW
https://www.zotero.org/google-docs/?broken=8dFWAS
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an irreversible threat occurs when a population size decreases so significantly that recovery 

becomes  impossible  or  unlikely  due  to  factors  such  as  the  Allee  effect,  i.e.  when  the 

populations  are  so  small  that  their  growth  rate  is  reduced,  also  causing  a  reduction  in 

individual fitness (Drake et al., 2019). They are also defined as those threats that are associated 

with profound and unrecoverable habitat loss; for instance, sometimes, urban sprawl and 

deforestation may cause the loss of species’ habitat which is not possible to restore, not even 

by changing management  practices  (IUCN,  2012).  Also the  already-ongoing impacts  of 

climate change on species may be irreversible, due to the time lag between greenhouse gas 

emissions and the resulting climate and biological changes (Piovesan et al., 2022; Calvin et al., 

2023). 

Otherwise, when a species has experienced a decline in the past and has been threatened by 

reversible threats, it means it has the potential to recover and the target should be greater than the 

current values (Step 3b).

In Step 3a (species whose RT and PT are equal to the current value), we calculated RT from 

the area of the most recent IUCN species’ range maps (IUCN, 2024a) within the boundaries of EU 

MS, while PT was set equal to the latest population estimate available in the literature. In Step 3b  

(species whose RT and PT are larger than the current value). PT and RT were set through approaches 

based on population growth and/or range expansion, as described below. When no data were available 

to  calculate  either  RT or  PT,  we  derived  the  missing  value  from the  other  either  dividing  or 

multiplying by the mean population density of the species. When available in the literature, we also  

used the minimum and maximum species density to obtain maximum and minimum targets. When no 

data was available to calculate RT or PT, we used a reference-based approach (see below). 

After that, Step 4 consists in scaling up the Ts obtained at country level to the level of MS 

and BIOGEO, using the species’ habitat as a proxy of population to translate PTs, or through the base-

map to translate RTs (further details are described below).

https://www.zotero.org/google-docs/?broken=eeuo2i
https://www.zotero.org/google-docs/?broken=NOFShm
https://www.zotero.org/google-docs/?broken=NOFShm
https://www.zotero.org/google-docs/?broken=038kA1
https://www.zotero.org/google-docs/?broken=K6Dgby
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2.2.3 Model based approaches

2.2.3.1 Population growth model

For  large  mammals  with  increasing  trends,  we  regard  this  upward  trend  as  crucial  for 

achieving a FCS. This consideration is based on their recovery following a significant decline in 

Europe (Boitani and Linnell, 2015) and the expectation that their populations will continue to grow 

through the next few years. Thus, we calculated the rate of population increase and projected it to 

2030,  based on the observed population growth through time collected from the literature.  We 

performed generalised linear models in R software (R v4.3.0) (Rstudio Team, 2023),  including 

estimates of annual population size at the MS level as the explanatory variable and the year in which 

the population estimate was used as the predictor. We used Poisson regression, or a negative binomial 

regression when an overdispersion of variance was detected in preliminary analyses. The coefficient 

of the model can be considered as the instantaneous rate of increase (r), which can be translated into 

the finite rate of increase (λ) of the population ‘equation (1)’: 

(1) λ=e
r

We used  different  approaches  according  to  the  availability  of  input  data  (that  is,  estimates  of 

population size through time): 

1)  When the input data were overall estimates of population size in the MS, we extrapolated 

population size at 2030 based on the computed regression. 

2)  When the input data were partial (i.e., we found only the number of females with cubs  or the 

minimum verified numbers through the year) or when we knew the trend of transboundary 

populations but not the trend of the single population in the MS, we extrapolated the projected 

population size.  We considered the most recent and complete population estimate in the MS 

and used rate of increase obtained from the model. Taking into account the number of years 

https://www.zotero.org/google-docs/?broken=2Efw0f
https://www.zotero.org/google-docs/?broken=R5sMWH
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from the most recent estimation to 2030, the population size by 2030 was calculated through 

the formula ‘equation (2)’:

  (2)  population 2030 = current population * rate of increase number of years to reach 20330

3)  The third case was applied when the population trend was known but the rate of increase could 

not be calculated because of the lack of a temporal series of population data. In this case, we  

used an average overall populations’ rate of increase value taken from the literature.

4)  Eventually, when the rate of increase was not even found in the literature, we used the mean 

rate of increase derived from the known rates of increase of populations of the same species in 

other combinations of MS-biogeographic regions, bootstrapping the values to optimise the 

computed  mean  in  light  of  potential  outliers. 

We reported the λ obtained through the literature, the models or the bootstrapping in the Data 

sources.

2.2.3.2 Potential Range Expansion Model

We adopted the Potential Range Expansion Model for species or populations which have 

experienced a decline but whose trends of distribution and population may potentially increase, e.g. 

large carnivores with current decreasing or stable trends, and in absence of demographic information, 

e.g. for Chiroptera species. We elaborated the expanded range starting from the most recent IUCN 

Red List species’ range map and taking into account the dispersal capacity in time by each species,  

based on the following relationship ‘equation (3)’:

(3) dispersal in time = dispersal (km) * number of years to reach 2030 / generation length (years) 

 We used the IUCN Red List species ranges maps (IUCN, 2024a)  and, ensuring they have remained 

unchanged since 2022, we projected the range maps 8 years into the future, creating a dispersal 

distance buffer around the IUCN range using the GRASS function “r.buffer” (GRASS Development 

Team, 2020). For example, if a species has a dispersal capacity of 45 km and a generation length of 10 

https://www.zotero.org/google-docs/?broken=ht7h3q
https://www.zotero.org/google-docs/?broken=ht7h3q
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years it could potentially disperse 36 kilometres by 2030. In this case, the RT was set equal to the  

species range extension obtained by expanding the previous range of 36 kilometres radius. The 

dispersal distance and generation length information came from the COMBINE database (Soria et al., 

2021). In absence of information in COMBINE, we consulted the IUCN Red List Assessments of the 

species (IUCN, 2024a). For Chiroptera species, when available, we preferred to use data from the 

most updated species-level trait dataset of bats in Europe (Froidevaux et al., 2023)

2.2.4 Reference-based approach
The reference-based approach involves consulting published studies  to  formulate  targets 

which take into account the habitat suitability models or the population viability analysis. We adopted 

this approach in alternative or in combination to the population growth or the range expansion models, 

in case of stable or decreasing population trend, to obtain a minimum target achievable. In contrast to 

the other model-based methods, it was difficult to obtain 2030-based targets because it was not 

possible to identify the year for which the models were run in each study.

For  instance,  population  viability  analysis  is  a  quantitative  model-based  technique  that 

estimates the likelihood of extinction and/or loss of genetic variation by utilising species-specific 

genomic, demographic, and abundance data. It also accounts for recognized threats to population 

survival and the growth population model. This method provides the minimum viable population, 

which is an estimate of the minimum number of individuals (Shaffer, 2019). When we use published 

population viability analysis to formulate the targets, we provide them per each intersection between 

MS and BIOGEO, taking into account the number and the distribution of the extant populations 

(Bijlsma et al., 2018). In this case, the PT value was found by multiplying the minimum viable 

population size by the number of extant populations, using the number of populations found in the 

literature, when available, or assuming that in each MS-BIOGEO combination a single population 

occurs. 

https://www.zotero.org/google-docs/?broken=3XX0FD
https://www.zotero.org/google-docs/?broken=oFgR55
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2.2.5 Gap-filling method
We applied this method in case of lack of data, when a species is not reported in the IUCN 

Red List and we do not have information about its presence in Europe, its trends and threats. To find 

the regional target value, we followed a similar approach to that of Pacifici et al. (2013) and set the T 

equal to the average T values obtained for other species belonging to the same Family and the same 

MS-BIOGEO combination.

2.2.6 Scaling up targets to the level of MS and biogeographic region
To convert PTs obtained from the population model from national to regional values, we 

used  the  percentage  of  species’  habitat  within  each  MS-BIOGEO  combination  as  a  proxy  of 

population (Di Marco et al., 2016; Bijlsma et al., 2018). We assumed that populations are distributed 

based on available habitat. Thus, we overlapped the maps of available habitat within the geographic 

ranges of species (Area of Habitat) (Lumbierres et al., 2022) with the study area map. We used the 

percentage of habitat for each biogeographic region out of the total habitat area in each MS to partition 

the PT values from the population models into values at the biogeographic region scale. PT was then 

transformed  into  RT,  using  gathered  information  on  mean  species  population  density.

To translate the RTs coming from the range expansion map into MS-BIOGEO values, the 

expanded ranges were overlapped with the basemap, and the area in square kilometres per each 

combination was calculated using “r.stats” in GRASS (version 7.8.2) (GRASS Development Team, 

2020), to obtain regional RTs. PTs were then calculated using the density. The same approach was 

used to obtain RT values when the targets were supposed to be equal to the current values, by 

calculating the IUCN species range area within each combination of the basemap and translated RTs 

into PTs through the density.

https://www.zotero.org/google-docs/?broken=OrKjLp
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2.3 Data records

We  provide  a  database  “EU  MAMMALS  TARGETS”  that  includes  the  targets  for 

population (PT) and range size (RT) of terrestrial mammals listed in Annex II and Annex IV of the 

Habitats  Directive  (EEC,  1992)  in  the  “TARGETS” sheet,  and  the  data  used  and  the  relative 

resources,  in  “DATA  AND  SOURCES”  sheet.  The  data  are  deposited  in  the  Figshare 

(https://doi.org/10.6084/m9.figshare.26781724.v1) (D’Alessio, 2024)

RTs are expressed as km2, and PTs as number of individuals. It should be noticed that PTs are 

not available for all species, because of the lack of demographic information and density data needed 

to translate RTs into PTs. Each value is reported for each species (using IUCN Red List taxonomy; 

“Species”  column)  in  each  intersection  between  Member  State  (“Member  state”  column)  and 

Biogeographic  region (“Biogeo”  column).  In  some cases,  we used  different  population  density 

information obtained from the literature, providing also minimum and maximum values.

PTs and RTs are splitted then in columns based on the approach used and the population 

density information adopted to translate PT and RT into each other as follows:

PT_CV: population target that is equal to the current population size.

PT_PGM_min:  minimum population target obtained using the population growth model (PGM). 

Minimum refers to the minimum rate of increase obtained from the confidence interval of the model 

coefficients.

PT_PGM_mean:  mean population target obtained using the population growth model(PGM). Mean 

refers to the rate of increase obtained from the model.

PT_PGM_max:  maximum population target obtained using the population growth model (PGM). 

Maximum refers to the maximum rate of increase obtained from the confidence interval of the model 

coefficients.

https://doi.org/10.6084/m9.figshare.26781724.v1
https://www.zotero.org/google-docs/?broken=60J44U
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PT_refbased_min:  minimum  population  target  obtained  using  the  reference-based  approach. 

Minimum refers to the population value calculated using the lowest population density found in the 

literature.

PT_refbased_mean:  mean population target obtained using the reference-based approach. Mean 

refers to the population value calculated using the average population density value.

PT_refbased_max: maximum  population  target  obtained  using  the  reference-based  approach. 

Maximum refers to the range value calculated using the highest population density value found in the 

literature.

PT_rangexp_min: population target obtained from the RT_rangexp value multiplied by the lowest 

population density of species found in the literature.

PT_rangexp_mean: population target obtained from the RT_rangexp value multiplied by the average 

population density of species.

PT_rangexp_max: population target obtained from the RT_rangexp value multiplied by the highest 

population density of species found in the literature

RT_CV: range target that is equal to the current range size, where CV means “current value”.

RT_PGM_min: minimum  range  target  obtained  using  the  population  growth  model  (PGM). 

Minimum refers to the range values calculated from the minimum population target (PT_PGM_min)

RT_PGM_mean: mean range target values obtained using the population growth model (PGM). 

Mean refers to the range values calculated from the average population target (PT_PGM_mean).

RT_PGM_max: maximum range target values obtained using the population growth model (PGM). 

Maximum  refers  to  the  range  values  calculated  from  the  maximum  population  target 

(PT_PGM_max). 
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RT_refbased_min: minimum range target obtained using the reference-based approach. Minimum 

refers to the range value calculated using the highest population density value found in literature.

RT_refbased_mean: mean range target obtained using the reference-based approach. Mean refers to 

the range value calculated using the average population density value.

RT_refbased_max: maximum range target obtained using the reference-based approach. Maximum 

refers to the range value calculated using the lowest population density value found in the literature.

RT_rangexp: range target obtained using the range expansion method.

RT_gapfilling: range target obtained using the gap-filling approach. 

 “DATA AND SOURCES” sheet includes information on population density, dispersal and 

generation length. For some species, such as large mammals, for which we performed the population 

growth models and collected demographic data by MS, we also reported the rate of increase obtained 

from the literature (with the proper reference), from the models or the bootstrapping and provided 

specific references by each MS. 

2.4 Technical validation

Firstly,  we  qualitatively  validated  the  data  used  to  set  Ts  through  the  reference-based 

approach or to perform the population growth models, excluding approximate estimates simply based 

on experts’ opinions or observations not obtained by reliable methods. Specifically, we selected data 

coming from official Environmental Institutions or Ministries or from scientific publications, which 

was obtained through statistical validation and provided with confidence intervals.

The population growth models were validated mainly using the coefficient of determination 

(R-square), which determines the proportion of variance in the dependent variable (population size) 

that can be explained by the independent variable (years). We tested different regression models, the 
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Poisson and the negative binomial. To select the best one, we used the R-square and the Akaike 

information criterion (AIC) and checked the overdispersion. AIC is defined as ‘equation (4)’:

(4) AIC= 2k -2ln (L)

Where  k  is  the  number  of  estimated  parameters  in  the  model  and  L  is  the  likelihood 

function, which estimates how well the model explains the observed data. Overdispersion may occur 

when the observed variance is higher than the variance of a theoretical model. For Poisson models 

variance increases with the mean and, therefore, variance is approximately equal to the mean value. If 

the variance was much higher, the data was "overdispersed" and we used the negative binomial 

regression model.  We checked the models  for  over-dispersion (and under-dispersion) using the 

function “check_overdispersion” of the “performance” package in R (Lüdecke et al., 2021). Then, we 

chose the model with the lowest AIC value, since it has the highest likelihood and with the highest R-

square (Tables S2- S5). The average R-square resulted for the chosen models for Eurasian lynx (Lynx 

lynx) is 77%, for wolverine (Gulo gulo) is 81%, for brown bear (  Ursus arctos)  is 84%, for wolf 

(Canis lupus) is 85% and for Iberian lynx (Lynx pardinus) is 97%.

After  the  comparison  of  these  statistics  that  allow  us  to  choose  the  best  models,  we 

extrapolated the confidence intervals of the models coefficients using the function “confint” and 

predicted the population size in 2030 (Tables S2- S5). In this way, we were able to get confidence  

intervals and therefore a range of PTs based on minimum and maximum rates of increase. Also in the 

case of increasing population trends but unknown rates of increase, when we bootstrapped the rates of 

increases from the average values obtained from the other populations, we calculated the standard 

errors (Δz) (Table 2.1) associated with the value predicted by 2030 (z) using the ‘equation (5)’:

(5) Δz2  = ( N0/N0)2 + years* (Δλ/λ)2*z

Where N0 is  the current  population size with the associated standard error  (ΔN0),  and  λis  the 

bootstrapped finite rate of increase with the associated error (Δλ).

https://www.zotero.org/google-docs/?broken=wQ8zi5
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Table 2.1. Results of the bootstrapped λ values with the associated standard errors for the brown bear 

(Ursus arctos), wolf (Canis lupus) and Eurasian lynx (Lynx lynx).

Species Finite rate of increase (λ value) Standard error (Δz)

Bear 1,084 0,0105

Wolf 1,175 0,0245

Eurasian lynx 1,102 0,0140

In addition, we provided a validation of our estimates by comparing  our targets obtained 

with different methods. The comparison has been done only for the species for which we were able to 

apply more than one method. For each method, we calculated the mean of target values obtained by 

each MS and BIOGEO combinations and we then compared the average values derived from different 

methods. As our data did not meet the assumption of normal distribution required for parametric tests 

such as the t-test, we used the Wilcoxon signed-rank test (Wilcoxon, 1945). The null hypothesis tested 

is that the median difference between the mean targets obtained from different methods is zero. It was 

accepted when the p-value was greater than the critical value. We excluded PTs comparisons because 

the samples (i.e. average PTs for MS-BIO obtained from the PGM, from the range expansion model  

and from the reference-based approach) were too small and the test could not compute exact p-value 

with ties. 

We found that the average RTs obtained with different methods were not significantly different, as we 

obtained p-values > critical value (0,05) from the comparison between RTs from the range expansion 

https://www.zotero.org/google-docs/?broken=lkstOW
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and the Population Growth models (0,07) and between RTs from the range expansion model and the 

reference-based approach (0,14) (Table 2.2).

Table 2.2. Results of the Wilcoxon test, comparing the RT values obtained  between the range 

expansion and the Population Growth models (PGM) and between the range expansion and the 

reference-based approach.  We reported the W-value and p-value. P-value > 0,05 means that the 

difference between targets is not significantly different from zero. 

Test W-value p-value
RT_rangexp_mean - RT_referencebased_mean 376  0,07096
RT_rangexp_mean - RT_PGM_mean 1196 0,1403

2.5 Code Availability

The complete GRASS and R scripts, used to derive the targets, are also collected in Figshare 

(https://doi.org/10.6084/m9.figshare.26781724.v1) (D’Alessio, 2024).
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Abstract

The Nature Futures Framework (NFF) is a novel approach for the development of positive 

scenarios centered on the relationship of nature and people, emphasizing biodiversity as part of the 

solution to environmental challenges across various spatial and temporal scales, explicitly addressing 

a plurality of values for nature. In this work, we describe the process that has led to the formulation of 

continental-scale positive narratives for conservation in Europe based on the NFF and its value 

perspectives (Nature for Nature; Nature for Society; Nature as Culture), through an expert group 

elicitation.  We focused on 6 topics in the narratives:  Nature Protection and Restoration;  Forest 

Ecosystems;  Freshwater  Ecosystems;  Urban  Systems;  Agriculture,  and  Energy.  We  analyze 

differences and similarities among the narratives across these topics. We develop three novel Nature 

Futures narratives for Europe with contrasting perspectives and priorities for the six topics. Within the 

EU socioeconomic  trends  and  policy  framework,  common solutions  that  simultaneously  tackle 

biodiversity conservation and instrumental and cultural  Nature’s Contributions to People (NCP) 

provision  emerged.  This  set  of  narratives  may  integrate  preferences  concerning  EU-level 

conservation targets and plausible socio-ecological development pathways, supporting the modeling 

of positive scenarios for nature that can be crucial in guiding policy decisions towards recovery of  

nature.

Keywords

EU Biodiversity Strategy, IPBES Nature Futures Framework, conservation storylines, participatory 

scenarios, protected areas, nature restoration. 
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3.1 Introduction

The global biodiversity crisis has received increasing attention globally, but the actions have 

so far been insufficient to reverse the trend of declining biodiversity (CBD Secretariat 2020;  (IPBES, 

2019) In Europe, the EU Biodiversity Strategy for 2030 provides a framework for current and future 

conservation endeavors by setting clear targets and objectives that largely align with the Kunming-

Montreal Global Biodiversity Framework (EC 2020a; CBD, 2022). The strategy sets ambitious goals, 

including the expansion of protected areas (PAs) to reach a minimum of 30% spatial coverage for both 

https://www.zotero.org/google-docs/?broken=1rItBl
https://www.zotero.org/google-docs/?broken=1rItBl
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land and sea. Importantly, at least one third of these areas should be managed under strict protection. 

In addition, the European Nature Restoration Law demands action to ecologically restore at least 20% 

of degraded land and sea areas within the EU, and support the recovery of ecosystems and species in 

synergy with area protection targets (EC, 2022). Yet, the long history of intensive exploitation of 

ecosystems in Europe and conflicts with other relevant socio-economic activities, such as agricultural, 

forestry,  urbanization  or  energy  production,  makes  the  achievement  of  these  policy  targets 

challenging.

Achieving  ambitious  goals  in  the  context  of  competing  interests  requires  an  integrated 

management  approach  that  explores  all  relevant  nature  conservation  values  and  options. 

Environmental change scenarios are valuable for nature conservation for investigating the potential 

impacts of different societal development pathways and policy choices on biodiversity and Nature’s 

Contributions  to  People  (NCP),  while  also  facilitating  communication  and  involving  multiple 

stakeholders in the process (Pereira et al., 2020). The widely used Shared Socio-Economic Pathways 

(SSPs) scenario framework integrates drivers such as demography, governance efficiency, inequality 

at  both  national  and  international  levels,  socio-economic  advancements,  institutional  factors, 

technological advancements, and environmental conditions (van Vuuren et al., 2014; O’Neill et al., 

2014). However, scenarios based on SSPs typically do not take in consideration positive features 

specifically for nature and biodiversity, and are thus limited in their use for exploring different  

societal preferences concerning to the role of nature, as well as developing solutions, and related 

policies driving human socio-economic development (IPBES, 2016; Saito et al., 2019; Pereira et al., 

2020; Lundquist et al., 2021).

At the same time, it is increasingly clear that different preferences for nature exist, depending 

both on the relationship between people and nature, and nature management options (Dunn‐Capper et 

al., 2024; Carvalho Ribeiro et al., 2013; van der Wal et al., 2014). Recognizing the plurality of views 

of nature across people is important to democratize the management of landscapes, acknowledging 
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tensions between stakeholders but also their perspectives on nature (Dotson and Pereira, 2022). This 

richness of perspectives on nature is not currently represented in existing scenarios, with often only 

one “desirable” perspective for nature being considered in a given set of scenarios, which is often 

based on experts’ opinions rather than on a plurality of stakeholders’ perceptions (Rosa et al., 2017; 

Pereira et al., 2020).

To address the limitations within existing scenarios, the expert group on scenarios and models 

of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) 

developed the Nature Futures scenario Framework (NFF) (IPBES, 2023a). The NFF aims to support 

the development of positive scenarios centered on the relationship of people with nature across 

various spatial and temporal scales (IPBES, 2023b; Kim et al., 2023). This framework incorporates 

different perspectives, all with nature at the center of the scenario design rather than just as an  

outcome, and allows the consideration of diverse value perspectives (Rosa et al., 2017; Pereira et al., 

2020). NFF scenarios encompass three value perspectives that capture and cluster the many different 

preferences for nature across people (Mansur et al., 2022; Pascual et al., 2023), and can be represented 

as three corners of a triangle (Fig. S2). The Nature for Nature (NfN) perspective emphasizes the 

intrinsic value of nature,  including preserving individual  species and species diversity,  habitats, 

ecosystems, natural processes, and the self-regulatory processes of nature. The Nature for Society 

(NfS) perspective focuses on the maximization of instrumental values, benefits, and services that 

biodiversity  and ecosystems provide  to  people,  including food provisioning,  water  purification, 

disease control. Finally, the Nature as Culture (NaC) perspective highlights the relational values 

between nature and people, where society, traditions, beliefs and emotions drive socio-ecological 

landscapes, such as silvo-pastoral landscapes (Bugalho et al., 2011; Zerbe, 2022).

The NFF has been applied to assess preferences for nature in existing participatory scenarios 

(Quintero‐Uribe et al., 2022), to develop new scenarios, e.g., in a National Park in the Netherlands 

(Kuiper et al., 2022), in a rural landscape in northeastern Japan (Haga et al., 2023), and in urban  
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management  (Mansur et  al.,  2022).  Recently,  the framework has been adopted to explore how 

contrasting narratives would translate into land use scenarios for Europe by 2050 (Dou et al., 2023).  

However, the NFF has never been applied to formulate nature’s future narratives at a continental scale 

concerning the protection and restoration of Europe. These aim to integrate experts’ visions about EU 

conservation targets and plausible socio-ecological development pathways, thus supporting policy 

decisions towards recovery of nature.

Here we designed NFF narratives for Europe through a consultation with a group of experts 

from different sectors. While the group included a majority of nature conservation experts, experts 

from other sectors were included in the process, to develop narratives that cover the broader indirect 

effects of society and economy on nature. Experts were invited to join two participatory events, one in 

person and one online. The narratives reflect different perspectives that explore conservation and 

restoration priorities and policies. We aimed to answer the questions: what are possible contrasting 

positive futures for European landscapes? What are the common enabling conditions that need to be 

met for any of these positive futures to come to fruition? Through a participatory process, we gathered 

perspectives and priorities from the experts and formulated NFF narratives based on key topics: 

Nature Protection and Restoration,  Forest  Ecosystems,  Freshwater  Ecosystems,  Urban Systems, 

Agriculture, and Energy. These topics emerged in the context of the current challenges for nature 

conservation to help envision a sustainable future for nature and society. The narratives can support 

integrated  planning  and  land  use  modeling  towards  the  achievement  of  EU policy  targets,  by 

supporting modelers in the field of conservation, and consequently assisting the EU Member States in 

developing  an  ecologically  representative,  resilient,  and  well-connected  Trans-European  Nature 

Network (TEN-N) (NaturaConnect, 2024).
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3.2 Material and methods

 To develop the narratives aligned with the three NFF perspectives, representing the corners 

of the triangle (Fig. S2), we implemented the method from Pereira et al. (2020), into a sequence of  

nine steps (Fig. 3.1) (see 8.2. Supplementary materials and methods chapter 3 for further details).

Figure 3.1. The process of development of the Nature Futures narratives for Europe.

1) We identified a set of EU assumptions, or ‘constraints’, that coerce the narratives about 

nature protection and restoration. We considered key EU legislation, regulations, objectives and 

strategic priorities as mandatory for all NFF narratives. These include the EU Biodiversity Strategy 

objectives for 2030, such as the expansion of PAs and strictly protecting one third of these areas; the 

implementation of multifunctional Green and Blue Infrastructure; and the Nature Restoration Law 
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(EC, 2022a). We also took into account the Common Agricultural Policy; the EU Farm to Fork 

Strategy (EC, 2020b); the “No Net Land Take” by 2050 objective (EC, 2016); and the European 

Climate Law (EC, 2023b). 2) According to the challenges and constraints facing Europe, we decided 

to address a preliminary set of themes and, based on them, we formulate a set of broad questions to be 

asked to people (Section 8.2.1.1). 3) In a second phase, we identified key experts in the conservation 

field based on their influence in specific sectors of interest  at the European level,  and then we 

organized an in-person workshop with experts to elicit their perspectives on the future of nature 

protection. We held a three-day in-person workshop (Leipzig, Germany, 8-10 May 2023) with experts 

including several scientists of the NaturaConnect consortium with different expertise within the 

conservation sector (Tables S6 and S7). The workshop aimed to gather insights on the future of nature 

in Europe, using the World Café method for structured dialogues led by moderators (Brown, 2010) 

(Fig. 3.2; Section 8.2.1.2).

Figure 3.2. Session of Day 1 of the ‘Designing Nature Futures scenarios to support a Trans-European 

Nature Network’ workshop (NaturaConnect, CC BY 4.0). The World Café method has been used to 

facilitate discussion on several themes. Inputs emerged from the conversations have been collected as 

notes on post-it and later placed on each corner of the NFF triangle.

The first World Café round, which focused on landscape changes, agriculture management, 

and conservation motivations, was facilitated by showing pictures of different European landscapes 
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(Fig. S3), selected according to the themes identified in the previous step. Participants moved between 

tables  that  represented  the  different  corners  of  the  NFF  triangle  to  envision  future  European 

landscapes contrasting the three different NFF perspectives on nature. Subsequently, the discussion 

moved  into  the  previously  defined  themes  (Section  8.2.1.2). 4) This  visioning  exercise  was 

propaedeutic to develop the first draft of the narratives, by elaborating and revising the outcomes with 

moderators of each workshop’ session. After the workshop, indeed, we refined the three narratives 

“Nature for Nature”, “Nature for Society” and “Nature as Culture”, focusing them on six main 

recurring topics: Nature Protection and Restoration, Forest Ecosystems, Freshwater Ecosystems, 

Agriculture, Urban Systems, and Energy (Section 8.2.1.3). 5) Since gaps concerning preferences and 

different  perspectives  emerged,  particularly on the Nature Protection and Restoration topic,  we 

defined additional questions on nature futures to improve the narratives (Section 8.2.1.3). 6) A draft 

version of the narratives was presented during a 2 h public webinar (4 July 2023). It served to harvest 

additional  feedback  and  insights,  through  15  interactive  questions  via  Mentimeter 

(www.mentimeter.com),  following  each  narrative  presentation  (Section  8.2.1.4). 7)  After  the 

webinar, the most frequent remarks and new information were collected. Thus, both event inputs were 

analyzed and integrated to create a coherent second set of draft narratives.  8) Finally, following a 

further review by the experts group of the NaturaConnect project,  9) we developed a final set of 

narratives (Section 8.2.1.4).

We  analyzed  the  main  differences  and  commonalities  across  the  narratives  and  we 

highlighted contrasts across the narratives concerning the six topics. Specifically, we analyzed some 

specific aspects involving the six topics that were key in distinguishing the NFF narratives: the 

dichotomy between  land-sharing  and  land-sparing,  the  restoration  approach,  the  importance  of 

maintaining the integrity of freshwater resources, the human presence in protected areas, the level of 

forest management and gray infrastructures configuration. Reflecting the importance of these aspects 

in each narrative, we attributed each a gradient of preference from Minimum to Medium to Maximum.
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3.3 Results

The in-person expert workshop was joined by 41 participants from 13 European countries, 

including 13 external experts and 28 conservation scientists and practitioners from the NaturaConnect 

project (Table S6 and S7). All participants represented institutions of the European environment 

conservation (95,4%), wildlife management (2,3%) and land use planning (2,3%) sectors. 

The webinar brought together a group of 115 participants from 18 countries, all European 

except one. The sectors the experts belong to are distributed as follows: nature conservation (54%), 

land use planning, (13%), forestry (9%), social science (8%), policy and law (5%), urban (3%), 

marine  (2%),  agriculture  (1%),  tourism  (1%)  and  other  sectors  (4%).  Based  on  the  webinar 

participants’  responses  (60%),  80%  belonged  to  nature  conservation  governmental  or  non-

governmental organizations. However, it should be noted that 35% of participants who participated in 

the webinar their affiliated entity and sector remained unknown.

Through the experts’ consultation, we designed three narratives that describe different nature 

futures in Europe, one per each corner of the NFF triangle: Nature for Nature (Box 1), Nature for 

Society (Box 2) and Nature as Culture (Box 3). Below we highlighted the differences among the 

narratives, stressing the main aspects differentiating the Nature Protection and Restoration topic 

across them (Table 3.1), and the commonalities (Figs. 3.3 and 3.4).
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Table 3.1: Summary of the Nature Protection and Restoration topic. The topic is focused on different subtopics for each narrative (in column): 

conservation priority, details on the Protected Areas (PAs) aim and use (e.g. human activities, strict protection, location, size), Green and Blue 

Infrastructures role, and the restoration strategy. 

Subtopic Nature for Nature Nature for Society Nature as Culture

Priority objectives for restoration 

and  PA  expansion  and 

management

Emphasis  is  on  ecological  integrity  and 

resilience.  Irreplaceable  and  particularly 

vulnerable  species  and ecosystems receive 

high priority.

Emphasis  on  Nature’s  Contributions  to 

People  (NCP)  provisioning  and  associated 

species and ecosystems.

Emphasis on cultural landscapes, including 

high nature value farmland and associated 

species.

Priority for strict protection

Preserving  sites  with  high  ecological 

integrity  (at  least  10%),  where  no 

management and no intervention is carried 

out.

Preserving  ecosystems  for  which  the 

processes and functions associated with NCP 

depend on minimal disturbance.

Preservising culturally relevant species and 

ecosystems  which  require  minimum 

disturbance.

Spatial priority for restoration and 

PA expansion

In  areas  of  conservation  concern  to  avoid 

anthropic disturbance.

In areas where NCP demand and supply is 

high.
In areas accessible to people.

PA size Both large PAs to sustain ecosystems, and 

smaller PAs as part of corridors and stepping 

Both  large  PAs  for  NCP  related  to  large 

ecosystems (e.g. flood regulation), and small 

PAs for pollination around crops, air quality 

Both large PAs to protect large traditional 

landscapes,  small  PAs  to  protect  pocket 

parks inside cities.
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stones between larger areas. regulation and pest control.

Green  and  Blue  Infrastructures 

role

To  improve  the  structural  and  functional 

connectivity for all species.

To improve connectivity that supports NCP 

in  peri-urban  landscapes  and  across 

cultivated land.

To  improve  connectivity  for  symbolic 

species  and  cultural  landscapes,  in  agro-

ecological areas with hedgerows and natural 

patches, and cities.

Human Activities inside PAs

Only  human  activities  in  line  with 

biodiversity  conservation  objectives  are 

allowed.

Human  activities/  intervention  related  to 

Nature’s  Contributions  to  People  are 

allowed.

Cultural human activities are allowed.
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Figure 3.3. Spider  diagram showing the  main differences  among the  Nature  Futures  for 

Europe. The red, blue, and yellow polygons represent NfN, NfS and NaC, respectively. Axes 

represent a gradient measured on an ordinal scale from Minimum to Medium to Maximum. 

This gradient reflects experts’ visions for all NFF corners, on topics selected for drafting the 

narratives (Nature Protection and Restoration, Freshwater Ecosystems, Forest Ecosystems, 

Agriculture, Urban Systems, and Energy)
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Figure 3.4: Venn diagram showing the commonalities among the Nature Futures for Europe. 

Overall,  win-win-win  solutions,  biodiversity  conservation  and  Nature’s  Contributions  to 

People (NCP) provisioning, and the promotion of multi-functional landscapes are envisioned 

for all NFF corners.
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Box 1. Nature for Nature (NfN)

In the NfN narrative, the value of nature is intrinsic and independent from any direct benefits that people may gain from nature. The 

protection and restoration of the ecological integrity of ecosystems are therefore key priorities in this narrative and thereby land  

sparing approaches are pursued. Strict protection is envisioned for natural areas to preserve the integrity and resilience of nature  

within the European protected area network. Conservation focuses on sensitive and irreplaceable species and habitats. PAs are  

located in areas far from people, and human activities are also minimized in PAs as access to these areas is restricted.

Primarily, large protected areas that can sustain self-regulated ecosystems are established, but smaller protected areas also can play 

a complementary role as part of corridors and stepping stones between larger areas, especially in highly fragmented landscapes. 

Both structural and functional connectivity is improved for all species through Green and Blue Infrastructures. Restoring and  

ensuring the connectivity of PAs is a priority pursued to help recover the characteristic ecological flows of undisturbed ecosystems. 

Restoration of connectivity in freshwater ecosystems is essential in this narrative and obsolete dams are removed for this purpose. 

Natural forest dynamics is promoted, thus enhancing both structural and functional complexity and natural regeneration and turnover. Forest harvesting is reduced to a minimum, especially in old-

growth forests and in strictly protected areas. To leave space for nature conservation, high-intensity agriculture is maintained and integrated with NBS to some extent, to maximize production  

without expanding agricultural land, and high-rise compact cities development are deemed desirable. To avoid wildlife mortality and disturbances, the impacts of renewable energy production are 

minimized by placing the energy plants in already degraded areas and high-intensity agricultural landscapes with low biodiversity values, also excluding buffer zones around PAs and other  

sensitive conservation areas. 
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Box 2. Nature for Society (NfS)

In the NfS perspective, emphasis is placed on the instrumental value provided to people. As a result, ecosystems are protected and  

restored with the aim of boosting the provisioning of NCP. To allow this provisioning, PAs are located where both NCP supply and 

demand are high and human activities are moderate. The network encompasses both small and large PAs since size depends on the  

services they provide: large PAs are selected for water and flood regulation and carbon sequestration; smaller PAs are established in  

proximity to people and supply pollinator habitats around crops, air quality regulation and pest control. Species conservation is a  

priority mainly when it is associated with the supply of a specific NCP. Ecosystems for which the processes and functions associated  

with NCP depend on minimal disturbance are strictly protected. Ecological corridors are designed and restored taking into account their 

capacity to provide multiple benefits to people, especially in peri-urban landscapes and across cultivated land through Green and Blue 

Infrastructures (EC, 2019). Overall, active management and restoration approaches are used to prevent natural hazards (such as fire and 

flood risk) or reverse their impacts, promote carbon sequestration and sustainable timber extraction in forests, guarantee good water quality and supply, and ensure wild fish supply in freshwater  

ecosystems, where dams are managed to have minimal impacts on biodiversity. Moderate land sharing is necessary for providing NCP in agriculture and urban areas. High intensity agriculture and 

farming are away from areas of conservation concern and integrated with NBS, to increase biodiversity that leads to a better provision of NCP. Agroecological landscapes are maintained for species 

(e.g. farmland birds) and habitats of high conservation interest, such as Dehesa, which is an extensive agrosilvopastoral system typical of the Iberian peninsula (Parra-López et al., 2023). Moderately 

compacted urban areas are planned to facilitate beneficial contact between society and natural features. Although the provision of renewable energy is given priority over nature, plants are placed  

within agricultural landscapes to reduce the overall impact on biodiversity and its associated NCP.
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Box 3. Nature as Culture (NaC)

The NaC narrative focuses on the relational values for nature, expressing personal and collective emotional connections that people have 

with nature. Therefore, human activities and presence within nature are tolerated more in this narrative than in the others, and PAs are  

preferentially located near the human population to enable people’s access to nature. Strict protection focuses on culturally relevant 

species and ecosystems which require minimum disturbance. Overall, conservation efforts address species and habitats associated with  

culturally important activities, such as fishing or hunting, and the expansion of PAs aims to meet conservation objectives that preserve 

culturally  valued species  (e.g.,  migratory birds  and fish,  charismatic  species),  habitats  (e.g.  agroforestry  systems,  hay meadows),  

ecosystem services and human-modified systems with high natural value (e.g. heritage landscapes, agroforestry systems, hay meadows)  

(Halada et al., 2011). These are done through initiatives such as UNESCO Man and Biosphere reserves (MAB) (Reed, 2019). Thus,  

traditional land use practices and experiences that connect people to specific landscapes are prioritized in large PAs (e.g., Farm to Fork  

initiatives, wine routes, transhumance of livestock, high nature value farmland, biodiversity-friendly farming, pilgrimage routes, hiking  

and enjoyment of nature). Small PAs aim to protect pocket parks inside cities. The traditional cultural landscapes and habitats are restored, 

and their connectivity is improved, with an additional aim to bring nature back to highly degraded areas, cities and agroecological areas through Green and Blue Infrastructures. Forests are managed by 

prioritizing tree species with high cultural value. Ancient trees and other natural monuments are preserved. Freshwater ecosystems with a historical and cultural role, or those that are important for  

emblematic species, are also protected and restored, removing obsolete dams unless they have cultural importance. In rural areas with high conservation and cultural value, extensive and traditional  

agricultural practices, often integrated with NBS, are revitalized. These activities enhance the connection between nature and people that prefer living in rural areas. Less consideration is taken of the  

impacts of renewable energy infrastructure on nature, concealing them from humans in order to preserve the aesthetics of the landscape.
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3.3.1. Differences among the narratives
The main difference among the narratives are the preferences towards the land sparing 

or land sharing approach to protect and restore nature, which shape the associated outcomes of 

Agriculture, Urban System, Forest Ecosystems and Energy topics (Fig. 3.3).

In the NfN perspective, land sparing is preferred to save space for nature (Box 3), 

whereas, in NaC, land sharing is favored to allow the cultural use of the landscapes (Box 1). 

NfS requires a moderate gradient of land sharing to provide NCP (Box 2).  Thus,  human 

infrastructures and agricultural systems are compacted at their maximum in NfN and located 

away from areas of conservation concern, and they are moderately compacted in NfS, leading 

people to live far from nature. Conversely, in NaC, anthropogenic landscapes are integrated 

with nature, connecting people to nature more closely, and infrastructures are placed in isolated 

areas to avoid culturally important places and landscapes. The protection of agro-ecological 

landscapes, which lies on the enhancement of biodiversity and related ecosystem services to 

support traditional agricultural production, is maximized in NaC and moderate in NfS, while it 

has low importance in NfN.

In NfN, ecological  integrity and connectivity have priority over renewable energy 

sources (RES, e.g. wind and solar farms). In contrast, nature has low priority over the impacts 

of RES plants in NaC, while being moderate in NfS (Fig. 3.3). Also, integrity of freshwater 

ecosystems is central to the NfN narrative for species connectivity and ecological flows, and 

less relevant in NfS and NaC, where flood regulation and recreational activities related to 

freshwater are given more importance.

In NfN, passive restoration was preferred over active restoration, with forests left to 

regenerate naturally, enhancing the complexity of forests. In NfS and NaC, an active restoration 

approach was preferred, with forests actively managed by local authorities to maximize NCP 
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and biodiversity in NfS, or managed by local communities to enhance cultural activities in  

NaC. In the NfN perspective, minimal human activities in PAs were foreseen, because access to 

these areas should be limited. They were expected to be moderate in NfS and more intensive in 

NaC, where PAs should be located near human settlements to improve accessibility (Fig. 3.3). 

The implications of the three narratives for PA expansion and management, and for restoration 

are summarized in Table 3.1.

3.3.2 Commonalities   

Some common concepts emerged across the narratives, since they were all based on 

the  2030  EU Biodiversity  goals,  and  included  mutually  beneficial  solutions  that  address 

biodiversity conservation and NCP provisioning (Fig. 3.4).

Conserving biodiversity is recognised as a key achievement, also enhancing the related 

NCP provisioning. Conservation efforts can achieve multiple objectives for nature and people 

by enhancing ecosystem integrity and connectivity, and simultaneously ensuring the practical 

uses and cultural values of nature (Fig. 3.4). For example, restored natural areas along rivers 

may provide umbrella habitats and regulate flooding whilst also creating space for recreational 

activities.

The sustainable  use  of  landscapes  is  a  common solution;  for  instance  sustainable 

forestry, is beneficial in terms of carbon sequestration, and availability of recreational areas, 

and it supports the maintenance of biodiversity, and its productivity, vitality, regenerative 

capacity, as well as the provisioning, over time, of material and regulatory NCP. Promoting 

sustainable multifunctional agricultural and forest landscapes is central especially in NfS and 

NaC, as it may support various functions concurrently. Additionally the sustainability of the 

landscapes is also ensured by implementing Nature-Based Solutions (NBS), which are cost-

effective strategies, inspired and supported by nature, that enhance resilience while delivering 
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environmental,  social,  and economic benefits (UNEP, 2022). Some examples of NBS are 

integrated pest management, regenerative farming and precision farming, woodland islets and 

hedgerows, green roof and walls, etc.

Infrastructure planning, including highways, railways, and renewable energy plants, are 

planned in a more sustainable way, minimizing impacts on species and ecosystems. Urban 

greening  and  gardening  initiatives  may  reduce  the  human  carbon-footprint  and  ensure 

environmental sustainability, NCP, biodiversity and connectivity.

3.4 Discussion

Here,  we  formulated  three  NFF  narratives  in  consultation  with  experts  of  the 

conservation sector. The involvement of scientists with expertise in different fields offered the 

advantage of addressing all the topics covered by the narratives and helped taking different 

perspectives into account.

Our narratives highlighted differences stemming from the three different sets of nature 

values that the NFF describes. The extent of land sparing or sharing emerged as the main aspect 

for teasing the three NFF perspectives apart (Kremen, 2015). Land sparing is mainly useful to 

maintain the space allocated for spared reserves (Kremen, 2015) as emerged in the Nature 

Protection and Restoration topic of the NfN narrative, focused on strict nature conservation 

(Box 1). The experts’ visions were less oriented toward this approach in NaC (Box 3), based on 

the general expectation that integrating people with nature and PAs can be beneficial in terms of 

recreation activities, carbon sequestration, pollination, livelihood, and biodiversity. Moreover 

land sparing has often been associated with higher species richness and it can be useful to 

achieve the conservation of the most sensitive species to human disturbance (Edwards et al., 

2014; Cannon et al., 2019; Balmford, 2021). The preferences toward land sparing are also 
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reflected in other topics such as Agriculture, Urban System, Forest Ecosystems, and Energy. 

Land sparing in agriculture requires intensive cultivations, which are preferred also in NfN 

perspective, despite this approach could affect nature by reducing species’ richness at a local 

level (Balmford et al.,  2005). Extensive agriculture systems, such as organic farming can 

increase biodiversity locally, because of the more heterogeneity of landscapes and can have 

beneficial impacts on the environment (Aldanondo-Ochoa and Almansa-Sáez, 2009; Gracia 

and De Magistris, 2008), promoting pollination and biological pest control by avoiding mineral 

fertilisers and synthetic pesticides (Dimambro et al., 2018; IFOAM, 2023; Senapathi et al., 

2015; Tscharntke et al., 2021). However, the preference toward intensive agriculture even in 

NfN is  based on the  experts’  assumption  that  it  has  generally  higher  yield  compared to 

extensive  farming,  leading  to  a  reduction  in  land  use  with  positive  consequences  on 

biodiversity at large scale. The protection of biodiversity overall is indeed a prerogative in 

modern agriculture, which is reflected at the European level in the EU Biodiversity Strategy 

(EC, 2020a).

Concerning the Nature Protection and Restoration topic, the location and the aim of PAs 

are distinctive elements across the narratives. In the NfN perspective, PAs are located in areas 

where human presence and activities are minimized, to reduce the impacts on biodiversity. The 

experts’  consultation  primarily  led  to  the  preference  towards  the  establishment  of  large, 

protected areas that can sustain self-regulated ecosystems. Indeed, roadless and low-traffic 

areas are usually large, natural or semi-natural areas with no or few roads, and can substantially 

contribute to the preservation of biodiversity and NCP (Selva et al., 2015). However, in both 

NfN and NfS narratives, smaller PAs emerged to be a complementary solution, especially in 

highly fragmented landscapes. These small sized areas can be useful in targeting endemisms 

and species with narrow distribution ranges, and also to increase landscape connectivity and the 

provisioning of NCP (Volenec and Dobson, 2020).
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Despite the differences, some common concepts emerged across the narratives based on 

the  2030  EU  Biodiversity  goals  and  targets,  including  mutually  beneficial  solutions  for 

biodiversity and NCP (IPBES, 2016). Restoration efforts that enhance ecosystem integrity 

improve utilitarian functions such as water and air purification, pollination, climate change 

mitigation, and flood prevention, as well as the preservation of cultural values (Schindler et al. 

2014; Zerbe, 2022). We considered multifunctional landscapes crucial in the NfS and NaC 

narratives (Fig. 3.4). Their importance recur in different sectors, such as agriculture and forest 

ecosystems (Renting et al., 2009; Lindroth et al., 2012; Diez and García, 2012), as it has been 

pointed out across the NFF perspectives.

Efficient and carefully planned infrastructures, including renewable energy production 

and urban greening, are win-win-win solutions in all three positive nature futures (Fig. 3.4) to 

promote  coexistence  between  humans  and  nature  while  minimizing  negative  impacts  on 

species and ecosystems (Karteris et al., 2016). As envisioned in our NFF narratives, Europe is 

moving towards renewable energy sources (Bórawski et al., 2019), in order to adapt to the 

European Climate Law (EC, 2023b). The expansion of renewable energy sources for Europe is 

essential to reduce net greenhouse gas emissions by at least 55% and reach carbon neutrality by 

2050 (EC, 2023a). Urban greening is fundamental for human mental and physical health (Lee 

and Maheswaran,  2011) and for recreational  and aesthetic  appreciation (Veerkamp et  al., 

2021). Enhancing green areas is also relevant for cooling down cities, mitigating the effects of 

climate  change,  and reducing air  pollution (Pauleit  et  al.,  2020;  Veerkamp et  al.,  2021). 

Community-based renewable energy and sustainable urban planning including zero-emission 

transportation, are examples of how to contribute to environmental sustainability, ecological 

connectivity, and improved human health simultaneously (Kammen and Sunter, 2016).

Our  NFF narratives  are  adapted  to  the  European context,  but  consistent  with  the 

interpretation given to the same framework in other studies (Pearson, 2016; O’Connor et al., 
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2021). However, compared with other narratives developed at global scale (Pereira et al., 

2020), the priority for nature conservation in the NaC perspective did not just focus on the 

relational value assigned to certain areas —such as the UNESCO Man and Biosphere reserves 

(MAB) (Reed, 2019)—, but also considered the historical value behind traditional practices 

associated with the European landscapes, such as vineyards or olive groves (UNESCO, SCBD 

2014) and European Heritage sites (EC, 2024). Narratives can be transformed into scenarios for 

environmental assessments, which are recognised as powerful tools for exploring how different 

pathways of societal development and policy choices could impact nature and the provision of 

NCP (Pereira et al., 2020). Some land-use and biodiversity models have been explored to 

determine whether it is possible to bend the biodiversity loss curve (Mace et al., 2018; Leclère 

et al., 2020). Although some scenarios demonstrated the feasibility of a positive outcome in this 

sense,  there  are  still  some  limitations  due  to  the  challenges  of  further  loss  in  several 

biodiversity-rich regions and threats, such as climate change, that have not been addressed 

(Pereira et al., in press). The NFF is a comprehensive approach that reflects diverse values and 

worldviews, and consequently helps identifying context-relevant interventions (Kim et al., 

2024), by providing more flexibility in the development of scenarios. This has been done in 

Europe through scenario simulations which analyze synergies and trade-offs in land systems 

based on different value perspectives (Dou et al., 2023).

Our narratives can be interpreted and used as an additional layer that provides nuance 

and  a  representation  of  diversity  in  human-nature  relational  values  to  complement  the 

macroeconomic assumptions of the SSPs/RCPs framework. At the same time, the development 

of the NFF scenarios is a step towards revising the commonly used set of SSPs dominantly 

based on assumptions related to climate change mitigation and adaptation efforts, with nature 

playing a central role alongside existing socioeconomic considerations (Rosa et al., 2017).
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Narratives can serve as the foundation for exploring the integration of land use and 

nature conservation scenarios to achieve the global biodiversity strategy goals (Pereira et al., 

2020; Kim et al., 2023), and in the perspective of policy design in Europe, to achieve EU 

conservation goals for 2030. Systematic conservation planning (SCP) has been used to identify 

areas of conservation and restoration priorities for people and nature at both global (Strassburg 

et al., 2020; Jung et al., 2021) and EU (O’Connor et al., 2021) levels. Our NFF narratives can 

therefore be translated in settings for land use modeling and SCP and used as inputs for 

identifying opportunities and constraints for conservation and restoration in Europe. It may 

inform ongoing and upcoming conservation planning research, such as the achievement of the 

TEN-N (EC, 2020a), complementing the existing EU PA network in terms of species, habitats, 

and  NCP,  and  to  select  suitable  habitats  within  the  future  distributions  of  species  and 

ecosystems in Europe.

Acknowledgements

We would like to thank the NaturaConnect colleagues, but also the 13 experts involved in the  

workshop and the 115 participants of the online event for their valuable participation and their 

contribution, which was fundamental in realizing this study. 



60

4. Identification of Green Infrastructures to Protect 
Priority Terrestrial Mammals and Enhance 
Nature Contributions to People in Italy

Alessandra D’Alessio1,   O’Connor Louise2,  Jung Martin2,  Visconti Piero2,  Michela 

Pacifici1*  , Carlo Rondinini1*.

1 Global Mammal Assessment Program, Department of Biology and Biotechnologies,  Sapienza University of  

Rome, Italy. correspondent author’s email: alessandra.dalessio@uniroma1.it

2 .Biodiversity and Natural Resources Program, International Institute for Systems Analysis, IIASA, Laxenburg, 

Austria

*  These authors share senior authorship equally

Draft version

Abstract

Biodiversity is declining at an alarming rate globally and in Europe due to agriculture, 

urbanization, pollution, and climate change. Vertebrates face significant threats, with 

mammals experiencing severe population declines. Despite conservation efforts such as the 

Natura 2000 network, which protects over 1,400 priority species in the EU, its effectiveness 

is undermined by inadequate funding, poor management, and limited ecological connectivity. 

The EU Biodiversity Strategy for 2030 aims to protect 30% of land and sea, emphasizing the 

role of Green and Blue Infrastructures (GBIs) in enhancing connectivity and providing 

Nature’s Contributions to People (NCPs), such as climate regulation and recreation.

Italy, with its diverse ecosystems and rich biodiversity, plays a key role in achieving these 

conservation goals. Although the Natura 2000 network covers 21% of the country, 

connectivity gaps and governance fragmentation hinder its effectiveness. Moreover, research 

mailto:alessandra.dalessio@uniroma1.it
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and planning efforts on Green Infrastructure (GI) in Italy primarily focus on urban and peri-

urban areas, often at limited spatial scales, while many studies overlook the 

multifunctionality of GI by prioritizing single ecosystem services such as urban runoff 

management, heat mitigation, or invasive species control.

This study prioritizes and maps Green Infrastructure in Italy to support mammal conservation 

and NCPs. Using spatial analysis and prioritization tools, we integrate mammal habitat 

suitability models, NCP distributions, and connectivity assessments to identify GI networks. 

We compare networks based on different priorities, highlighting commonalities, and evaluate 

expansion scenarios with 5%, 10%, and 15% GI coverage. The proposed GI network 

complements Natura 2000 by enhancing connectivity and delivering essential NCPs. By 

embedding GBIs into regional policies, this study contributes to biodiversity conservation 

and sustainable development, offering a framework for ecological resilience and improved 

human well-being in Italy.

4.1 Introduction

Europe  is  characterized  by  a  variety  of  habitats  that  host  approximately  560,000 

identified species, with a significant proportion being endemic to the continent (EEA, 2020) 

This biodiversity enables the provision of several positive Nature Contributions to People 

(NCPs), benefits provided by nature to human beings, such as air and water purification, 

climate regulation and recreational opportunities  (IPBES, 2019). However, the most recent 

State of Nature Report in Europe (EEA, 2020)  highlighted that biodiversity is declining at an 

alarming rate, with many species and habitats in a bad conservation status. 

The main drivers of habitat and species decline are agricultural activities, land abandonment, 

urbanization and pollution, and climate change emerging as an increasing threat (EEA, 2020). 

Efforts have been made in biodiversity conservation through measures such as the Natura 2000 

network, which is the largest coordinated network of protected areas in the world (EEA, 2023). 

https://www.zotero.org/google-docs/?broken=vXy5kV
https://www.zotero.org/google-docs/?broken=FfOmYl
https://www.zotero.org/google-docs/?broken=Q6A8xd
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https://www.zotero.org/google-docs/?broken=GTKCXi
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It covers approximately 18% of the EU's land and 10% of sea territory, supporting over 1000 

habitats and more than 1400 species of European interest (EEA, 2023). Nevertheless, according 

to the EEA (2020), many species and habitats remain at risk, since only a small proportion of 

Natura 2000 sites are adequately funded and managed to meet conservation goals. This often 

results  in  sites  that  are  poorly  monitored  and  protected,  leading  to  habitat  degradation. 

Additionally, the threats mentioned above contribute to further compromise the ecological 

integrity and resilience of the protected areas network, making its effectiveness challenging  

(IPBES, 2019; EEA, 2020).

The EU Biodiversity Strategy by 2030 has set  more ambitious targets to halt  and 

reverse biodiversity loss. It aims to protect 30% of the land and sea areas by 2030, creating a 

well-representative,  resilient  and  connected  nature  network,  through  infrastructures  that 

support the pre-existent Natura 2000 network: the Green and Blue Infrastructures (GBI)  (EC, 

2019). GBIs are natural or semi-natural areas designed to enhance the connectivity of protected 

areas while also providing essential NCPs (EC, 2020a). The EU has highlighted the importance 

of  incorporating  GBIs  into  regional  and  national  policies  to  simultaneously  enhance 

biodiversity and human well-being, encouraging Member States to develop GBI plans that 

align with environmental, social, and economic objectives (EC, 2019).

Italy is one leading country in its commitment to planning GBIs, integrating them into 

its National Biodiversity Strategy. The Strategy recognizes the country as one of the European 

biodiversity  hotspots,  rich  in  endemisms,  and  stresses  the  importance  of  protecting  and 

restoring this unique natural heritage, adapting to the European Strategy objectives (MASE, 

2023).  However,  Italian biodiversity  is  under  threat,  and rapid urbanization and land-use 

changes, further exacerbate habitat fragmentation and reduce ecological connectivity (MASE, 

2023). Approximately 20% of species are at risk. Among vertebrates, mammals, which are 

extremely important to regulate ecosystems and provide essential services such as pollination, 

https://www.zotero.org/google-docs/?broken=zzXqge
https://www.zotero.org/google-docs/?broken=zzXqge
https://www.zotero.org/google-docs/?broken=3lnxon
https://www.zotero.org/google-docs/?broken=3lnxon
https://www.zotero.org/google-docs/?broken=5ePEQ6
https://www.zotero.org/google-docs/?broken=OI3QTD
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seed dispersal and disease control, are particularly vulnerable, with 23% of them considered 

threatened  with  extinction  according  to  the  IUCN  Red  List  (IUCN,  2024a).  Therefore, 

prioritizing the connection of fragmented habitats, mitigating urban sprawl, and enhancing 

resilience to climate change through GBIs is essential,  particularly when balancing socio-

economic and ecological needs.

Italy stands out for its conspicuous production related to GBI studies (Chatzimentor et 

al., 2020). However, as GBIs are widely recognized for their importance to provide benefits for 

human society, especially related to climate adaptation and mitigation, the major effort in 

analysing and planning them is focused on urban and peri-urban landscapes (ISPRA, 2018;  

Chatzimentor et. al, 2020; Valente et al., 2020). Their scale of operation is relatively limited, 

also due to the fragmentation of governance, typically focusing on urban settings or specific 

regional areas (Spanò et al., 2017; Capotorti et al., 2019; Marando et al., 2019; Ronchi et al., 

2020;  Staccione  et  al.,  2022).  Moreover,  some  studies  fail  to  fully  acknowledge  the 

multifunctionality inherent to GBIs, focusing instead on the delivery of a single ecosystem 

service, such as managing urban runoff, mitigating urban heat island effects, or controlling 

biological invasions (Pappalardo et al., 2017; Valente et al., 2020; Montaldi et al., 2024).

In this context, we identified a Green Infrastructure network for mammalian species 

in  Italy  to  contribute  to  the  goal  of  protecting  30% of  the  land  area  emphasizing  their 

importance  for  addressing  environmental  changes  and  conservation  challenges  while 

delivering multiple societal  benefits  and reconciling various perspectives.  We focused on 

species requiring protection, prioritizing mammals listed in Annex II or IV of the Habitats  

Directive, or those at risk of extinction according to the Italian IUCN Red List, and essential 

NCPs, including regulatory and cultural services. These include carbon sequestration, flood 

control,  air  quality  regulation,  pollination and wild  foods,  heritage  forest  and agriculture 

landscapes,  and  nature  tourism,  incorporating  areas  of  cultural  importance  in  Italy.  We 

https://www.zotero.org/google-docs/?broken=LvBzhn
https://www.zotero.org/google-docs/?broken=ZLMhfM
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explored various scenarios for expanding Green Infrastructures (GIs) across 5%, 10% and 15% 

of  Italy’s  territory.  We  assessed  how  these  scenarios  contribute  to  meeting  targets  and 

evaluated the connectivity of the network, identifying potential corridors for the species within 

the network.

4.2 Materials and methods

To formulate scenarios of Green Infrastructures expansion that protect both terrestrial 

mammals and cultural and regulatory services, we adopted a structured approach using the 

prioritization tool  prioritzR,  which is  a  decision support  tool  for  systematic  conservation 

planning for generating optimal prioritizations, available in Rstudio  (Hanson et al.,  2025) 

(Fig.4.1). It needs features’ distribution input, biodiversity or ecological targets to protect, such 

as species, habitats, or ecosystems and the related targets, which specify the amount of each 

conservation feature (e.g., 30% of the species' range) that needs to be protected. It also requires 

an area of interest map divided into Planning Units, grid cells or polygons, with their associated 

costs. Objective of the prioritization should be set, and depending on the needs it can aim to 

minimize the cost of achieving conservation targets, maxime the coverage of conservation 

features  within  a  budget  area,  or  minimize  the  shortfall,  which  is  the  unmet  portion  of 

conservation targets (Hanson et  al.,  2025).  Also constraints may be included that specify 

conditions that must be met, such as including specific areas (e.g., existing protected areas) or 

avoiding areas with high human activity or development. PrioritizR uses a solver (such as 

Gurobi, CPLEX etc) to find the best set of planning units that meet the specified targets and 

constraints. The output of prioritizR is typically a spatially explicit map showing the selected 

planning units for conservation  (Hanson et al., 2025).

After collecting data and elaborating maps useful for the prioritization, we ran three 

prioritizations: two prioritizations identified priority areas covering 30% of Italy's land, one 

focusing exclusively on mammals and the second focusing only on NCPs protection, aiming to 

https://www.zotero.org/google-docs/?broken=bJpgfn
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explore the differences in priorities between these two approaches to achieve the goal of 

protecting 30% of Italy's land. The third prioritization aimed to find consensus areas that can be 

used as GIs, supporting the protection of both mammals and Nature’s Contributions to People 

(NCP).  Detailed data  collection and specific  analysis  setting,  including the integration of 

weighted priorities, the conservation targets and landscape connectivity approach are fully 

described in the following sections (Section 4.2.1 and section 4.2.2). We therefore compared 

the consensus area maps for GI with the areas critical for the connectivity of each species, 

selecting areas based on the species’ home range size. The size of the home range was used to 

determine potential corridors and the minimum size required for a suitable protected area for 

each species. This approach ensures that the areas selected for conservation will be large 

enough to maintain connectivity and meet the species' ecological needs (Section 4.2.3).

Figure 4.1. Flow chart of the methods including data collection, prioritization settings,  a 

prioritization to find 30 % of Italian territory useful to protect mammal species, a further  

prioritization to identify GIs and the evaluation of effectiveness of those corridors. 
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4.2.1 Data collection and processing 
  We  used  the  rasterized  Italian  country  shapefile  from  EEA  (2024) 

(https://www.eea.europa.eu/data-and-maps/data/eea-reference-grids-2/gis-files/italy-

shapefile), as the Panning unit (PU) map, a raster of 41307,68 km2  at 1-km2 resolution. We 

also adopted a shapefile of the protected areas, filtered on the Italian county, from the World 

Database of Protected areas (UNEP-WCMC & IUCN, 2024 ) in the prioritization. 

To select the focal elements of the prioritization, so-called “features”, we used species 

and NCPs distribution maps. We employed AOH (Lumbierres et al.,  2021),  which is the 

available habitat within the geographic ranges of the species (Brooks et al., 2019) for Italian 

mammals, and eight NCPs distribution maps from the IVM Institute for Environmental Studies, 

following O’Connor et al.’s methodology (2021). We selected four regulatory NCPs: carbon 

sequestration, flood control, air quality regulation, pollination, and three cultural NCPs: wild 

foods, Heritage forests and agriculture landscapes, and nature tourism. In addition to these, we 

produced an additional map which contains points and trails relevant for Italy, to take into 

account natural areas that are culturally important at the country level. We consulted “FAI - 

Fondo Ambiente Italiano” which is a non-profit organization dedicated to the preservation of 

Italy's artistic, cultural, and natural heritage. It focuses on safeguarding and enhancing historic 

buildings,  landscapes,  and monuments across  the country.  FAI manages a  wide range of 

properties, including castles, villas, gardens, and archaeological sites, many of which are open 

to the public for visits. We first produced a shapefile of FAI goods based on their geographic 

coordinates and we then selected only natural assets, such as mountains, woodlands, reserves, 

and  other  assets  included  in  a  natural  context  (i.e.beaches,  bays,  farmhouses,  mansions, 

gardens, abbeys, monasteries and castles), verifying its nature through the Open Street map. In 

addition, we created a map of the most famous trekking trails of the country. First, we collected 

from “Wikiloc” (www.wikiloc.org) the twenty most beaten trekking trails, in a gpx format, per 

https://www.eea.europa.eu/data-and-maps/data/eea-reference-grids-2/gis-files/italy-shapefile
https://www.eea.europa.eu/data-and-maps/data/eea-reference-grids-2/gis-files/italy-shapefile
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each  Italian  region,  taking  into  account  recommendations  from  amateurs  on  the  web 

(www.komoot.com). We also contacted the Sentiero Italia CAI (Italian Alpine Club) team to 

obtain the SICAI trail, which is one of the longest hiking routes in the world (over 7000 km), 

crossing the whole Italy, including mountain ranges, national parks, nature reserves and areas 

of high cultural values. We merged them together to obtain a single trail map. Ultimately, we 

converted both the FAI points and trekking trail maps into raster format. We then created a 1-

kilometer buffer zone around each point and trail. This allowed us to generate maps that show 

the area of influence surrounding each asset or path to adjust them to have the same spatial 

resolution as the data used in the analysis.

4.2.2 Setting prioritizations 
  We used the raster of Italian country at 1 km resolution as the PU map and, before 

prioritizations,  all  used  maps  were  harmonized  based  on  this  map,  clipped  to  Italy  and 

resampled at the same spatial resolution. 

In all prioritizations, we set the objectives of the conservation planning problems to 

minimize the overall shortfall for as many targets as possible, which are defined as 100 % of the 

features, while ensuring that the cost of the solution does not exceed the budget. In the first  

explorative prioritizations, since 22% of Italian land is already protected, the budget was set 

equal to 8% of the Italian land to reach the 30% coverage target, to explore priority areas for  

mammal species or NCPs only. For the final GIs prioritization, we tested 5%, 10% and 15% of 

land as different budgets to formulate different scenarios of expansion. 

The first two prioritizations were run using, in one case, only AOH maps of Italian 

mammals as features, and weightened priorities across them based on their category of threat; 

in the second, we employed maps of NCP distribution as the sole features and assigned to all 

NCP the same weight. 
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We weighted priorities for Italian mammals based on threatened category in the Italian 

assessment of the IUCN Red List (IUCN, 2024a), which is an approach commonly used by 

other authors (Montesino Pouzols et al., 2014; Jung et al., 2021; O’Connor et al., 2021).  We 

attributed weights from 1 to 8, as summarised in Table 4.1, according to the category of threat. 

Table 4.1. Weights attributed to mammal species corresponding to the threatened categories of 

the IUCN Red List.

Threatened category Weight

Least Concern 1

Near-threatened 2

Data Deficient 2

Vulnerable 4

Endangered 6

Critically Endangered 8

In the GIs prioritization scenarios, for which we used both AOHs and NCPs, we also 

assigned weights in such a way that the importance of both mammal and NCP distributions was 

made equal.  To make NCPs weights comparable to those of species, we first calculated the  

total weight for all mammal species and then divided this sum by the number of NCPs, through 

the formula:

NCP weight=
Σ (mammal species ' weights )

total number of NCPs

https://www.zotero.org/google-docs/?broken=93YvIf
https://www.zotero.org/google-docs/?broken=sIHJlU
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Therefore, we normalized all the weights by the total sum of the weights, using the formula:

Normalized weight=Weight of NCP∨mammal species

∑ of all weights

Furthermore,  we  included  connectivity  considerations  in  every  prioritization.  In 

particular, we calculated the boundary matrix of the PU map, which is used to define spatial 

relationships between planning units, typically based on their adjacency. In particular, we 

generate a matrix describing the amount of shared boundary length between different planning 

units, and the total amount of boundary length for each planning unit. Therefore, we added a 

penalty value of 0.1, to select solutions that spatially clump planning units together based on the 

overall boundary length.

4.2.3 Evaluation of the the effectiveness of the corridors
After running the GI prioritization, we extracted the info from the obtained solutions 

to quantify the features actually represented that cover 5%, 10% , 15% of the Italian territory 

and the shortfall. We calculate the percentage contribution achieved for each feature to evaluate 

the efficacy of each solution.

Afterwards, we transformed the intermediate scenarios map (10% coverage) into a 

vector format and we identified potential corridors for mammal species within the solution. To 

do this,  we first  refined the map by excluding areas that expand protected zones without 

enhancing connectivity between them. Using QGIS, we enriched our GI map with attributes 

from the nearest polygons of the existing protected areas map, each of which has a unique ID. 

Based on these IDs, we counted the number of protected areas surrounding each GI polygon 

and retained only those bordered by at least two protected areas.  Next, we merged this filtered 

GI map with the pre-existing protected areas network and selected, for each species, only the 

polygons overlapping with its  habitat.  We further refined this  selection by retaining only 

polygons large enough to support species survival and reproduction, specifically those meeting 
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or exceeding the species’ home-range size. Home-range data were sourced from the Batrait 

database for bat species (Froidevaux et al., 2023) and the COMBINE database for non-bat 

species (Soria et al., 2021). Finally, for the newly identified polygons—representing the pre-

existing protected areas merged with the resulting GI map—we quantified the number of 

species that could use them as corridors.

Meanwhile, we assessed areas of connectivity that are important on a species-specific 

level adopting the Circuit theory. According to it, movement of individuals across a landscape 

can be analogous to  the  flow of  electrical  current  through a  network of  resistors,  which 

represent ecological barriers. We used Circuitscape 5.0 software, which adopts a resistance 

layer that reflects the resistance of the landscape's features to the animals’ movements - such as 

main roads, large water bodies, particularly unsuitable areas- and a nodes map,  points or areas 

through which the current can flow- i.e. areas from which the movement of species can start, 

typically patches of the landscape where they find their ideal conditions (McRae et al., 2008). In 

this case, we used patches of AOH that overlap with the protected areas network, as the nodes 

for  each  species.  This  method  allows  consideration  of  both  structural  and  functional 

connectivity of the landscape. Further details on the resistance layers formulation and analysis 

settings are fully described in Section 8.3. (Supplementary materials and methods chapter 4).

The outputs of Circuitscape, represented as raster maps where each pixel indicates the 

importance of that location in facilitating individual movement between nodes for each species, 

were transformed using logarithm function and normalized between 0 and 1. We therefore 

summed the total connectivity value inside the corridors and compared it to the connectivity 

outside  the  network,  to  evaluate  their  efficiency  in  providing  areas  important  for  the 

connectivity. To ensure comparability, both values were divided by the total available area of  

the corridors and the non-protected areas a, respectively.

https://www.zotero.org/google-docs/?broken=T94Vfo
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4.3 Results

Overall, we identified areas important to protect from different perspectives. Here we 

focused on priority  areas  for  mammals  species  or  for  NCP only  and,  overlapping them, 

highlighted commonalities and differences (Fig. 4.2). 

Figure 4.2  Map of priority areas for mammals (in green), for NCPs (in dark yellow) and 

common priority  areas for  both features  (in  red).  Pre-existing protected areas  network is 

depicted in dark grey. 

Priority areas for mammals and for NCP differ very little, with common priority areas 

distributed throughout Italy, especially along Alps and Apennine, and widespread on the main 

islands.

Not protected

Pre-existing protected areas 
network

Priority GI for the services

Priority GI for mammals
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Focusing on the consensus GI network, which prioritizes the protection of species and 

NCP simultaneously, we identified three different scenarios according to the % of coverage. 

We reported the average percentage held in reaching the targets for each of them (Fig. 4.3)

Figure 4.3 Boxplots of the proportion of the targets achieved in each scenario of prioritization, 

which reflects the different percentage of coverage of the Italian territory due to GIs (depicted 

from light green, for the lowest coverage, to dark green for the highest coverage).

It  is  increasingly  high  with  the  increase  of  the  percentage  covered  but,  among 

scenarios, only for 10% and 15% coverage scenarios the percentage held exceeded 30 % (Fig. 

4.3). The resulting prioritization solution for the middle expansion scenarios (10%), refined to 

include only corridors,  is reported in Fig. 4.4.
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Figure 4.4  Maps of Green Infrastructure expansion according to 10% of coverage scenarios, in 

green,  further  refined to  include only corridors  that  connect  protected areas.  Pre-existing 

protected areas are depicted in dark grey. 

Within the intermediate scenario of GI expansion, 10% of the Italian territory, we 

identified GI that can be potential corridors for mammal species. In Figure 4.5, we reported the 

overlap of each species’ corridors  merged together with the pre-existing protected areas.

not protected areas

pre-existing protected 
areas
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Figure 4.5 Map of potential corridors for all mammals (10% GI scenario) integrated with the 

existing  protected  areas  network,  assessing  their  overlap  with  species'  habitats  and  the 

minimum size needed based on home range requirements. The map uses increasingly intense 

blue shades to represent species richness, indicating the number of species present.

The corridors  have the  potential  to  be  occupied by all  studied species.  The most 

frequently recurring corridors, which are located in the Central Apennines and in the North-

Eastern Alps, can be used, at least partly, by 25 species out of 40 considered in this study 

(62,5%) (Fig. 4.5). Potential corridors identified by group (Carnivores, Rupicapra ssp., Rodents 

and Lepus corsicanus, and Chiroptera) and the specific richness are reported in Supplementary 

results (Fig. S4-S7).

0 species

25 species
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  We also evaluated the connectivity values inside and outside the corridors per each 

species. It indicated that 97.5% of species had connectivity values higher within the corridors 

than outside (Table S16).

Chiroptera order has the lowest median percentage differences between connectivity 

values within the corridors and outside corridors (53%) and Artiodactyla (Rupicapra rupicapra 

and Rupicapra pyrenaica)  has the highest median value (1178%) (Figure 4.6). 

Figure 4.6.  Boxplots of the Logarithmic percentage difference in connectivity within and 

outside the corridors for each Order. The median percentage within the Orders is always higher 

than 0% (1e+01), and higher than 100% (1e+02) in all Orders except Chiroptera.

Indeed, the only species for which we registered values lower than 0 is Myotis emarginatus.  

The percentage differences for all species varied between -2.4 %  and + 97396 % (Table S16), 
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which determine an average percentage increase in connectivity within the corridors of about 

2786%.

4.4 Discussion

Here, we found priority areas for mammals and NCP conservation, stressing 

differences and overlapping priorities. We then identified a consensus GI network that boosts 

the protection of both species and NCP, enhancing connectivity and contributing to the 

achievement of the 30% protected areas coverage in Italy. 

Despite some subtle differences, as shown in Fig. 4.2, the majority of priority areas 

for mammals and NCP overlap. Some priority areas for mammals may reflect the distribution 

of species considered in this study, especially Chiroptera. For instance, they are distinguished 

in Sardinia. Indeed, 80% of Italian bats occurred on the main islands (IUCN, 2025) and 

Sardinia region is particularly important for the presence of Plecotus sardus, an endemic 

species. It is also a critically endangered species, according to the Italian IUCN Red List 

assessment (Russo & Cistrone, 2023). Thus, this could have influenced the result of the 

prioritization. However, the common priorities may be related to two main aspects: the 

common methodology that focuses on prioritizing the structural connectivity between 

protected areas, but also the overlap of areas for mammal conservation with biodiversity-rich 

ecosystems, which also provide many essential ecosystem services for people. Indeed,  

common priority areas were concentrated along the Apennines, in the Alps, and on the 

islands, which are recognized for their high species and habitat richness (Ercole et al., 2021; 

CBD, 2025)

Although a comprehensive mapping of green infrastructure that integrates multiple 

ecosystem services and biodiversity protection does not yet exist for the entirety of Italy 

(Pappalardo et al., 2017; Valente et al., 2020; Montaldi et al., 2024), some European-scale 

studies have included it. A Pan-European case study by Liquete et al., (2015), mapped Green 

https://www.zotero.org/google-docs/?broken=FnG6Ul
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Infrastructures based on multiple regulatory and maintenance services and on large 

carnivores as a key functional group (Liquete et al., 2015). In contrast with this study, we 

considered a broader group of species and NCPs, including a focus on cultural aspects, which 

has assumed great importance in major conservation policies in Europe and at country level 

(EC, 2020a; MASE, 2023). A more recent study by Hermoso et al., (2020) addressed the 

cultural aspects, identifying a network of GI for the EU incorporating recreational 

opportunities map. It also focused on a more diverse group of species, including 767 

vertebrates. In Italy, the GI identified by their study was primarily concentrated along the 

Apennines and Alps (Hermoso et al., 2020), which is similar to our 10% GI coverage 

scenario map (Fig. 4.4). However, we performed a prioritization more specific to the socio-

cultural context of the country, including culturally important areas for Italy, such as trekking 

trails and FAI goods. Overall, the similar results suggest that our approach of using priority 

mammals as a focal group of species can be effective for identifying corridors that are also 

important for the protection of other species.

It is generally recognized that ensuring landscape connectivity for some species 

may also provide habitat connectivity for many others (Wang et al., 2018). Many studies 

addressed corridors for a focus group of species, such as large mammals, as they have wide 

home range size and dispersal ability (Sahraoui et al., 2017; Searle et al., 2022; Vlkòva et al., 

2023). However, this approach may overlook corridors that are crucial for other species. In 

this context, we addressed this challenge by incorporating specific home range sizes to 

identify suitable species corridors and assessing their functionality by comparing them with 

areas critical for species connectivity, tailored to their unique movement capabilities within 

the landscape. In Fig. 4.5, we highlighted areas that can be used as corridors by many species. 

Adopting a multi-species approach is preferable, as it enables the prioritization of corridors 

that promote broader biodiversity conservation (Mimet et al., 2016; Sahraoui et al., 2017; 

https://www.zotero.org/google-docs/?broken=H7X8hv
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Oliveria Gonçalves et al., 2022). Overall, we found that the identified GI can be helpful to 

increase the functional connectivity for mammals, as they may increase the average 

connectivity by many times compared to the areas outside.

Differences across Orders were observed in connectivity gains (Fig. 4.6). While 

all Orders showed a significant increase within the corridors, Chiroptera exhibited a lower 

rise. The greatest connectivity improvements were found in Artiodactyla and Carnivora, 

suggesting that prioritizing the connection of protected areas strongly enhances functional 

connectivity for these species. In contrast, the lower increase for Chiroptera suggests that a 

connected network of protected areas benefits them less. This may be partly due to the 

method used to map functional connectivity, which may be less suitable for volant species. 

Indeed, Circuitscape is commonly adopted in terrestrial non-volant species studies 

(Circuitscape, 2025) and more rarely to map connectivity for bats species (Razgour, 2015). 

Nonetheless, we made a dedicated effort to identify barriers for bats while taking into account 

their specific habitat preferences, ecological traits, and flight behavior. This included factors 

such as their ability to cover long distances, traverse large bodies of water, and their typical 

flight altitude, all of which influence how they interact with the landscape. On the other hand, 

these barriers, such as power lines and wind turbines, have been considered only for the 

Chiroptera group, while others, like roads and railways, have been assigned a higher 

resistance compared to the other groups. Since these features are widespread, even between 

protected areas, they may explain the smaller increase in functional connectivity. Thus, these 

results stressed the important to strengthen the protection of this particular group integrating 

multi-scale approach, through roost, dark corridors, stepping-stone habitats protection, and 

policies reducing light pollution and wind turbine impacts (Zeale et al., 2018; Laforge et al., 

2019; Campbell et al., 2024).
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The identified GI that links multiple pre-existing protected areas, would 

contribute to form a unified network, crucial for allowing species to move across the 

fragmented landscape. The largest corridors identified are located in the Central and Southern 

Apennines, as well as in the Alps (Fig. 4.5, 4.5), strengthening connectivity between key 

protected areas for mammals. Notable examples include corridors linking the Sibillini 

Mountains National Park with the Abruzzo National Park, where 23 species have been 

recorded (Fig. 4.4), including critically endangered subspecies such as Ursus arctos 

marsicanus or other endemic subspecies such as Rupicapra pyrenaica ornata (Amori & 

Castiglia, 2018; Loy et al., 2019). In the Alps, these corridors would enhance the connectivity 

of Stelvio National Park and its surrounding protected areas, as well as the extensive network 

of national and regional parks, reserves, Natura 2000 sites, and other conservation areas 

safeguarding the Dolomites, a UNESCO World Heritage site (https://whc.unesco.org/), which 

hosts the highest number of species considered in this study (Fig. 4.5).

The corridors we identified are found in regions with an already extensive 

protected area coverage, such as Campania, Abruzzo, and Trentino—among the most well-

protected areas in Italy, but also extend to regions like Veneto and Puglia, where protected 

areas are less widespread (ISPRA, 2023). By enhancing ecological connectivity in less 

protected regions, these corridors support regional conservation efforts while also helping to 

mitigate potential conflicts with other sectors, such as tourism, which is economically 

significant in these areas. Green Infrastructure (GI) plays a key role in this balance, as it 

promotes both mammal biodiversity conservation and the preservation of essential ecosystem 

services.

Overall, these results are highly relevant for both regional and national 

conservation strategies. Indeed, we tested different GI coverage scenarios, 5%, 10% and 

15%, as no specific percentage targets for GI have been set at European or national levels 

https://www.zotero.org/google-docs/?broken=I4slB4
https://www.zotero.org/google-docs/?broken=X4aQP4
https://www.zotero.org/google-docs/?broken=ImDly9
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(EC, 2020a), highlighting the need for coordinated efforts and strategic planning for its 

integration into conservation and sustainability agendas. We proposed to adopt the target of 

10% GI coverage scenarios, as it is associated with a good average percentage of reaching the 

features target, exceeding 30%. Protecting 20–40% of a species’ distribution is often a 

recommended species-specific target for effective protection (Svancara et al., 2005) and 

commonly used in other prioritization studies (Runge et al., 2016; O’Connor et al., 2021). 

Moreover, with only 22% of Italy’s land currently under protection, these corridors could 

help increase coverage to 32%, directly contributing to the national goal of expanding 

protected areas (MASE, 2023). This aligns with the EU and National conservation targets for 

2030, strengthening Italy’s commitment to biodiversity preservation.

●
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Abstract

The biodiversity crisis and climate change are among the most pressing challenges for 

human society. To address these issues, the EU Biodiversity Strategy for 2030 has set 

ambitious targets, including the creation of a Trans-European Nature Network covering 30% 

of Europe’s land and sea, incorporating Green and Blue Infrastructures. These infrastructures 

enhance ecological connectivity between protected areas, safeguard biodiversity, and support 

the provision of multiple Nature’s Contributions to People (NCPs) such as climate regulation 

and mitigation. Simultaneously, the EU is promoting an energy transition through the 

expansion of renewable energy sources to combat climate change. However, this energy 

source development, particularly wind energy, can negatively impact wildlife, necessitating 

impact assessments and mitigation measures in line with the mitigation hierarchy. 

This study focuses on the final step of the hierarchy, i.e. offsetting, by evaluating the role of 

Green Infrastructure in compensating for the ecological disturbances caused by wind farms in 

Italy, with a focus on NCPs and priority terrestrial mammals. To assess wind farm 

mailto:alessandra.dalessio@uniroma1.it
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disturbance, we overlaid wind plant locations with the distributions of 9 NCPs and 40 priority 

terrestrial mammals. Using spatial prioritization tools, we identified Green Infrastructures 

(GIs) that compensate for these disturbances by protecting species and NCPs, while 

enhancing ecological connectivity. To evaluate the effectiveness of this compensation, we 

employed indicators such as the Red List Index and a weighted percentage of compensation 

for species and NCP. 

We identified 7,445.38 km² of wind turbine disturbance areas in Italy, which impacted 

especially on Chiroptera. We identified GIs for compensating the disturbance, primarily in 

the Central and Southern Apennines, Sicily, and coastal areas of Liguria and Apulia near 

national and regional parks. Our findings provide a framework for integrating biodiversity 

conservation into energy planning, demonstrating the potential of GIs as a tool for balancing 

renewable energy expansion with ecological sustainability. Moreover, this approach can be 

adapted to various human development activities, offering a scalable strategy to address 

sustainability challenges in alignment with the EU Biodiversity Strategy goals.

5.1 Introduction

Biodiversity  loss  and  climate  change  are  the  major  concerns  that  human  society 

should face. To address this challenge, the EU Biodiversity Strategy for 2030 envisioned the 

creation of a network of connected protected areas through Green and Blue Infrastructures 

(GBI), which are key natural or semi-natural elements, useful to protect biodiversity and Nature 

Contribution  to  People  (NCPs).  One  of  the  most  important  benefits  of  GBI   is  climate 

mitigation. In addition to this, the energetic transition is fundamental to reduce greenhouse gas 

emission limiting global warming to 1.5°C or well below 2°C by 2030 to count climate change 

and its effects (EC, 2020a; IPCC, 2023). 
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Over the past decade, the renewable energy sector has experienced remarkable growth, 

driven by the urgent need to reduce greenhouse gas emissions and transition towards more 

sustainable energy sources. In the European Union (EU), the consumption of renewable energy 

has increased at an annual rate of 6% to 10% since 2010, reflecting strong policy support and 

technological advancements  (Hassan et al., 2024). The EU massively invested in wind and 

solar energy, which are playing a significant role in its renewable energy transition (Hassan et 

al., 2024). The expansion of wind energy, in particular, is expected to play a dominant role in  

the coming decades. Due to improvements in efficiency, cost reductions, and advancements in 

turbine technology, wind power is projected to become increasingly competitive by 2030 and 

the preferred energy solution by 2050 (Hassan et al., 2024). 

Despite wind energy having less adverse effects on the environment compared to the 

other renewable sources, the construction of new wind installations is not exempt from impacts 

on wildlife (Sayed et al., 2021). Among direct impacts, the most known is the mortality due to 

collisions with turbine blades especially for birds and bats (Roemer et al., 2017; Sayed et al., 

2021). In addition to direct collisions, indirect effects may be the change of the migratory 

patterns, the modification of microclimate conditions and alternation of the trophic relationship 

between prey and predator (Helldin et al., 2012; Ferrão da Costa et al., 2018; Gaultier et al.,  

2023). Last but not least, the loss of habitat, its availability, quality or connectivity for any 

species due to wind plants construction or to the noise generated by the turbines in operation 

(Apoznański et  al.,  2018; Łopucki and Perzanowski, 2018; Sayed et  al.,  2021) is another 

detrimental consequence. 

To mitigate the impacts of renewable energy growth, the mitigation hierarchy may be 

adopted. This framework follows a step-by-step approach to managing environmental impacts. 

First, it prioritizes avoiding any negative effects on the environment whenever possible. If some 

impacts cannot be completely avoided, the next step is to minimize them as much as possible. If 
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impacts still occur, efforts are made to restore the affected areas. Any remaining, unavoidable 

impacts are addressed through offsetting measures, which compensate for the damage in other 

locations. Possibly, even better solutions may be applied to enhance overall environmental 

benefits, further mitigating the negative effects (Cares et al., 2023) (Fig. 5.1). 

Figure 5.1. The mitigation hierarchy. Adapted from Cares et al. (2023). 

Biodiversity offsetting or enhancing is the last measure of this hierarchy, whose goal is to 

ensure no net loss or, more desirably, a net gain in terms of biodiversity, which means that if the 

loss is generated somewhere, interventions should be planned to compensate for this loss or to 

increase biodiversity elsewhere. It could be applied by creating new habitat for species and 

ecosystems impacted, restoring degraded areas or protecting existing threatened species or 

habitats (Maron et al., 2016; Buschke et al., 2019). 

Best-practice recommendations suggest that biodiversity offsets should be "in-kind", 

which means that they should involve the same or very similar biodiversity components as 

those  impacted.  However,  some  researchers  suggested  that  interventions  to  provide 

environmental benefits in a different category than the type of habitat or species impacted, the 

“out-of- kind” approach, may be beneficial too (Bull et al., 2015). Indeed, a more flexible 

approach  allows  resources  to  be  directed  towards  areas  or  habitat  types  with  higher 

https://www.zotero.org/google-docs/?broken=EjCwRy
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vulnerability or conservation priorities; to protect or restore a critical state habitat or species 

may also have better results at lower cost than attempts to mitigate already compromised ones; 

moreover,  it  contributes  to  a  conservation  strategic  approach  enhancing  more  local 

conservation needs, protecting or restoring regional areas key for biodiversity (Bull et al., 2015; 

Maron et al., 2016).

Although offsetting has failed in being integrated into the Convention on Biological 

Diversity and in expanding it beyond the Natura 2000 network in the EU, recently this approach 

has regained importance at  national  scale.  For instance,  Spain has integrated biodiversity 

offsetting  as  an  implementation  strategy  within  the  national  Green  Infrastructure 

Strategy(Corbera  et  al.,  2021).  In  Italy,  compensation  measures  are  integrated  in  the 

environmental policies and legal framework, particularly within the Environmental Impact 

Assessments (EIA) of the development projects (D.Lgs. 152/2006, Art. 22, comma 6) (Italian 

government, 2006). Some examples are evident in large infrastructure projects, such as the 

Trans Adriatic Pipeline (TAP), where offsetting is implemented to mitigate the project's impact 

on biodiversity (TAP, 2025). 

However, these compensatory measures more often focus on site-specific restoration 

rather  than  broader  mechanisms,  lacking  clear  national  offsetting  guidelines.  Moreover, 

stakeholder participation in biodiversity offsetting projects, which would be helpful to identify 

different society preferences, has never been considered. In addition, there is a gap in research 

on how biodiversity offsetting can be incorporated into national or regional green infrastructure 

strategies. Here, we identified offsetting areas to compensate for the disturbance associated 

with wind farms in Italy through the Green Infrastructure network. We developed a method that 

incorporates  connectivity  considerations  and  prioritizes  different  aspects  of  nature 

conservation, including the protection of mammals, prioritizing the most threatened ones, and 

the protection of regulatory and cultural Nature’s Contributions to People (NCP). This ensures 

https://www.zotero.org/google-docs/?broken=8faN7U
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that both instrumental (practical, service-based) and cultural (value-based, identity-related) 

perspectives on nature are taken into account. Our goal was to provide an integrated approach 

that is adaptable across different spatial scales and industry sectors, guiding industry toward 

sustainable development goals while contributing to the biodiversity strategic objectives for 

2030 through the expansion of GIs.

5.2. Materials and methods

Our methods  consist  of  three  main  steps:  we first  collected  data  and information 

useful to formulate the prioritization problem; we then set the prioritization to identify GIs 

useful to offset at least the corresponding amount of wind plant areas that disturbed mammal’s 

habitat or NCP distribution. Before this, we evaluated potential disturbance caused by wind 

plants on mammals’ habitat and NCP distribution, to select which species and NCP to focus on. 

In the end, we evaluated the effectiveness of the offsetting GIs. 

5.2.1 Data collection and processing 
Here, we focused on 40 terrestrial mammals priority in Italy, and 9 NCPs. Species 

selected were listed in the Habitats Directive or classified as threatened in the IUCN Italian Red 

List and belonged to Chiroptera (29 species), Rodentia (4), Carnivora (4), Artiodactyla (2) and 

Lagomorpha  (1)  orders.  Among  NCPs,  4  were  regulatory  (air  quality  control,  carbon 

sequestration, flood risk control and pollination) and 5 cultural (heritage forest landscapes, 

heritage  agricultural  landscapes,  wild  food,  nature  tourism,  trekking  trails  and  culturally 

important goods in Italy; D’Alessio et al., in prep). For each species, we extrapolated the 

category of threat from the Italian Red List of Vertebrates (Rondinini et al., 2022). We collected 

the species area of habitat (AOH) maps from Lumbierres et al., 2021 and the NCP distribution 

provided by the IVM Institute for Environmental Studies, following O’Connor et al.,’s (2021) 

methodology. We rasterized the shapefile of Italy from the EEA at a 1-km² resolution and used 

it to extract species’ habitat and NCP maps in the country.
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Thereafter, we downloaded the wind turbine's location in a shapefile format from the 

GeoDB ETA database of  the  Italian Research Energetic  System (RES)  (http://www.rse-

web.it/)  updated to 2019. As the majority of species in this study belonged to Chiroptera and 

assuming that wind turbines may affect these species at least at 1-km distance far from them 

(Jonasson et al., 2024), we created the map of the wind farms rasterizing the shapefile and 

creating  a  buffer  of  1.5  km2  around  each  wind  farm point  location  in  order to  be  more 

conservative.

We also downloaded the suitable onshore wind areas map in 2023, from the GeoDB 

ETA Database from RSE. The map is calculated from areas with wind producibility at a height 

of  100  m  above  2250  MWh/MW  and  excluding  urbanised  areas  and  areas  subject  to 

environmental and cultural constraints. We categorized the continuous values of this map into 

six intervals to produce a categorical map of onshore wind suitability (0%, 20%, 40%, 60%, 

80% and 100%). We also collected a shapefile of protected areas, filtered for Italy, from the 

World Database of Protected Areas  (UNEP-WCMC & IUCN, 2024) to encompass them in the 

prioritization.

5.2.2 Setting prioritization 
Key input data for prioritization include Planning Units (PUs), which are spatial units 

used  for  conservation  planning,  typically  represented  as  grid  cells  or  land  parcels.  The 

prioritization process focuses on “features”, i.e. species distribution maps, habitat types, or 

other ecological elements, each assigned specific protection targets and weights. Protected 

areas may be incorporated to ensure alignment with existing conservation efforts. Additional 

constraints can be applied, such as clustering adjacent PUs to enhance habitat connectivity or 

excluding  conflict-prone  areas  like  urban  zones  or  infrastructure.  Connectivity  is  often 

addressed by calculating a boundary matrix, which defines spatial relationships between PUs 

based on adjacency, ensuring ecologically meaningful selections. Cost data, including land 

https://www.zotero.org/google-docs/?broken=kGbBMY
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acquisition and opportunity costs (the economic trade-offs of conservation vs. alternative land 

uses), as well as budget constraints, may also be factored into the prioritization. Budget can be 

intended in terms of the total extent of land (or sea) that can be set aside for conservation within 

the given constraints. 

In this study, we conducted the prioritization using the R package prioritizR, which 

employs integer linear programming, a mathematical optimization approach that selects the 

most  efficient  combination  of  PUs  while  minimizing  costs  and  satisfying  conservation 

constraints, providing greater flexibility (Hanson et al., 2025). Before setting the prioritization 

into R, we first  overlapped the wind plants buffer map with the species’ AOH and NCP 

distribution maps in GRASS GIS, to select the features of the prioritization, i.e. in this case the 

area of habitat for mammal species and the distribution of selected NCPs disturbed by wind 

farms. For each element, we calculated the percentage of area overlapping with wind plants 

relative to the total available AOH or NCP area. We then selected only those with at least 1 % of 

their area potentially disturbed. 

We used the raster of Italy as the PU map of the prioritization. We adopted an approach 

to identify GI that compensate for the disturbance by providing areas useful to protect higher 

priority species, according to their IUCN Red List category of threat, and NCP.  We aim to 

minimize the overall shortfall, i.e. the distance from the conservation target, across as many 

targets as possible. Thus, we set each target at 100% of the features while ensuring that the 

solution remains within the allocated budget. We set the budget equal to the area to compensate, 

the area covered by wind plants and their 1.5-radius km buffer in Italy. We attributed to cultural 

and regulatory NCPs the same weights. We weighted priorities for Italian mammals based on 

their threat category in the Italian IUCN Red List assessment (Rondinini et al., 2022), assigning 

initial weights from 1 to 8. Species with different categories of threats and NCPs are weighted 

in a way that preserving mammals, regulatory and cultural NCPs had the same importance. In 
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particular, NCP weights were adjusted by calculating the total weight for all mammal species 

and then dividing this sum by the number of NCPs. Weights for all species and NCP were  

further refined to normalize the values between 0 and 1 (D’Alessio et al., in prep.)

We used protected areas map (UNEP-WCMC & IUCN, 2024) as a locked-in constraint 

to incorporate in the solution the pre-existing protected areas,  and included the boundary 

connectivity to prioritize clumped solutions that enhance the connection of protected areas 

network. We adopted the boundary connectivity based on a boundary matrix of the Italy raster. 

In addition, we added a locked-out constraint to exclude from the solution the current wind 

farms and areas that are too far from them, to select GI that can be reachable by the species 

disturbed. In particular, we excluded planning units located within the wind farms map and 

outside a buffer of 45 km radius distance made around wind disturbance areas. To create the 

buffer we took into account that the majority of species in this study were bats and that the mean 

dispersal  distance  for  all  species  was around 45 km.  Dispersal  distance  information was 

obtained from the Batraits database (Froidevaux et al., 2023), for Chiroptera, and  from the 

COMBINE database of mammals’ traits (Soria et al., 2021), for the other species. Furthermore, 

we included a linear penalty parameter, which allows us to control the trade-off between the 

cost of a solution and its ecological benefit, adding a constraint to the optimization problem to 

discourage the selection of areas that exceed a certain budget or cost threshold. In this case, we 

attributed a linear penalty using the map of the areas suitable for wind onshore, to avoid 

conflictual prioritization solutions that may be further impacted by the wind energy sector in 

the future. 

5.2.3 Evaluation of the effectiveness of the compensation
In  order  to  evaluate  the  effectiveness  of  the  offsetting  disturbance  on  mammal’s 

habitat protecting them elsewhere, we calculated the Red List Index (RLI) in the disturbance 

areas and in the offsetting areas. It is a metric that reflects the overall extinction risk of species, 
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helping governments monitor their progress toward conservation goals (Butchart et al., 2007; 

Rodrigues et al., 2014a). We adapted this metric at a small scale, calculating it within the 

disturbance areas and in the offsetting areas, using the Red List categories according to the 

Italian IUCN Red List assessment (Rondinini et al., 2022) to attribute the weights. We adopted 

the following formulas for calculating the Red List Index:

RLI=1−
Σ (Ws∗Ps )

Σ (Wmax∗Ps )

where Ws is the weight based on the category of threat (0 for Least Concern, 1 for Near 

Threatened, 2 for Vulnerable, 3 for Endangered, 4 for Critically Endangered and 5 for 

Extinct); Ps is the the presence of the specie in the area, which is, in this case, the percentage 

of the species habitat within the wind farm or the offsetting area. Wmax is 5, the maximum 

possible weight if all species were in the worst category. We then compared the RLI obtained 

within wind farm areas and those calculated for the offsetting areas. If the latter was equal or 

higher than the first, we can conclude that mammal biodiversity can be compensated or even 

increased in the offsetting areas. 

Since  the  RLI  allowed  us  to  measure  the  contribution  of  the  offsetting  areas  in 

enhancing  mammal  biodiversity  only,  we  adapted  this  metric  to  measure  the  overall 

contribution of species and NCPs. In particular, we compared the weighted sum of potentially 

disturbed AOH and NCP’s areas with the weighted sum of AOH and NCP’s offset areas. In this 

case, we used the same weights adopted in the prioritization for the species and NCPs to be 

consistent. As previously, disturbance and offset areas were expressed both in percentage, out 

of the total species habitat or of the NCP distributions available. Hence, we first calculated the 

weighted percentage of areas disturbed by wind plants for each species or NCP with the 

following formula:

https://www.zotero.org/google-docs/?broken=0GeGr6
https://www.zotero.org/google-docs/?broken=0GeGr6
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Weighted percentage disturbed area(% )=
species AOH (∨NCP distribution )overlapped with wind plants(km2)

total AOH (∨NCP distribution )available (km2)
∗weight 

and the weighted percentage of areas offset by GI for each species or NCP with the formula:

Weighted percentage offset area(% )=
species AOH (∨NCP distribution )overlapped with offsetting GI (km2)

total AOH (∨NCP distribution )available (km2)
∗weight

Therefore, we summed all the weighted percentage of disturbed areas and all the weighted 

percentage of offset areas and then compared them. If the weighted sum of AOH or NCP’s 

offset was equal or higher than the weighted sum of the disturbed AOH and NCP’s 

distribution areas, we could conclude that a no net loss or a net gain had been achieved by the 

offsetting GI areas, respectively.

5.3 Results

We  identified  areas  of  disturbance  of  the  wind  turbines  for  Italy,  which  occupy 

7,445.38 km2 . As highlighted in Fig. 5.2, they were concentrated in the South of the country and 

on the islands, which are also the most suitable areas for the onshore, according to their wind 

producibility. 



92

Figure 5.2 Map of suitable locations for onshore wind installations in Italy, in a color scale 

from light green to blue according to the suitability (RSE, 2023) (https://dbeta.rse-web.it/), and 

of wind plants areas obtained from the location of each turbine in 2019. 

All NCPs overlap with wind farms by at least 1% (ranging from 1.6% to 4.3%), and 

32 species (80%) have likely experienced habitat disturbance of at least 1% (ranging from 1% 

to 6.9%; Table S17). Top 10 species with the highest percentage of habitat potentially disturbed 

were reported in Table 5.1 with their category of threat:

Unsuitable areas

20% suitable 
onshore

40% suitable 
onshore

60% suitable 
onshore



93

Table 5.1 Top 10 species with the highest percentage of disturbance in their habitat caused by 

wind plants. The table also reported the category of threat according to the Italian IUCN Red 

List assessment (Rondinini et al., 2022).

Species Disturbed habitat (%) category of threat

Myotis capaccinii 6.9 EN

Crocidura sicula 6.8 LC

Lepus corsicanus 6.1 LC

Felis silvestris 4.5 LC

Rhinolophus mehelyi 4.2 EN

Hystrix cristata 4.2 LC

Myotis emarginatus 3.8 NT

Myotis blythii 3.7 VU

Pipistrellus pygmaeus 3.6 NT

Tadarida teniotis  3.3 LC

    

Considering linear constraints based on area suitable for the onshore in Italy, we identify GIs to 

compensate for the disturbance of wind farms avoiding areas more costly for the wind energy 

sector (Fig. 5.3). 
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Figure 5.3. Map of offsetting GI (in green) to compensate for the onshore wind installations in 

Italy (in orange). Pre-existing protected areas are depicted in dark grey.

The offsetting sites results are located especially along the Central and Southern Apennine, in 

Sicily and along some coastal areas of Liguria and Genova regions, nearby or between national 

and regional parks (Fig. 5.3).

The top 10 species with the highest percentage habitat overlapping the offsetting sites are 

reported in Table 5.2.

Table 5.2 Top 10 species with the highest percentage of habitat overlapping the offsetting sites. 

The table also reported the category of threat according to the Italian IUCN Red List assessment 

(Rondinini et al., 2022).

Not protected 

Pre-existing protected 
areas 

Wind farm areas
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Species habitat in offsetting sites (%) category of threat

Nyctalus lasiopterus 3.8 EN

Lepus corsicanus 3.6 LC

Muscardinus avellanarius 3.5 LC

Rhinolophus euryale 3.4 VU

Myotis myotis 3.2 VU

Hystrix cristata 3.2 LC

Pipistrellus pygmaeus 3.1 NT

Barbastella barbastellus 3.1 EN

Felis silvestris 3.1 LC

Canis lupus 3.0 NT

Within the offsetting sites, we obtained that RLI and weighted percentage of compensation 

were, respectively, 0.7468 and 2.719. The same indices in the disturbance areas were 0.7445 

and 2.646. All terms adopted per species and NCP to evaluate the compensation are reported in 

Tables S18 and S19.

5.4 Discussion

In this study, we assessed the potential disturbances caused by operational wind farms 

in Italy on priority mammals and Nature’s Contributions to People (NCPs). We then 

proposed a methodological approach for mitigating these impacts through Green 

Infrastructure (GI), aimed at enhancing connectivity between existing protected areas while 

addressing multiple conservation priorities, including those related to both biodiversity and 

human well-being.

Compared to the more traditional in-kind offsetting approach (Ball et al., 2015), our 

methodology explicitly considers species affected by wind farms among priority mammals in 
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Europe and at the national level. Specifically, we prioritized species listed in Annex II or IV 

of the Habitats Directive or those threatened with extinction, assigning greater importance to 

species more endangered at the national level. As shown in Tables 5.1 and 5.2, there is only a 

40% overlap between the top 10 species most disturbed and the top 10 species for which 

compensation occurred within their habitat. Specifically, Lepus corsicanus, Felis silvestris, 

Hystrix cristata, and Pipistrellus pygmaeus are primarily distributed in the South and on the 

islands (Randi & Riga, 2019; Gerngross et al., 2023; Russo & Cistrone, 2023; Gazzard & 

Mori, 2024), regions that experience the highest disturbance from wind farms and were the 

main focus of the offsetting analysis (Figure 5.2).  However, this approach maximizes the 

effectiveness of biodiversity protection. As highlighted in our results, the Red List Index 

(RLI) associated with species in the offsetting areas was slightly higher than that in the 

disturbance areas. This indicates that the offsetting areas not only may compensate for wind 

farm disturbances on priority mammals but also strengthen the protection of the most 

threatened species.

Overall, we developed a method tailored to national socio-cultural priorities. The 

identified GI offsetting areas also safeguard regulatory and cultural NCP provisioning, 

including key recreational opportunities such as renowned trekking trails and culturally 

significant landmarks in Italy. Given that onshore wind farm expansion may conflict with 

local communities' interests (Caporale and De Lucia, 2015), integrating compensation 

measures within project planning and Environmental Impact Assessments (EIA) could 

improve social acceptance of wind energy projects. This is particularly relevant for Italy’s 

renewable energy expansion (MTE & MATTM, 2017), as such measures can provide co-

benefits by supporting ecosystem services, recreational opportunities, and cultural values. 

The effectiveness of the identified GI as an offsetting strategy for species and NCPs is 

demonstrated by the weighted sum of compensation, which accounts for both the 

https://www.zotero.org/google-docs/?broken=WzHwMt
https://www.zotero.org/google-docs/?broken=NVubOQ
https://www.zotero.org/google-docs/?broken=NVubOQ
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contributions and relative importance of NCPs. This sum is balanced against the weighted 

sum of disturbance, ensuring that the proposed offsetting measures adequately compensate 

for the socio-ecological impacts of wind farms.

In our approach, we assessed disturbances arising from wind farm construction—a 

critical component often required in EIAs to evaluate the long-term effects of wind turbines 

on wildlife and NCPs (Peste et al., 2015). While NCPs were consistently affected, 

disturbances to wildlife were predominantly observed among Chiroptera and Rodentia 

species (Table S17). Bats are particularly vulnerable to wind farm expansion in Europe, and 

many priority bat species are present in Italy (MASE, 2025).  However, only a few EU 

countries have established guidelines for monitoring bat fatalities at wind farms as part of 

EIAs (Rodrigues et al., 2014b). In most cases, monitoring is required only under specific 

conditions, and even when conducted, the data are often inaccessible, complicating the 

assessment of fatality patterns (Rydell et al., 2010). Thus, our results may contribute to 

informing policies on wind energy development and species protection, by identifying critical 

areas to exclude from future wind energy projects, thereby preventing habitat disturbance for 

mammals and NCPs, and encouraging further impact assessments through local monitoring 

studies.

Based on the identified disturbances, we delineated offsetting areas that should be 

protected by establishing GI corridors or expanding existing protection zones (Fig. 5.3). The 

more extended GI offsetting sites were located especially in the Central and Southern 

Apennines and in Sicily, which are areas highlighted as crucial for their biodiversity value 

(Ercole et al., 2021; CBD, 2025) or where some endemic species occurred, such as 

Crocidura sicula, which is a mediterranean endemism (Amori & Castiglia, 2018) listed in 

Annex IV of the Habitats Directive as a species for which strict protection is required (EEF, 

1992). In addition, the identified sites may be important corridors for mammals species, as 

https://www.zotero.org/google-docs/?broken=SdHdIv
https://www.zotero.org/google-docs/?broken=IgKMN1
https://www.zotero.org/google-docs/?broken=SXQU0i
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they connect National or Regional Parks of high natural values, such as the Sibillini 

Mountains National Park with the Lazio, Abruzzo and Molise National Park or Cilento 

National Park with Pollino National Park (Fig 5.3). Additionally, some offsetting sites are 

located in more coastal regions, such as Liguria and Apulia regions, where GI measures may 

align with cultural conservation priorities. In these areas, GI can support not only biodiversity 

but also economic sectors like tourism, which is a major contributor to the regional economy. 

Furthermore, GI offsetting can complement regional conservation strategies, particularly in 

regions like Liguria, which has one of the lowest percentages of protected areas in Italy 

(ISPRA, 2023).

Although postoperative offsetting is not the preferred solution within the mitigation 

hierarchy (Cares et al., 2023)  due to risks of legitimizing biodiversity loss or implementing 

ineffective measures in irreplaceable ecosystems, our GI-based compensation strategy aims 

to enhance connectivity within the protected areas network. Strengthening ecological 

connectivity has become a key consideration in revised offsetting approaches (Tarabon et al., 

2021; Sales Rosa et al., 2023; Yu et al., 2024). By integrating our proposed compensation 

areas with species-specific offsetting measures, such as protecting roost sites or preserving 

forest habitats for bats (Peste et al., 2015), these sites can provide valuable contributions to 

biodiversity conservation.

It is crucial to emphasize that offsetting should only be considered after prioritizing 

earlier stages of the mitigation hierarchy. Postoperative offsetting, as applied in this study, 

should be implemented only when a clear ecological gain is achievable and no other 

measures are possible (Cares et al., 2023). Our study provides a methodological framework 

for addressing existing environmental disturbances and highlights the role of GI in 

strengthening protected area connectivity. Preventing further degradation of species, natural 

processes, and cultural landscapes aligns this approach with the Nature Positive paradigm 

https://www.zotero.org/google-docs/?broken=9gZlKO
https://www.zotero.org/google-docs/?broken=VVviaZ
https://www.zotero.org/google-docs/?broken=VVviaZ
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(CDB, 2022) which emphasizes the importance of creating a net positive impact on nature. It 

also supports the objectives of European and national biodiversity strategies (EC, 2020a; 

MASE, 2023).

Finally, the proposed methodology is adaptable not only to the energy sector at 

National level but also to various spatial scales, enabling its application in other sectors such 

as transportation, urban development, and agriculture. By integrating biodiversity priorities 

into planning and operational phases, this framework ensures that development projects 

contribute to ecological networks while minimizing environmental impacts. Its flexibility 

fosters synergies between economic development and conservation, guiding decision-makers 

toward solutions that benefit both nature and society.

https://www.zotero.org/google-docs/?broken=2VsVWM
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6. Conclusion 
The common thread of this PhD thesis was to steer conservation strategies in Europe, 

with a particular focus on the expansion of protected areas network through GI foreseen by 

2030 according to the EU Biodiversity Strategy. Chapter 2 and 3 aimed to inform European 

conservation measures, while in Chapters 4 and 5 I provided case studies that explore these 

concepts, which have never been explored before in Italy. Specifically, the research examines 

how  expanding  GI  can  support  the  conservation  of  mammal  biodiversity  and  Nature’s 

Contributions  to  People  (NCP).  Additionally,  it  evaluates  how  GI  can  be  adapted  into 

mitigation strategies to promote sustainable development.

In Chapter 2, I identified targets based on the concept of the Favourable Conservation 

Status, addressing the lack of consistency and feasibility of the methods across EU Member 

States. I developed an innovative framework which consists of several decision steps and 

involves reference-based or model-based approaches. The use of different approaches and also 

of different population density data for the same species, allowed to provide a varying set of  

targets. Thus, this may make them flexible enough to accommodate various policy and societal 

needs.  This  flexibility  allows  conservation  goals  to  be  more  socially  acceptable,  hence 

conservation measures are more likely to be supported by the public and policymakers. This 

approach may allow to balance the existing conflicts between humans and nature, which is 

particularly relevant for species that pose greater challenges, such as large carnivores (Chapron 

et al., 2014). I provided targets for priority mammal species in Europe that may be a helpful tool 

to address the implementation of the protected areas, consequently contributing also to the EU 

Biodiversity Strategy goal of achieving the favourable conservation status of at least 30 % of 

priority species (EC, 2020a). In this study, we included not only species listed in the Habitats 

Directive but also those currently threatened with extinction, recognizing their potential to 

become conservation priorities in the future. By setting specific targets for these species, we 

https://www.zotero.org/google-docs/?broken=NIOiZ5
https://www.zotero.org/google-docs/?broken=NIOiZ5
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highlight the need to integrate them into conservation strategies, particularly when planning the 

expansion of protected areas, to proactively mitigate future risks and enhance their protection. 

In addition, this study may address conservation measures at the European level but also at 

more  local  scales,  by  having  formulated  targets  for  each  species  per  each  country-

biogeographic region combination in Europe.

Chapter  3  has  been  addressed  on  the  formulation  of  positive  conservation  NFF 

narratives  for  Europe,  developed  through  a  conservation  expert  group  consultation  and 

considering relevant topics for addressing the EU Biodiversity Strategy objectives’ success, 

such as Nature Protection and Restoration, Forest, Freshwater and Urban Systems; Agriculture, 

and Energy. Resulting narrative reflected three different values of nature: intrinsic in the Nature 

for Nature perspective, instrumental in the Nature for Society perspective and cultural, in 

Nature as Culture perspective, highlighting both differences and similarities across them. I 

provided insights especially related to preferences about nature protection and recovery, i.e. the 

degree  to  which  environmental  conservation  and  ecological  integrity  are  prioritized  over 

human economic, industrial, or developmental activities, such as renewable energy sources 

expansion; the diverse spatial priority and configurations of protected areas; or the role of GI 

across  the  three  perspectives.  These  narratives  can  be  transformed  into  environmental 

assessment  scenarios to explore how societal  and policy choices impact  nature and NCP 

provision,  offering  flexibility  by  incorporating  diverse  values,  enabling  context-specific 

conservation actions (Pereira et al., 2020;  Kim et al., 2023). They would help link land use and 

conservation planning to global and EU biodiversity goals. By informing land-use modeling 

and systematic conservation prioritization, they can support conservation planning research, 

including the implementation of the EU protected area system.

After providing key insights for conservation planning in Europe,  I  focus on case 

studies in Italy. First, I identify Green Infrastructure (GI) that can function as corridors for 
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mammal species while ensuring NCP provision (Chapter 4). Then, I select areas within the GI 

network to offset disturbances caused by wind energy plants (Chapter 5). This approach reflects 

the need for integrated conservation strategies that benefit both biodiversity and society, a role 

perfectly fulfilled by GI (EC, 2019). As highlighted in Chapter 3, well-planned infrastructures, 

such as renewable energy and greening, offer win-win-win solutions across all perspectives.

In Chapter 4, I identified priority Green Infrastructure (GI) for mammal conservation 

and  both  regulatory  and  cultural  NCPs,  encompassing  all  three  NNF  values.  Using 

prioritization tools, I explored GI expansion strategies by separately focusing on mammal 

conservation priorities and NCP provisioning goals. The results showed significant overlap 

between these priority areas, highlighting the dual benefit of protecting key habitats for both 

biodiversity and ecosystem services. Additionally, I identified consensus GI and assessed their 

effectiveness  in  supporting  mammal  biodiversity  and  connectivity,  providing  target  GI 

coverage for expansion. The proposed GI network enhances both structural and functional 

connectivity, addressing conservation and societal needs while guiding future GI expansion 

policies in line with national and international biodiversity targets.

In  Chapter  5,  I  examined  the  role  of  Green  Infrastructure  (GI)  in  mitigating  the 

ecological impact of human development in Italy, using wind energy as a case study. The 

prioritization setting adopted here was similar to that involved in Chapter 4. By prioritizing 

connectivity among protected areas and focusing on the conservation of the most threatened 

mammal  species  and  essential  NCPs,  I  developed  a  methodology  that  supports  positive 

conservation  outcomes.  The  results  obtained  in  this  case  align  with  the  Nature  Positive 

paradigm  (CBD,  2022)  and  contribute  to  achieving  the  objectives  of  EU  and  National 

Biodiversity Strategies (EC, 2020a; MASE, 2023). Furthermore, the proposed framework is 

adaptable across multiple sectors and spatial scales, offering a valuable tool for integrating 

mitigation policies into industrial development. By fostering synergies between conservation 
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and societal needs, this method provides a pathway for sustainable planning, ensuring that 

infrastructure expansion occurs without compromising biodiversity and ecosystem services or 

by providing compensation measures that increase the overall benefits. 

6.1 Limitations of this work

Although the relevance of this PhD research in informing future conservation 

strategies in Europe and supporting the sustainable development of the society, some 

precautionary advice and limitations of the work should be highlighted.

In Chapter 2, I was able to formulate targets based on different methods, especially 

model-based. Models are, by definition, representations of reality rather than reality itself. As 

such, model-based approaches come with limitations, as they depend on assumptions, 

simplifications, and available data, which may not fully reflect the complexity of real-world 

processes (Levins, 1966). Although the population growth model and the Potential Range 

Expansion methods suit the purpose of setting possible targets for 2030, it should be noted 

that the population growth may depend on the age-classes structure and their growth rates and 

it is density-dependent(Neubert and Caswell, 2000; Sibly & Hone, 2002). In addition, targets 

obtained from the Potential Range Expansion approach, which does not take into account 

demography, could be overestimated compared to the targets obtained using more 

population-specific growth rates information. Population projections should take into account 

demographic information and environment carrying capacity (Sayre, 2008), and distribution 

projections should rely on future environmental changes (Guisan and Thuiller, 2005). Thus, 

these methods may not be feasible to be extended to many years into the future to ensure 

these values were realistic.

Some taxa like large Carnivores are more studied compared to others, as they are 

considered more charismatic and emblematic (Macdonald et al., 2017). Thus, for these 

https://www.zotero.org/google-docs/?broken=5YckhA
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species, demographic data was available, but very often they are missing for other species 

(Ripple et al., 2014). Overall, I have detected  scarcity of population and distribution data and 

information regarding their historical perspective, for Rodents and Chiroptera. Chiroptera, in 

particular, is a group that have received research interests more recently, as they are 

recognized as effective indicators of environmental quality and for their role in providing 

crucial ecosystem services, such as seed dispersal and pest control (Fenton, 1997). For this 

reason, the choice of the method for formulating targets was very limited for these species. 

Both reference-based and model-based approaches may ultimately produce targets that are 

infeasible due to socio-economic constraints not considered in this thesis. For example, for 

species like large carnivores, which often conflict with human activities (Chapron et al., 

2014), targets were not adjusted for social acceptability in achieving them. While method 

comparison was used as a validation tool, external validation by experts specific to each 

species and socio-cultural context is still needed.

Formulating targets based on the Favourable Conservation Status rely on a wide 

variety of methods that are not always consistent. For example, targets for the range size may 

be referred to sometimes on the geographical ranges, sometimes on the area of occupancy or 

on the habitat available within the range. Thus, an urgent effort is needed to engage 

specialists in specific taxonomic groups and assess the validity of national or regional targets. 

In Chapter 3, I formulated three narratives exploring different priorities for nature 

conservation and restoration, through the conservation experts’ consultation. These narratives 

aimed to reflect expert-driven perspectives on how conservation efforts could be prioritized 

and implemented. However, it is necessary to point out some caveats related to the 

consultation events. First, the interaction among different experts may not have been smooth, 

due to divergent cultural backgrounds and specific terminology. Even if the discussion was 

conducted in English, a degree of uncertainty related to experts’ dialogues comprehension 

https://www.zotero.org/google-docs/?broken=QSUXEP
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must be considered. Thus, misunderstandings may have affected the elicitation phase. As a 

result of the imprecise interpretation of the information during the elicitation events by 

moderators, also the revisioning and writing of the full narratives I carried on, may not be 

fully proficient. 

In addition, although great efforts have been made to include conservation scientists 

with various expertise that can highlight different visions related to the intrinsic, instrumental 

and cultural values of nature, the narratives may have been unbalance toward the Nature for 

Nature value, due to the lack of different perspectives that exist within the entire society. 

Indeed, these narratives did not take into account the more diverse perspectives, including 

those of local communities, policymakers, landowners, and other stakeholders who may have 

different interests, values, and constraints. As a result, their applicability may be limited 

when developing scenarios to support several sustainable development goals, which require a 

more inclusive approach.

In Chapter 4 and 5, I identified GI that can capture diverse priorities based on 

different nature perspectives, eventually highlighting the consensus GI that enhances 

mammals’ conservation and connectivity, and the provisioning of NCPs. However, GI are 

defined as areas useful to protect biodiversity, consequently delivering a set of ecosystem 

services. In this research, my primary focus was on the conservation needs of mammals, and I 

did not specifically address broader biodiversity priorities. As a result, other crucial 

components of biodiversity might not have been fully considered. While I assumed that 

protecting areas that are important for mammal conservation can potentially benefit other 

species and provide NCPs, I did not assess whether these areas could serve as reliable proxies 

for overall biodiversity or ecosystem services. This is a limitation of the study, as effective 

conservation policies on GI should ideally consider a wider range of species and ecosystems 

to safeguard the full spectrum of biodiversity.
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Moreover, the approach used to assess whether Green Infrastructure (GI), which 

enhances the structural connectivity of protected areas, also improves functional connectivity 

for mammals has some limitations. In particular, I compared the GI identified through 

prioritization with species-specific outputs from Circuitscape, which were generated using 

resistance layers and node maps as inputs. The node maps were created under the assumption 

that habitat patches within the existing protected areas network act as points where species 

are present, from which their movement can start. The resistance layers were intended to 

represent potential barriers to species’ movement. However, some significant barriers to 

mammal movement may have been overlooked in this process. Additionally, the resistance 

values were assigned somewhat arbitrarily, relying on information from the literature and my 

own interpretation. Because both the nodes and the resistance values, along with the selected 

barriers, were not formally validated, this could have led to less precise conclusions about the 

areas important for connectivity and the effectiveness of GI in creating functional corridors 

for mammals.

The use of GI in offsetting in post-operational wind plants, where the disturbance 

caused by the plant is compensated by protecting species’ habitats elsewhere, provide a 

relevant strategy to address the industry sector toward sustainable plants that are aligned with 

the biodiversity strategy objectives. However, the approach may have some concerns to be 

stress. One major issue is that it does not address the immediate, ongoing impacts of the wind 

plant on local biodiversity, such as habitat fragmentation, disruption to species' movement, or 

collision risks with turbines. Offsetting actions typically focus on future or distant 

conservation efforts (Maron et al., 2016), which may not compensate for the cumulative, 

localized loss of biodiversity. Additionally, prioritizing species more threatened with 

extinction may lead to a mismatch between the offset areas and the impacted species’ habitat, 

meaning that the protected sites might not provide the same ecological functions or support 
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the same species affected by the wind plant. This disconnection can result in ineffective 

mitigation for the species directly disturbed. Lastly, the time lag between the establishment of 

GI and the protection of disrupted ecological functions could result in short-term ecological 

deficits, making it difficult to fully offset the disturbance caused by wind plants.

Although the methods can be improved to address these potential limitations, still 

precautionary measures should be taken. There is a significant risk that this methodology 

could be misused by industries or developers to justify unsustainable development projects, 

particularly if it is used as a way to circumvent proper environmental impact assessments or 

responsible land-use planning. By relying on offsetting measures, industries may greenwash 

their projects, presenting them as environmentally neutral or beneficial, while the actual 

environmental damage remains unaddressed or inadequately mitigated. The promise of 

compensation measures, such as habitat restoration or the creation of Green Infrastructure 

corridors, might be used as a temporary solution to gain approval for projects that would 

otherwise be deemed unsustainable. However, there is a real danger that these compensation 

measures may not be fully implemented, or if they are, they may not achieve the desired 

ecological outcomes. This is particularly concerning because there are often no clear, 

standardized indicators to accurately measure the effectiveness of these measures in 

achieving positive ecological outcomes. 

6.2 Future perspectives

The highlighted limitations of this work draw my attention to research perspectives that 

could be addressed in the future. Overall, a constant limitation of this PhD thesis has been the 

lack of information on specific taxonomic groups, particularly Chiroptera. They constitute the 

majority of priority species listed in the Habitats Directive and are also among the most affected 

by wind farm expansion (EEC, 1992; Rydell et al., 2010; Barré et al., 2018). This gap has been 

identified throughout the chapters of this thesis and should be addressed in future studies.

https://www.zotero.org/google-docs/?broken=EDsKx5


108

It is evident that macro-ecological studies, such as the one conducted in this PhD thesis, 

rely  on  data  that  can  only  be  gathered  through  field  research.  Therefore,  research  and 

conservation efforts should focus on improving the monitoring of Chiroptera. Specifically, to 

enhance the formulation of conservation targets for these species, it is essential to monitor bat 

population trends and distribution while also improving knowledge of their ecological traits. 

This information could be crucial for modeling potential population growth or range expansion.

One  of  the  main  reasons  for  the  lack  of  information  on  Chiroptera  is  their  low 

detectability in the wild due to their nocturnal habits, constant movement, and use of shelters 

that are difficult to access (Mickleburgh et al. 2002). Thus, this thesis highlights the need to 

monitor bats, for instance by more specialized equipment and trained researchers, to assess 

their conditions more effectively. Additionally, further research should assess the disturbances 

and impacts of human activities on bats to inform future conservation strategies, including 

offsetting measures related to wind energy development.

Another common limitation observed in the formulation of targets (Chapter 2) and the 

assessment of species' barriers (Chapters 4 and 5) is the lack of validation by experts. The 

findings of this PhD thesis have contributed to the Horizon project “NaturaConnect”, which 

aims to design the Trans-European Nature Network of protected areas. This project has already 

initiated  collaboration  with  experts  from environmental  institutions,  universities,  research 

centers, and private agencies. These engagements will continue to refine target formulation and 

improve the  identification of  functional  green infrastructure  networks  in  this  thesis.  This 

highlights  the  crucial  role  of  interdisciplinary  collaboration  among  experts  in  bridging 

knowledge gaps and ensuring a robust, science-based approach to conservation.

Furthermore, this PhD thesis also highlights the need for collaboration not only among 

conservation experts  but  also across  different  societal  sectors  to  ensure  that  conservation 
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measures are both effective and resilient in the long term. The formulation of narratives in 

Chapter  3  provided a  foundation  for  future  research  to  focus  on  capturing  more  diverse 

perspectives through a participatory approach involving stakeholders from multiple sectors. 

This  will  enable  a  more  inclusive  engagement  process  and  facilitate  the  integration  of 

additional contributions into the narratives.

In addition, to advance research on green infrastructure (GI) expansion, further research 

directions have been identified. For example, as highlighted in Chapter 4, the GI identified in 

this study was based on the priorities of both mammals and nature’s contributions to people 

(NCP). However, to ensure that GI effectively supports biodiversity conservation as a whole, it 

would be valuable to incorporate additional biodiversity components into the analysis. This 

could include other priority species and habitats listed in the Habitats Directive and assessing 

whether the identified GI represents a shared solution for preserving both biodiversity and 

NCP. Moreover, as discussed in Chapter 5, further efforts are needed to define clear indicators 

for  measuring  the  effectiveness  of  offsetting  measures.  This  would  help  confirm  the 

significance of integrating GI into mitigation strategies.

The case studies on GI performance in Italy presented in this thesis could serve as a 

foundation for further research in other countries, potentially contributing to the achievement of 

the EU Biodiversity Strategy objectives for 2030. Additionally, future research could explore 

alternative applications of GI. For example, a complementary approach to this study could 

involve identifying GI that enhances the restoration of critical ecosystems and assessing its role 

in mitigating further environmental impacts. This could include analysing the loss of crucial 

habitat  due  to  land-use  conversion  related  to  varied  human  development  activities  and 

assessing  how  GI  can  offset  this  impact  providing  opportunities  to  restore  biodiversity 

elsewhere. In addition, it would also be crucial to evaluate whether specific GI restoration 

interventions, such as reforestation, may effectively support species persistence and ecosystem 
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functions, such as climate mitigation, monitoring the status of species, habitat and ecosystem 

services over time.



111

7. Research outputs, activities and grants

7.1 Key research output

D’Alessio, A., Fornarini, C., Fernandez, N., Namasivayam, A.S., Visconti, P., Dertien, J., 
Hällfors, M., Jung, M., Moreira, F., O’Connor, L., Osti, M., Quintero-Uribe, L.C., Marei Viti, 
M., Pereira, H.M., Verburg, P.H. & Rondinini, C., 2025. Narratives for positive nature 
futures in Europe. Environmental Management. https://doi.org/10.1007/s00267-025-02123-3

D’Alessio, A., Davoli, M., Rondinini, C. & Pacifici, M., n.d. 2030 conservation targets for 
European terrestrial mammals using the Favourable Conservation Status concept. Scientific 
Data. In review.

D’Alessio, A., O’Connor, L., Jung, M., Visconti, P., Michela, P. & Rondinini, C., n.d. 
Identification of green infrastructures to protect priority terrestrial mammals and enhance 
nature contributions to people in Italy. In preparation.

D’Alessio, A., O’Connor, L., Jung, M., Visconti, P., Rondinini, C. & Michela, P., n.d. 
Offsetting the impacts of wind energy sources through green infrastructures in Italy. In 
preparation.

7.2 Collaborative research output

Vincent, C., Cristiano, A., Cuadros-Casanova, I., Pacifici, M., Soria, C.D., Tedeschi, L., 
Beekmann, M., D'Alessio, A., Lucas, P.M., Nania, D. & Rondinini, C., 2024. The war in 
Ukraine is changing plausible future socioeconomic scenarios leading to an unexplored 
outlook for biodiversity. Conservation Science and Practice 6, e13056. 
https://doi.org/10.1111/csp2.13056
interoceanic corridor

7.3. Conference contributions and organizations

June 2024. Oral presentation “Nature Futures Framework for driving societal development in 
Italy according to the 2030 EU Biodiversity Strategy” at the European Congress of 
Conservation Biology (ECCB), Bologna, Italy.

https://doi.org/10.1007/s00267-025-02123-3
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April 2024. Oral talk “ Favourable reference values of European terrestrial mammals” at the 
1st Italian conference on Conservation Biology (SCB) “Challenging conservation- adattarsi al 
cambiamento”, Rome, Italy

April 2024. Poster presentation at the 1st Italian conference on Conservation Biology (SCB) 
“Challenging conservation- adattarsi al cambiamento”, Rome, Italy. 

Oct 2023-Apr 2024. Member of the Organizing Committee of the Italian conference on 
Conservation Biology (SCB). Rome, Italy.

July 2023. Oral talk “ Favourable reference values of European bats” at the 31st International 
Congress of Conservation Biology (ICCB), Kigali, Rwanda.

July 2023. Oral talk during the NaturaConnect online seminar “Exploring Nature Future 
scenarios for a resilient TEN-N”

May 2023. Moderator at NaturaConnect workshop “Designing Nature Future scenarios to 
support TEN-N”, Leipzig, Germany. 

August 2022 Poster presentation “ Impact of 2019-2020 fires season on mammals and birds 
habitat in Australia” at the 6th European Congress of Conservation Biology (ECCB), Prague, 
Czech Republic. 

7.4. Secondments and Partnerships 

2022-2023. Completion of 6 months agency partnership (fully remote) with Enel Green 
Power agency. Rome, Italy. 
During this period, I participated in remote meetings with Enel’s consultants to delve deeper 
into their work. I evaluated the disturbance caused by wind turbines on mammal’s habitat and 
provided Enel with a methodological approach to offset their impacts, which was adapted to 
all wind plants in Italy and described in Chapter 5.

2022-2023. Completion of 6 months collaboration with the International Institute for 
Applied Systems Analysis (IIASA), Wien, Austria.
I work 3 months remotely and 3 months in presence. During this period I refined the 
methodological approaches to formulate conservation targets and to perform protected areas 
prioritization analysis. This allowed me to carry out Chapter 2, Chapter 4 and Chapter 5 of 
my research project. Meanwhile, I conducted the stakeholders’ events needed to carry out 
Chapter 3. 

7.5. Grants and awards
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Starting Research grant 2024. Sapienza University of Rome, Starting Research grant 
“Estimating the cost in public funds of maintaining European large carnivore populations at a 
favourable conservation status” (amount €2000, role: participant)

Starting Third Mission grant 2023. Sapienza University of Rome, Starting Third Mission 
grant “Attori della conservazione: dai laboratori alle scuole per un futuro più verde” (amount: 
€11.720, role: proponent)
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8. Supplementary

8.1 Supplementary results chapter 2

Figure S1 Basemap created by overlapping the Biogeographic regions map and the Member 

State map. Each combination of country and biogeographic region has a univocal value and it 

is depicted in a specific colour.
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Table S1 Results of the statistics used to select the best population growth models regression 

between Poisson and Negative binomial for the brown bear (Ursus arctos). For the selected 

model, we also reported the coefficient and its confidence interval. * highlights when 

overdispersion is detected.

   
Model R-square AIC Selected Coefficient Interval 

Bear Estonia (Poisson) 0,66 117 x 0,028 0,016-0,040 

Bear Estonia 2 (Neg.binomial) 0,66 120

Bear Finland (Poisson)* 0,71 671

Bear Finland 2 (Neg.binomial) 0,70 251 x 0,039 0,027-0,050

Bear Italian Alps (Poisson) 0,96 110 x 0,104 0,089-0,12

Bear Italian Alps (Neg.binomial) 0,96 112

Bear Pyrenees (Poisson) 0,96 75 x 0,13 0,098-0,15

Bear Pyrenees (Neg.binomial) 0,96 77

Bear Poland (Poisson) 0,90 58 x 0,14 0,11-0,17

Bear Poland (Neg.binomial) 0,90 59

Table S2 Results of the statistics used to select the best population growth models regression 

between Poisson and Negative binomial for the Iberian lynx (Lynx pardinus). For the selected 

model, we also reported the coefficient and its confidence interval. * highlights when 

overdispersion is detected.

Model R-square AIC Selected Coefficient Interval
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Lynx Spain (Poisson)* 0,97 240

Lynx Spain (Neg.binomial) 0,98 192 x 0,12 0,11-0,13

Lynx Portugal (Poisson)* 0,97 50

Lynx Portugal (Neg.binomial) 0,97 50

Lynx Iberian Peninsula (Poisson)* 0,97 300

Lynx Iberian Peninsula (Neg.binomial) 0,97 199 x 0,13 0,12-0,14

Table S3 Results of the statistics used to select the best population growth models regression 

between Poisson and Negative binomial for the wolverine (Gulo gulo). For the selected 

model, we also reported the coefficient and its confidence interval. * highlights when 

overdispersion is detected.

Model R-square AIC Selected Coefficient Interval

Wolverine Finland (Poisson)* 0,97 65

Wolverine Finland (Neg.binomial) 0,97 63 x 0,084 0,072-0,095

Wolverine Sweden (Poisson)* 0,66 99

Wolverine Sweden (Neg.binomial) 0,65 97 x 0,034 0,018-0,050

Table S4 Results of the statistics used to select the best population growth models regression 

between Poisson and Negative binomial for the wolf (Canis lupus). For the selected model, 

we also reported the coefficient and its confidence interval. * highlights when overdispersion 

is detected.

Model R-square AIC Selected Coefficient Interval

Wolf Finland (Poisson) 0,93 53 x 0,13 0,10-0,16

Wolf Finland (Neg.binomial) 0,93 55

Wolf France (Poisson)* 0,95 314
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Wolf France (Neg.binomial) 0,96 228 x 0,12 0,11-0,13

Wolf Italian Alps (Poisson) 0,98 146 x 0,14 0,13-0,15

Wolf Italian Alps (Neg.binomial) 0,97 147

Wolf Sweden (Poisson)* 0,34 91

Wolf Sweden (Neg.binomial) 0,33 90 0,021 0,0016-0,04

Wolf Slovenia (Poisson) 0,92 57 x 0,12 0,093-0,15

Wolf Slovenia (Neg.binomial) 0,92 58

Wolf Germany (Poisson)* 0,99 184

Wolf Germany (Neg.binomial) 1 165 x 0,29 0,28-0,30

Table S5 Results of the statistics used to select the best population growth models regression 

between Poisson and Negative binomial for the Eurasian lynx (Lynx lynx). For the selected 

model, we also reported the coefficient and its confidence interval. * highlights when 

overdispersion is detected.

Model R-square AIC Selected Coefficient Interval

Lynx Poland (Poisson)* 0,81 64

Lynx Poland (Neg.binomial) 0,81 64 x 0,088 0,054-0,12

Lynx Finland 1 (Poisson)* 0,33 2043

Lynx Finland 2 (Neg.binomial) 0,36 291 x 0,034 0,014-0,045

Lynx Lithuania (Poisson) 0,96 58 x 0,14 0,12-0,16

Lynx Lithuania (Neg.binomial) 0,96 60

Lynx Latvia (Poisson)* 0,92 149

Lynx Latvia (Neg.binomial) 0,93 122 x 0,11 0,093-0,13
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8.2 Supplementary materials and methods chapter 3 

Figure S2 Nature Future Framework triangle. The Nature Futures Framework presents three 

value perspectives of nature in a triangle. Source: Adapted from Pereira et al., 2020.

8.2.1. Supplementary material: Workshop and webinar
The methodological approach consists of four main phases divided in nine steps that 

led to the elaboration of the draft narratives after the experts’ identification and the workshop. 

This was followed by the organisation of an online event to fill the gaps, the refinement of the 

narratives’ final version through a second elicitation stage, and the cross-narratives analysis.

The preparatory phase to the consultation consisted of  1) identifying a set of EU 

macroeconomic, social and legislative assumptions, or 'constraints', that coerce the NFF 

narratives;  2) formulating questions on nature futures based on the constraints and 

identifying a set of priority themes to be discussed with the experts.

The second phase was about the selection of key experts within the conservation sector, 

based on their importance and influence across Europe, followed by the first consultation 
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event i.e. 3) an in-person workshop to elicit preferences around the themes and perspectives 

on the future of nature.

The third phase consisted of 4) the elaboration of three draft narratives based on the outcomes 

of the workshop and 5) the formulation of additional questions to be asked during a second  

event on nature futures.

During the fourth phase, 6) the questions were presented during the second elicitation  stage 

which was an online event, to obtain feedback on the draft narratives and fill potential gaps;  

7) Eventually, the narratives were then refined integrating the outcomes into a second set of 

draft narratives, and 8) further reviewed by domain experts, which allowed us 9) to develop 

the final set of narratives following the Nature Futures Framework.

8.2.1.1 Preparatory phase to the experts’ elicitation: identification of constraints and 
preliminary themes for the narrative, and formulation of broad questions

In order to pinpoint the constraints that coerce the narratives (step 1) we examined the 

EU legislation, regulations, goals, and strategic priorities that are essential for NFF 

narratives.We took into account the following key strategic goals:

• the increase in the coverage of protected areas (PAs) to a minimum of 30% for both 

land and sea, including 10% under strict protection. This expansion is intended to establish 

sufficiently large areas where vital natural processes can occur undisturbed (EC, 2020a). It 

also foresees the  enhancement of the Natura 2000 sites and nationally PAs, improving the 

conservation status of species and habitats, and contributing to addressing future 

environmental changes (EEA, 2020);

•  the European Nature Restoration Law (NRL), which targets the restoration of 20% 

of EU land. This initiative supports the recovery of ecosystems and species towards optimal 

ecological conditions (EC, 2022). It also includes specific restoration actions for pollinators, 

river connectivity, forests, agriculture, urban areas, and marine ecosystems. Objectives 

encompass reversing the decline of pollinator populations, restoring rivers to a free-flowing 
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state, achieving no net loss of green urban space by 2030, and increasing biodiversity in 

agricultural landscapes (EC, 2022);

• the global goal of “No Net Land Take” by 2050, regarding the urban areas system. 

Assuming a linear progression in land take, achieving the EU's goal of reaching zero net land 

take by 2050 needs an annual reduction of 14 km2 from 2019 onward. Consequently, by 

2030, the EU must decrease its yearly net land take to 282 km2; (EC, 2016)

• the EU Farm to Fork Strategy goals which were essential to set the constraints for 

the agriculture context. Such goals include transitioning 25% of agriculture to organic 

farming, reducing chemical pesticide use by 50%, and decreasing fertiliser use by 20% by 

2030 (EC, 2020b);

• the European Climate Law (Regulation (EU) 2021/1119)  that commits Member 

States to achieve the EU's climate goal of reducing emissions by at least 55% by 2030 

compared to 1990. This involves measures such as increasing renewable energy sources to 

32%, reducing fossil fuel biomass, planting three billion trees, and restoring carbon-rich 

ecosystems by 2030 (EC, 2023b).

Considering the main EU policy objectives, we examined a set of themes that are crucial for 

the future of nature and challenging for its conservation (step 2). After a brainstorming, 

which involved different domain experts, the following themes emerged: urban systems, 

forestry, freshwater ecosystems, green and blue infrastructure, habitats conservation and 

ecosystem restoration, agroecological policies, infrastructure development and renewable 

energies, and species conservation. We then formulated questions on the above mentioned 

themes, but also on specific priorities in PAs planning and connectivity design, to address 

experts’ visions of positive futures for people and nature in Europe, according to the different 

perspectives of the NFF. Some examples were: ‘What are the main changes happening in the 
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landscapes in this Nature Futures (NF)?’, ‘What are the dominant changes in the management 

of agricultural areas?’, ‘Why do people conserve nature according to this NF vision?’, ‘What 

type of Nature-based Solutions do you expect according to this NF vision?’

8.2.1.2 First elicitation stage: workshop to address questions and elicit experts’ visions

   
The broad questions were asked during the first experts’ consultation event, which 

was a three-day workshop, held in Leipzig (Germany) from 8 to 10 May 2023 (step 3). At 

this event, the scientists affiliated with the NaturaConnect project and with specific expertise 

were introduced as internal participants (Table S6).

 

Table S6 Internal participants of the Leipzig workshop “Designing Nature Futures scenarios 

to support a Trans-European Nature Network '' on 8-10th May 2023.

Stakeholders Country Organisation Type of 

Institution

Expertise

Alessandra D’Alessio Italy Sapienza University University Green Infrastructures

Anandi Sarita 

Namasivayam

Netherlands VU University University Land use change and 

ecosystem services

Barbara Herrero Cangas Belgium BirdLife Europe and 

Central Asia

NGO European 

environmental policy

Carlo Rondinini Italy Sapienza University University
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Large-scale terrestrial 

mammal 

conservation, 

prioritisation and 

assessments

Clara Veerkamp Netherlands PBL Research Institute Nature-based 

solutions for urban 

sustainability 

challenges

Claudia Fornarini Italy Sapienza University University Status, trend, and 

conservation priorities 

of the world’s 

mammals

Daniele Baisero UK KBA Secretariat NGO Key biodiversity areas

Eloy Revilla Spain EBD - CSIC Research Institute Population and 

community ecology 

and conservation

Emmanuel Oceguera Germany iDiv Research Institute Geographic 

information systems
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Filipe Dias Portugal CIBIO-BIOPOLIS Research Institute Conservation 

management of 

forests and riparian 

ecosystems under 

climate change

Francisco Moreira Portugal CIBIO-BIOPOLIS Research Institute Biodiversity in 

Agricultural and 

Forest Ecosystems 

and Impacts of energy 

infrastructures

Henrique Pereira Germany iDiv Research Institute Nature protection and 

restoration

Hildegard Meyer Austria WWF-CEE NGO Ecological 

connectivity & 

Green 

infrastructure

Jeremy Dertien Germany iDiv Research Institute Connectivity 

conservation

Jutta Beher Austria IIASA Research Institute Landscapes 

prioritization for 

protected area 

expansions and 

decision making for 
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conservation

Laura Quintero Uribe Germany iDiv Research Institute Participatory 

biodiversity and 

ecosystem service 

scenarios in terrestrial 

systems

Louise O’Connor Austria IIASA Research Institute Climate and land use 

change scenarios for 

EU biodiversity and 

NCP conservation

Marek Giergiczny Poland University of Warsaw & 

iDiv

University and 

Research Institute

Environmental and 

behavioural 

economics

Maria Paniw Spain EBD - CSIC Research Institute Population Dynamics 

in Conservation 

Biology and Ecology

Maria Hällfors Finland Syke Government 

administration or 

authority

Climate change 

effects on biodiversity

Marit Schnepf Germany EUROPARC FederationNGO Integrated natural 

resource management 

and development in 

nature conservation

Martin Jung Austria IIASA Research Institute Ecological, socio-

economic and 
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environmental nexus

Martina Viti Germany iDiv Research Institute Conservation policy, 

biodiversity 

monitoring

Miguel Fernandez Germany iDiv Research Institute Environmental and 

sustainability sciences 

and climate change

Néstor Fernández Germany iDiv Research Institute Conservation policy, 

biodiversity 

monitoring and 

rewilding

Peter Verburg Netherlands VU University University Land change analysis, 

spatial analysis and 

modelling,human-

environment 

interactions, human 

geography

Piero Visconti Austria IIASA Research Institute Conservation 

Planning for 

biodiversity

Sandeep Sharma Germany iDiv Research Institute Large-carnivore 

ecology and 

conservation biology
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Meanwhile, the other key experts involved in the workshop were considered external 

participants (Table S7).

Table S7: External participants who participated in the Leipzig workshop “Designing Nature 

Futures scenarios to support a Trans-European Nature Network '' on 8-10th May 2023.

Participant Country Organisation Type of Institution Expertise

Aija Kukkala Finland Syke Government 

administration or 

authority

Coordination of national 

assessment for restoration 

act; spatial conservation 

planning

Bruna Campos Belgium EuroNatur Charitable foundation Forested and riverine 

areas; nature legislation 

and policy

Calin Ardelean Romania WWF NGO Wildlife monitoring; 

designing of ecological 

corridors; connectivity in 

the Carpathians

Cy Griffin Belgium FACE International advocacy 

organisation

Interconnection between 

hunting, sustainable use 

and conservation

Francisco Guil Spain MITECO Government 

administration or 

authority

Forest engineering, 

protected areas, rural 

development and 

rewilding
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Frank Vassen Belgium European 

Commission

Government 

administration or 

authority

Environmental policy

Lea Suarez France OFB-MNHN-CNRS-

IRD

Government 

administration or 

authority

Assessment of PA network 

in France

Lorenzo  Ciccarese Italy ISPRA Government 

administration or 

authority

Habitat and species 

conservation and 

sustainable management 

of agricultural and forested 

areas

Marita Böttcher Germany BfN Government 

administration or 

authority

Connectivity, including 

EU-wide projects in 

relation to transport.

Markus Hedorfer Italy ECTP-CEU No profit association Urban Planning, Policy, 

Urban Design, Urban 

Regeneration, Sustainable 

Development

Michal Jecz Poland BULiGL State enterprise Forests and wetlands 

management

Sanja Fistric Germany Umweltschutz Government 

administration or 

authority

Environmental protection

Víctor Cifuentes Spain C.H.Guadalquivir Government 

administration or 

authority

Hydrological planning
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Considering the major importance of PAs planning and connectivity, we decided to dedicate 

Day 1 to the elicitation of diverse visions of NF for Europe, Day 2 to connectivity design, and 

Day 3 to planning PAs in the context of different NF.

During the morning session of Day 1, the NFF was presented to the participants, placing 

specific emphasis on highlighting the distinctions among the three nature futures 

perspectives. Following this, participants were asked to envision the future of European 

landscapes from the three perspectives. We asked participants to borrow some pictures of 

European landscapes which they were attached to and towards which they felt the need to 

reflect on. In addition, we showed different pictures of European landscapes related to the 

themes previously identified, to facilitate the discussions and elicit the experts’ visions about 

them, such as the configuration of urban systems or the renewable energy expansion (Fig. 

S3).
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Figure S3: Pictures of different European landscapes shown on the first day of the workshop 

during the first round of the World Café Method. © Pexels

We specifically adopted the World Café engagement method, a structured technique to foster 

open dialogue and exchange of various ideas, allowing people to move among tables of 

conversation (Brown, 2010). It generally starts creating a welcoming and relaxed atmosphere, 

resembling a café, with small tables. Participants gather at tables to discuss a specific 

question or topic for about 20-30 minutes per round. After each round, they move to different 

tables, with one "table host" staying behind to summarise the previous conversation for the 

new group (Brown, 2010). In this case, we organised people into three groups, each 

corresponding to one of the NF corners and arranged multiple rounds of 30-minute 

conversation. Afterwards, each participant moved among tables, contributing to different 

discussions covering all aspects of the three corners of the NFF triangle. Since the NFF and 

related discussion may be something difficult to understand for people not familiar with it, 

we decided to keep an internal expert as a moderator at each table to facilitate the 

conversation and guide the dialogues. The moderators also prompted the discussion with the 

questions and took notes of the answers. In addition, to make each person actively involved 

in the discussion we provided boards, post-it notes and visual items. In this way, even if one 

person did not take the floor during the discussion, we ensured that written ideas and 

reflection were collected and incorporated in the outcomes.

During the afternoon session on Day 1, attendees shared their perspectives on the 

themes previously identified (Section 8.2.1.1.). Employing the World Café method again, the 

session facilitated multiple rounds of conversation, enabling participants to self-organise and 

engage in discussions aligned with their interests around five tables, one per each topic.
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On Day 2, the focus was on connectivity. The initial discussion utilised the World Café 

format with six tables, featuring two tables per NF corner, and it was facilitated by 

moderators who took notes on participants’ answers to specific questions. Each table 

addressed three primary questions: 'Why is connectivity important in this NF?', 'What are the 

main threats to preserving and enhancing connectivity?', and 'What species, ecological 

processes, and/or ecosystem services should be prioritised?' Participants rotated between 

tables every 20 minutes, engaging in diverse conversations across different corners. A 

subsequent set of questions included: 'What type of areas do we need to connect in this NF?', 

'Where should we allocate connectivity?', and 'What will be the impact of developing other 

infrastructures?'.

Following this step, a collective brainstorming session was conducted to emphasise 

priorities, enablers, and obstacles in implementing connectivity. Participants documented 

their ideas on five distinct boards, each associated with one policy framework or activity 

sector: Green and Blue Infrastructure, habitat conservation and ecosystem restoration, 

agroecological policies, infrastructure development and renewable energies, and species 

conservation. Participants were given the autonomy to choose their own topic and time for 

discussion.

Day 3 delved into aspects of protected areas planning through two rounds of 

conversation. Participants discussed the same set of questions in five tables together with 

moderators, aiming to highlight differences among the three value perspectives. The four 

main questions included: 'Where should strict protection take place and why, in each NF?', 

'What should take priority in each NF in terms of identifying and managing the rest of the 

Protected Area (PA) network?', 'Where and why would you allow some human activities 

inside PAs?', and 'Where and why would you have larger or smaller PAs in each NF 
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corner?)’. During the afternoon of Day 2 and Day 3, discussions were not addressed towards 

the three NFF perspectives.

Immediately after the workshop, the notes taken by each moderator were collected, cleaned 

up and organised in a shared document, based on the days of the workshop and the topic they 

referred to. Thus, the folder with all the notes was shared to the participants, who were asked 

to add further input if considered worthwhile.

8.2.1.3 Elaboration of draft narratives based on the workshop outcomes and 
formulation of further specific questions

Shortly after the workshop, a series of meetings and interviews were conducted with 

all moderators to ensure a comprehensive understanding of the discussions at each table and 

develop the first set of the narratives (step 4) . The goal was to further refine the notes 

gathered during the workshop. Subsequently, all the inputs provided by participants were 

thoroughly checked and organised according to the NFF corners. In addition, we streamlined 

the narratives, narrowing down the focus to a concise selection of recurring topics, including 

Urban systems, Forest Ecosystems, Freshwater Ecosystems, and Energy. We also synthesised 

agro-ecological policies under the main topic of Agriculture, and grouped the other themes 

and the outcomes of Day 2 and Day 3 under Nature Protection and Restoration. Thus, we 

focused the narratives on this smaller set of six topics. By doing the analysis, gaps and 

inconsistencies among the narratives emerged,  particularly on the preferences related to 

Nature and Restoration, and Agriculture. To gather feedback and obtain additional insights on 

the current description of these narratives, a review process was initiated, together with the 

NaturaConnect consortium. We formulated further specific questions to be asked during a 

second consultation event (step 5):

1) In a Nature for Nature scenario, what activities would you restrict in strictly protected 

areas?
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2) In a Nature for Society scenario, what activities would you restrict in strictly protected 

areas?

3) In a Nature as Culture scenario, what activities would you restrict in strictly protected 

areas?

4) In a Nature for Nature scenario, what kinds of forestry activities would be allowed?

5) In a Nature for Society scenario, what kinds of forestry activities would be allowed?

6) In a Nature as Culture scenario, what kinds of forestry activities would be allowed?

7) In a Nature for Nature scenario, what types of agricultural land uses should be promoted?

8) In a Nature for Society scenario, what types of ecosystem services can be reinforced in 

agricultural landscapes?

9) In a Nature as Culture scenario, what cultural landscapes are important for nature 

conservation?

10) How important is the reduction of agricultural land in each scenario?

11) In which scenario(s) do you think high-density urban areas should be emphasised?

12) Which green elements should be integrated into which scenarios?

13) In a Nature for Nature scenario, in which areas and ecosystems should we implement 

large scale rewilding?

14) In a Nature for Society scenario, where could ecological corridors be prioritised?

15) In a Nature as Culture scenario, what measures can contribute to improving Green 

Infrastructure?
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8.2.1.4 Refinement of the final narratives version: second elicitation stage

A 2-hour online public webinar titled 'Nature Future Scenarios for a Resilient Trans-

European Nature Network (TEN-N)' was held on July 4, 2023 (step 6). The event was mainly 

advertised online by the NaturaConnect consortium, via websites and social media. 115 

people joined the webinar, however it was not conclusively possible to determine their field 

of expertise, since only 60% participants answered the questions about the sector they belong 

to. The draft narratives for each topic were introduced by scientists from the NaturaConnect 

consortium, highlighting the contrasting perspectives within the three narratives. Following 

each presentation, participants were engaged in Q&A sessions, responding via Mentimeter 

(https://www.mentimeter.com/). The Mentimeter questions, designed to gather additional 

input and address gaps that were identified in the in-person workshop, aimed to enhance the 

narratives. Post-webinar, the collected responses were analysed, identifying recurring 

statements and integrating participant feedback into the narratives (step 8). The entire 

webinar, including discussions and presentations, was recorded and made publicly accessible 

as an online resource. 

The second version of the narratives were reviewed by the NaturaConnect consortium 

member and moderators of the elicitation events (step 8). This step ensured that the 

statements in the revisited narratives relied on the initial inputs and were realistic within the 

European context. Finally, we integrated the reviews and produced the final version of the 

narratives (step 9).
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8.3 Supplementary materials and methods chapter 4

8.3.1 Elaboration of connectivity layers with Circuitscape 
 We took into account several aspects to obtain species-specific resistance layers for 

Circuitscape: the ability to fly with a particular focus on the capacity of the species to disperse 

and travel long distances and to cross rivers or lakes; the habitat preferences and related habits, 

such as the food habits of feeding on the water surface for some bats or habits to climb 

mountains for Rupicapra ssp.; species threats and sources of disturbance that may affect their 

movement, such as human presence, noise pollution, wind plants etc.  

We initially attributed the barriers resistance values from 1 to 1000 . All barrier maps 

were  merged  together  using  the  function  “r.series”  in  GRASS  GIS  and  as  the  method 

“maximum” . In this way, when maps overlap the resulting map assumes the maximum value 

across the set of the input raster maps for each corresponding cell. After developing several  

resistance layers we added them to the AOH map of each species, which has been transformed 

to have value 1 for the habitat and 5000 for the non-habitat within the geographic species range 

in Italy. The assumption that we made is that unsuitable areas were much less permeable to the 

species, even if the movement within patches of non-suitable habitat may be possible, and 

species are more exposed to threats (such as predation) there. The value 5000 for the non-

habitat was chosen after testing several options (500, 1000, 2000 and 10000). Thus, the final 

species-specific resistance maps have values 1 to 6000. Eventually, the final species-resistance 
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layers,  which  incorporate  AOH  were  resample  to  a  1  km  resolution  to  be  adopted  to 

Circuitscape analysis. 

To identify barriers and attribute resistance values, we first grouped species that may 

have the same barriers in common, based on information found in literature. We obtained 10 

resistance layers, which characteristics are summarized in Table S14 and fully described in the 

next sections. Data sources to obtain the barriers map in Table S13. 

We mainly divided the species into two groups: volant (bats) and non-volant species. 

Non-volant species were further divided into three groups:  Carnivores, Ungulates and Rodents 

or Lagomorphs. 

8.3.1.1 Resistance layers for Carnivores

Based on the main threats and habitat preferences (Ripple and Beschta, 2004;  Chapron 

et al., 2014; Huber et al., 2018; von Arx, 2020; Cimatti et al., 2021; Kautz et al., 2021; Ripari et 

al., 2022; Gerngross et al., 2023), we attributed to carnivores two possible resistance layers: 

A. one took into account lakes bigger than 8 ha (IUCN, 2024b), highly human populated 

areas, primary roads and highways, and low forest cover areas as the main barriers for  

Lynx lynx, Ursus arctos and Felis silvestris.

B.  The second, adapted to Canis lupus, is similar to the other, without considering low 

forest cover areas as a barrier for its movement because this species can also live in open 

areas (Boitani et al., 2023). 

Primary roads and highways came from Open Street  map and Corine Land Cover 

(EEA, 2018a)  (Table  S13).  and were  in  a  vector  format.  They have been rasterized and 

https://www.zotero.org/google-docs/?broken=LYF1ae
https://www.zotero.org/google-docs/?broken=LYF1ae
https://www.zotero.org/google-docs/?broken=bm1gwe
https://www.zotero.org/google-docs/?broken=cF3i0n
https://www.zotero.org/google-docs/?broken=RQ74S5
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attributed  resistance  value  800  since  they  were  considered  difficult  to  cross  but  not 

impenetrable by Carnivores. 

Lakes and rivers maps were obtained from EEA (2018a) (Table S13). We considered 

large lakes as impassable for carnivores while highways and primary ways more permeable, 

thus we assigned 1000 as resistance value for lakes and 800 for the other features. In addition, 

we considered densely populated areas and buildings as significant obstacles. Thus, we used the 

Global Human Settlement Population (Schiavina et al., 2023) (Table S13) dataset to quantify 

human presence. We obtained four satellite images that were merged together, reprojected and 

clipped  to  Italian  territory.  The  resulting  map  has  values  ranging  from  0  to  8,072,308, 

representing the number of people per 1 km². Since wolves typically avoid urban areas with 

populations greater than 100 inhabitants/km² (Chapron et al., 2014), we assigned a resistance 

value of 0 to pixels with population densities ranging from 0 to 50 inhabitants/km². Resistance 

values were then increased progressively up to 1000 as population density increased, with the 

following classification:
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Table S8 Resistance values associated with population density

Resistance value Population ( inhabitants/km²

165 51 to 100 inhabitants/km²

332 101 to 250 inhabitants/km²

499
251 to 500 inhabitants/km²

666 501 to 1,000 inhabitants/km²

833
1,001 to 2,000 inhabitants/km²

1000
2,001 to 9,000 inhabitants/km²

In addition to this, for all species except wolves, we adopted Tree Cover Density for 

2018 product at 10-meters resolution, obtained from Copernicus (EEA, 2018b). The raster has 

value from 0 to 100, reflecting the percentage of forest cover. After merge, resample at 100 

meters and mask the raster on Italy, we attribute from lower resistance value to highest forest  

coverage areas, and vice versa, as following:

Table S9 Resistance values associated with forest cover

Resistance value Forest coverage (% of coverage)

1000 0%

750 1 to 25%

500 26 to 50%

250 51 to 70%

0 71 to 100%
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8.3.1.2 Resistance layers for Ungulates

For ungulates, Rupicapra rupicapra and Rupicapra pyrenaica, we define a resistance 

layer attributing as potential barriers :

C. lakes bigger than 8ha, rivers and streams, primary ways, highways, tourism, snow cover 

and elevation and slope (Aulagner et al., 2007;  Leugger et al., 2022;  Herrero et al., 

2024; Lecis et al., 2024). 

Here, for lakes, rivers, primary ways and highways, we adopted the same values used 

for Carnivores. Furthermore, we used the CORINE Land Cover (CLC) 2018 barriers maps and 

the same resistance raster (EEA, 2018) to extrapolate the class “ Glaciers and perennial snows”; 

we attributed to them the maximum resistance value (1000). In addition, we adopted the Nature 

Tourism map, previously downloaded and used as one of the NCP distributions, to select areas 

that may be intended as barriers for chamois. This map, which has values from 0 to 1, considers 

a combination of assets: assets of sun, sea and sand tourism, winter tourism assets, assets for  

nature tourism and symbolic capital. It incorporated elements of capacity, such as the presence 

of beaches and winter precipitation, alongside factors related to usage, such as proximity to 

urban centers  (van Berkel and Verburg, 2011; O’Connor et al., 2021).  From this map, we 

selected  areas with values above 0.3. These values were then multiplied by 1000 to create a 

resistance  map,  where  higher  values  indicate  greater  tourism  intensity  and  then  higher 

resistance to the species’ movement (from 300 to 1000). 

Lastly, we considered the chamois adaptation to live at high elevation and slope. R. 

rupicapra lives from 500 to 3100 meters above sea level  (Aulagner et  al.,  2007) and R. 

pyrenaica from 200 to 3000 meters  (Herrero et al., 2024) and favor slopes with gradients 

https://www.zotero.org/google-docs/?broken=XutGHu
https://www.zotero.org/google-docs/?broken=nlYcML
https://www.zotero.org/google-docs/?broken=KgN9zD
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between 30° and 45–50°, but they can reach steeper slopes to escape predators or avoid human 

disturbance (Bačkor, 2010). Thus, we used the European Digital Elevation Model provided by 

Copernicus (ESA, 2019) and the Slope Unit map for Italy by (Alvioli et al., 2020) (Table S13), 

both at 10 meters resolution, to select areas lower than 500 meters elevation and 30° slope. We 

considered these areas unfavourable for species’ movements and attributed the resistance value 

1000. 

8.3.1.3 Resistance layers for Rodents and lagomorph

Smaller species, rodents and lagomorphs, may be more affected by some barriers, such 

as roads,  due to their  body size  (Ford and Fahrig,  2007).  Thus,  we included the barriers 

previously identified for carnivores and ungulates, attributing higher resistance values in some 

cases and adding further considerations based also on their habitat preferences. Specifically, we 

divided them into three groups and produced the following resistance layer:

D. for  specialist  species,  such  as  Muscardinus  avellanarius,  Dryomys  nitedula and 

Crocidura sicula,  strictly related to forest areas, the resistance layer included lakes, 

even small ones, rivers and streams, primary roads, highways, railways, low forest 

cover areas and low small woody feature cover areas, open and intensive agricultural 

areas, and continuous urban and industrial areas as main barriers (Fedyń et al., 2021; 

Juškaitis & Gazzard, 2024a; Juškaitis & Gazzard, 2024b; Gazzard & Sarà, 2024)

E. for less specialist species but still related to scrubs or woody features, such as Hystrix  

cristata, the resistance layer was built using the same barriers, without considering low 

forest cover areas as a possible barrier (Wilson et al., 2016; Gazzard & Mori, 2024)

https://www.zotero.org/google-docs/?broken=ggmqR3
https://www.zotero.org/google-docs/?broken=rcZVaP
https://www.zotero.org/google-docs/?broken=V0d8Mc
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F. For  Lepus corsicanus, lakes, rivers, primary roads, highways, railways, continuous 

urban and industrial areas are the only barriers considered to obtain the resistance layer 

(Randi & Riga, 2019).

Within this group, we used the same barriers maps previously created  for forest cover, 

attributing the same resistance values , while for primary ways, highways, lakes, rivers and 

streams we used the highest resistance value (1000). In addition to these barriers, we also 

considered railways as impactful. The railways map was obtained from Corine Land Cover 

(EEA, 2018a), rasterized and attributed resistance 1000 too. Furthermore, we used the Small 

woody feature  map provided by (EEA, 2018c)  at  10 meters  resolution and expressed as 

percentage of coverage. We adopted the same approach used to reclassify the Forest Cover 

map, applying the same resistance values (See above). 

Moreover, we selected from CLC map the classes “Intensive crops”, “Non-irrigated 

arable areas”,  “Irrigated arable areas”,  “Permanent crops” and “ Permanent grassland” to 

incorporate intensive agricultural areas and the classes “Industrial areas” and “Continuously 

woven  residential  areas”.  We  rasterized  them  and  attributed  different  resistance  values 

according to the species considered. For instance, we attributed highest resistance values when 

they are considered barriers for the small rodents. Instead, in the resistance layer of Hystrix  

cristata and Lepus corsicanus we set them to a lower value (800) (Table S14).

8.3.1.4 Resistance layers for Chiroptera

For all bat species, which are noise-sensitive and use ultrasound for orientation, we 

considered noisy areas as barriers (Smotherman et al., 2021).  In addition, some other species 

https://www.zotero.org/google-docs/?broken=4VQW5y
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characteristics, such as species’ habitat preference, dispersal behavior and flight habits were 

useful to divide the species into four groups (Rodrigues et al., 2014b;  O’Shea et al., 2016, 

Froidevaux et al., 2023; IUCN, 2024). 

G. For species not adapted to aquatic habitats and not able to fly long distances, such as 

Plecotus auritus, the resistance layer included big lakes and rivers, primary roads, 

highways, railways, voltage wires and wind turbines.

H. For species  living near lakes and rivers habitats, but typically not able to fly long 

distances, such as  Rhinolophus hipposideros, the resistance layer incorporated lakes 

bigger than 8 ha, primary roads, highways, railways, voltage wires, wind turbines. 

I. For species adapted to aquatic habitat and able to cross big lakes and rivers, for instance 

Myotis  myotis,  the  resistance  layer  only  incorporated  primary  roads,  highways, 

railways, voltage wires and wind turbines.

J. For species not used to crossing big lakes but flying at low height, such as  Myotis  

brandtii,  only  lakes  bigger  than  8  ha  and primary  roads,  highways,  railways,  are 

included in the resistance layer.

To  obtain  the  map of  noisy  areas  we extrapolated  from CLC  the  most  relevant  classes 

“Industrial areas”, “ Port areas”, “Airports” , “Road, rail and technical infrastructure networks” 

and  “Mining  areas”  and  rasterized  them.  In  addition,  we  consulted  the  Italian  Research 

Energetic System (RES) Geo database (http://www.rse-web.it/) to obtain the location of wind 

turbines updated to 2019 and a map of the high-voltage lines, that were in a shapefile format and 

therefore were rasterize. 

http://www.rse-web.it/
https://www.zotero.org/google-docs/?broken=r8jBZo
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We attributed resistance value 700 to high-voltage lines, lakes and rivers rasters. For the 

other maps, we assumed that primary roads, highways, railways and wind turbines may affect 

bats’ movements even if they are distant, as the noise generated by these barriers can disturb 

noise-sensitive species and cause their displacement. After learning from the literature that the 

noise may affect bats up to over 1 kilometer away from the source of disturbance (Jonasson et 

al., 2024), we used the maps of the above-mentioned barriers to create a buffer of around 1.5 km 

distance and assign progressively higher resistance value as the distance from the barriers 

decreases. We decided to divide each map of the distance from barriers into nine classes of 

distance, from “0 meters” class to “more than 1400 meter” class. We then attributed different 

resistance values according to the maximum resistance we wanted to assign to a specific 

barrier. For instance, for barriers for which we set the maximum resistance value equal to 1000 

(wind turbines, highways and railways) we reclassified the resistance layer as follow:

Table S10 Resistance values associated with distance from barriers when the maximum 

resistance is 1000.

Resistance value Distance from the barrier (meters)

1000 0

875 1 to 200

750 201 to 400

625 401 to 600

500 601 to 800

375 801 to 1000

250 1001 to 1200

125 1201 to 1400

0 > 1400
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Similarly, for barriers that has 800 (primary roads and noisy areas) and 700 (lakes and rivers, 

high-voltage lines) as the maximum resistance values, we attributed the following values :

Table S11 Resistance values associated with distance from barriers when the maximum 

resistance is 800.

Resistance value Distance from the barrier (meters)

800 0

700 1 to 200

600 201 to 400

500 401 to 600

400 601 to 800

300 801 to 1000

200 1001 to 1200

100 1201 to 1400

0 > 1400

Table S12 Resistance values associated with distance from barriers when the maximum 

resistance is 700

Resistance value Distance from the barrier (meters)

700 0

612 1 to 200

524 201 to 400

436 401 to 600

348 601 to 800

260 801 to 1000

172 1001 to 1200

84 1201 to 1400

0 > 1400
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Moreover, we took into account the flying behavior of these species and the possible 

exchange between the mainland and the islands, even small ones. Making a separate point for 

Sardinia, which is far enough from the mainland to be connected to it with corridors, we 

decided to include in the resistance layers also the main islands close to the coast and that are  

notoriously interested by bats’ movements from the mainland, such as Sicily,  Elba islands and 

Sant’Antioco, after consulting the literature (Angelici et al., 2009; Mucedda et al. 2015).  Thus, 

we built a buffer around each resistance layer of 10 km, which covered the sea and connected 

the Italian peninsula to these islands. We assumed that bats that are able to cross big lakes, may 

also fly over the sea. Thus, in this case, we attributed to the buffer value 1, the lowest value; 

otherwise, when the resistance layer incorporated lakes as barriers, we attributed the same 

resistance value of the lakes to the buffer. 

Table S13 Summary of the barriers identified with associated data sources

Barriers
Data sources

Primary ways

OpenStreetMap contributors. 2024. OpenStreetMap data. 
Retrieved from https://osmit.it/; EEA, 2018a. European 
Environment Agency.Copernicus Land Monitoring Service. 
(2025). Corine Land Cover 2018 – Level IV. Retrieved 
from https://land.copernicus.eu/pan-european/corine-land-
cover/clc2018. 

Highways

OpenStreetMap contributors. 2024. OpenStreetMap data. 
Retrieved from https://osmit.it/;  EEA, 2018a. European 
Environment Agency.Copernicus Land Monitoring Service. 
(2025). Corine Land Cover 2018 – Level IV. Retrieved 
from https://land.copernicus.eu/pan-european/corine-land-
cover/clc2018. 

Highly populated area

Schiavina M., Freire S., Carioli A., MacManus K., 2023:
GHS-POP R2023A - GHS population grid multitemporal 
(1975-2030). European Commission, Joint Research Centre 
(JRC) doi: 10.2905/2FF68A52-5B5B-4A22-8F40-
C41DA8332CFE

Lakes>8ha EEA, 2018a. European Environment Agency.Copernicus 

https://doi.org/10.2905/2FF68A52-5B5B-4A22-8F40-C41DA8332CFE
https://doi.org/10.2905/2FF68A52-5B5B-4A22-8F40-C41DA8332CFE
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://osmit.it/
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://osmit.it/
https://www.zotero.org/google-docs/?broken=b4Lxwi
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Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018.

Rivers
EEA, 2018a. European Environment Agency.Copernicus 
Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018.

Railways OpenStreetMap contributors. 2024. OpenStreetMap data. 
Retrieved from https://osmit.it/ 

Low forest cover areas

EEA, 2018b. European Environment Agency. Copernicus 
Land Monitoring Service (CLMS). Tree Cover Density 
2018, 10m Resolution. Retrieved from 
https://land.copernicus.eu/en/products/high-resolution-
layer-tree-cover-density/tree-cover-density-2018.

Intensive agricultural areas

EEA, 2018a. European Environment Agency.Copernicus 
Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018. 

Continuous urban and 
industrial areas 

EEA, 2018a. European Environment Agency.Copernicus 
Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from  https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018. 

Tourism

van Berkel, D.B., Verburg, P.H., 2011. Sensitising rural 
policy: Assessing spatial variation in rural development 
options for Europe. Land Use Policy 28, 447–459. 
https://doi.org/10.1016/j.landusepol.2010.09.002. 

Snow cover

EEA, 2018a. European Environment Agency.Copernicus 
Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018.

Low slope

Alvioli, M., Guzzetti, F., & Marchesini, I., 2020. Parameter-
free delineation of slope units and terrain subdivision of 
Italy. Geomorphology, 358, 107124.
Retrieved from 
https://geomorphology.irpi.cnr.it/tools/slope-units. 

Low elevation 

ESA, 2019. European Space Agency. Copernicus 
Programme. Copernicus Digital Elevation Model (COP-
DEM). Retrieved from 
https://dataspace.copernicus.eu/explore-data/data-
collections/copernicus-contributing-missions/collections-
description/COP-DEM 

Low small woody feature cover

EEA, 2018c. European Environment Agency. Copernicus 
Land Monitoring Service. Small Woody Features 2018. 
Retrieved from https://land.copernicus.eu/en/products/high-
resolution-layer-small-woody-features.

Noisy areas

EEA, 2018a. European Environment Agency.Copernicus 
Land Monitoring Service. (2025). Corine Land Cover 2018 
– Level IV. Retrieved from  https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018. 

Wind turbines RSE, 2019. Ricerca sul Sistema Energetico. Eolico - DB 

https://doi.org/10.1016/j.landusepol.2010.09.002
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://dataspace.copernicus.eu/explore-data/data-collections/copernicus-contributing-missions/collections-description/COP-DEM
https://dataspace.copernicus.eu/explore-data/data-collections/copernicus-contributing-missions/collections-description/COP-DEM
https://dataspace.copernicus.eu/explore-data/data-collections/copernicus-contributing-missions/collections-description/COP-DEM
https://geomorphology.irpi.cnr.it/tools/slope-units
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
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aerogeneratori aggiornato al 2019. Retrieved from 
https://www.rse-web.it/ 

High voltage lines

RSE, 2023. Ricerca sul Sistema Energetico. Aree idonee - 
Aree idonee per nuove installazioni eoliche onshore. 
Retrieved from https://www.rse-web.it/ 

https://www.rse-web.it/
https://www.rse-web.it/
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Table S14 Summary of the resistance layers identified with the resistance values attributed.    

Resistance layers

Barriers A B C D E F G H I J

Primary ways 800 800 800 1000 1000 1000 0-800 0-800 0-800 0-800

Highways 800 800 800 1000 1000 1000 0-1000 0-1000 0-1000 0-1000

Highly populated areas 0-1000 0-1000 - - - - - - - -

Lakes 1000 1000 1000 1000 1000 1000 700 700 - -

Rivers - - 800 1000 1000 1000 700 - - -

Railways - - - 1000 1000 1000 0-1000 0-1000 0-1000 0-1000

Low forest cover areas 0-1000 - - 0-1000 - - - - - -

Intensive agriculture areas - - - 1000 800 - - - - -

Continuous  urban  and 

industrial areas

- - - 1000 800 800 - - - -
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Tourism - - 0-1000 - - - - - - -

Snow cover - - 1000 - - - - - - -

Low elevation and slope - - 0-1000 - - - - - - -

Low-  small  woody  feature 

cover

- - - 0-1000 0-1000 - - - - -

Noisy areas - - - - - - 0-800 0-800 0-800 0-80

Wind turbines - - - - - - 0-1000 0-1000 0-1000 -

High- voltage  lines - - - - - - 0-700 0-700 0-700 -
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Table S15 Summary of the resistance layers adopted by each species

Species Resistance layer

B. barbastellus H

C. lupus B

C. sicula D

D. nitedula D

F. silvestris A

H. savii I

H. cristata E

L. corsicanus F

L. lynx A

M. schreibersii I

M. avellanarius D

M. aurascens G

M. bechsteinii G

M. blythii G

M. brandtii J

M. capaccinii I

M. daubentonii I

M. emarginatus J
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M. myotis I

M. punicus G

N. lasiopterus J

N. leisleri G

N. noctula I

P. kuhlii I

P. nathusii I

P. pipistrellus I

P. pygmaeus I

P. auritus G

P. austriacus G

P. macrobullaris G

P. sardus G

R.blasii G

R. euryale G

R. ferrumequinum H

R. hipposideros H

R. mehelyi H

R. pyrenaica C

R. rupicapra C

T. teniotis I

U. arctos A
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V. murinus I

Eventually, we decided to set Circuitscape in one-to-all mode, use a CHOLMOD solver 

and run the analysis at 1-km2 to optimize the timing of the elaboration and maintain meaningful 

outputs. Thus, before running Circuitscape, we scaled up the resistance and the node maps to 1-

km2 resolution. 

Circuitscape outputs resulted in raster maps of connectivity ranging from 0 to 20, with 

the highest values detected within Natura 2000 sites. For species that had disjunct distributions 

or occurred both on the mainland and far islands, we also obtained more than one connectivity 

layer. Hence, we merged them into a single unified connectivity layer for the entire Italian 

Peninsula and its islands. In addition, since we were interested in identifying areas that can be 

crucial for species movements outside the network, we filtered the connectivity layers outside 

protected areas, using the WDPA map. Thus, we transformed the rasters with log function and 

standardized between 0 and 1 to make them comparable and usable for analysing connectivity 

within and outside the identified corridors.

8.4 Supplementary results chapter 4

Table S16 Table reporting connectivity inside the GI 10% coverage scenario map and 

outside per each species. The connectivity is expressed as a percentage dividing the sum of 

connectivity values inside or outside GI out of the total area available inside or outside them, 

excluding the pre-existing protected areas.      
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Species Connectivity 
inside (%)

Connectivity 
outside (%)

Percentage 
difference (%)

Barbastella barbastellus 5,34E-06 1,95E-06 173,09

Canis lupus 2,26E-06 1,13E-06 99,86

Crocidura sicula 3,19E-06 2,32E-07 1275,64

Dryomys nitedula 1,29E-06 2,05E-07 529,01

Felis silvestris 1,25E-06 3,35E-07 274,25

Hypsugo savii 2,52E-06 1,72E-06 46,17

Hystrix cristata 2,30E-06 1,15E-06 99,66

Lepus corsicanus 2,60E-06 5,83E-07 345,09

Lynx lynx 3,67E-07 2,93E-08 1150,58

Miniopterus schreibersii 2,36E-06 1,71E-06 37,55

Muscardinus avellanarius 2,16E-06 1,36E-06 58,55

Myotis aurascens 3,51E-08 3,45E-08 1,80

Myotis bechsteinii 2,39E-06 1,81E-06 31,93

Myotis blythii 2,16E-06 2,03E-06 6,80

Myotis brandtii 1,26E-06 2,32E-07 444,74

Myotis capaccinii 1,17E-06 6,43E-07 81,10

Myotis daubentonii 2,36E-06 1,73E-06 36,54

Myotis emarginatus 1,80E-06 2,00E-06 -10,04

Myotis myotis 2,13E-06 1,42E-06 50,03

Myotis punicus 3,05E-06 1,26E-07 2315,76

Nyctalus lasiopterus 1,68E-06 7,01E-07 139,55

Nyctalus leisleri 2,17E-06 1,34E-06 62,16

Nyctalus noctula 2,19E-06 1,33E-06 64,53

Pipistrellus kuhlii 2,52E-06 1,92E-06 31,68

Pipistrellus nathusii 2,38E-06 1,73E-06 37,97

Pipistrellus pipistrellus 2,38E-06 1,74E-06 37,28
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Pipistrellus pygmaeus 1,16E-07 1,17E-08 887,99

Plecotus auritus 1,75E-06 1,79E-09 97396,23

Plecotus austriacus 2,59E-06 1,66E-06 56,20

Plecotus macrobullaris 2,75E-06 5,55E-07 395,11

Plecotus sardus 2,30E-06 1,69E-06 36,55

Rhinolophus euryale 2,05E-06 1,63E-06 25,65

Rhinolophus ferrumequinum 2,50E-06 1,87E-06 33,69

Rhinolophus hipposideros 2,55E-06 1,92E-06 32,58

Rhinolophus mehelyi 3,63E-06 7,67E-07 373,98

Rupicapra pyrenaica 7,65E-07 3,79E-08 1917,41

Rupicapra rupicapra 1,58E-06 2,43E-07 550,07

Tadarida teniotis 1,87E-06 1,56E-06 20,07

Ursus arctos 3,42E-07 3,48E-08 883,81

Vespertilio murinus 2,23E-06 3,09E-07 621,55
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Figure S4   Map of potential  corridors for Artiodactyla species (Rupicapra rupicapra and 

Rupicapra pyrenaica) within the 10% GI scenario, integrated with the existing protected areas 

network (in dark grey). The map uses increasingly yellow shades to represent species richness, 

indicating the number of species present. 
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Figure S5  Map of potential corridors for Carnivores species within the 10% GI scenario, 

integrated with the existing protected areas network (in dark grey). The map uses increasingly 

yellow shades to represent species richness, indicating the number of species present. 
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Figure S6 Map of potential corridors for Rodents species and Lepus corsicanus within the 10% 

GI scenario, integrated with the existing protected areas network (in dark grey). The map uses 

increasingly orange shades to represent species richness, indicating the number of species 

present. 
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Figure S7  Map of potential corridors for Chiroptera species within the 10% GI scenario, 

integrated with the existing protected areas network (in dark grey). The map uses increasingly 

red shades to represent species richness, indicating the number of species present. 
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8.5 Supplementary results chapter 5

Table S17 Result of the overlapping between species habitat or NCP distribution with the 

wind plant map. We reported the percentage of the overlap out of the total area of habitat or 

distribution by each species or NCP.     

Feature name Type Overlap with wind 
farms (%)

Rupicapra pyrenaica species 0,0

Lynx lynx species 0,0

Myotis aurascens species 0,0

Plecotus macrobullaris species 0,0

Vespertilio murinus species 0,0

Rupicapra rupicapra species 0,1

Myotis brandtii species 0,3

Ursus arctos species 0,5

Plecotus auritus species 1,0

Nyctalus noctula species 1,2

Plecotus austriacus species 1,3

Heritage forest landscapes cultural NCP 1,3

Dryomys nitedula species 1,5

Muscardinus avellanarius species 1,5

Nyctalus lasiopterus species 1,6

Myotis myotis species 1,6

Air quality regulatory NCP 1,7

Barbastella barbastellus species 1,8

Rhinolophus euryale species 2,1

Carbon sequestration regulatory NCP 2,1

Plecotus sardus species 2,5

Flood risk regulatory NCP 2,5
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Nyctalus leisleri species 2,5

Nature tourism cultural NCP 2,5

Hypsugo savii species 2,5

Rhinolophus ferrumequinum species 2,6

Wild Food cultural NCP 2,6

Pipistrellus pipistrellus species 2,6

Pipistrellus nathusii species 2,6

Myotis daubentonii species 2,6

Miniopterus schreibersii species 2,6

Pipistrellus kuhlii species 2,7

Canis lupus species 2,7

Rhinolophus hipposideros species 2,7

Myotis punicus species 2,7

Myotis bechsteinii species 2,7

FAI points and trekking trails cultural NCP 2,7

Pollination regulatory NCP 2,9

Tadarida teniotis species 3,3

Heritage agriculture landscapes cultural NCP 3,3

Pipistrellus pygmaeus species 3,6

Myotis blythii species 3,7

Myotis emarginatus species 3,8

Hystrix cristata species 4,2

Rhinolophus mehelyi species 4,2

Felis silvestris species 4,5

Lepus corsicanus species 6,1

Crocidura sicula species 6,8

Myotis capaccinii species 6,9
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Table S18. Table reporting per each species all terms used to calculate the Red List Index: Ws, the weigh, Ps the percentage of habitat disturbed 

and offset, and the multiplication terms Ws*Ps  and Wmax*Ps, considering 5 as maximum weight. 

     

Species Ws Ps disturbed 
habitat

Ps offset 
habitat

Ws*Ps disturbed Ws*Ps offset Wmax* Ps disturbed Wmax* Ps offset

Barbastella barbastellus 3 1,79 3,11 5,36 9,32 8,94 15,54

Canis lupus 1 2,66 2,98 2,66 2,98 13,30 14,89

Crocidura sicula 0 6,77 2,09 0,00 0,00 33,85 10,46

Dryomys nitedula 0 1,48 1,73 0,00 0,00 7,39 8,65

Felis silvestris 0 4,51 3,09 0,00 0,00 22,56 15,47

Hypsugo savii 2 2,53 2,41 5,06 4,81 12,65 12,03

Hystrix cristata 0 4,17 3,19 0,00 0,00 20,85 15,97

Lepus corsicanus 3 6,07 3,60 18,21 10,79 30,34 17,98

Miniopterus schreibersii 2 2,64 2,48 5,28 4,96 13,21 12,41

Muscardinus avellanarius 0 1,54 3,46 0,00 0,00 7,70 17,32

Myotis bechsteinii 3 2,72 2,57 8,16 7,71 13,60 12,86

Myotis blythii 0 3,70 1,62 0,00 0,00 18,51 8,08
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Myotis capaccinii 2 6,92 1,94 13,84 3,89 34,59 9,72

Myotis daubentonii 2 2,57 2,42 5,14 4,83 12,86 12,08

Myotis emarginatus 3 3,78 1,63 11,34 4,90 18,91 8,16

Myotis myotis 1 1,64 3,23 1,64 3,23 8,20 16,17

Myotis punicus 2 2,68 1,24 5,36 2,47 13,39 6,18

Nyctalus lasiopterus 1 1,63 3,84 1,63 3,84 8,16 19,22

Nyctalus leisleri 1 2,49 2,17 2,49 2,17 12,46 10,84

Nyctalus noctula 1 1,19 2,45 1,19 2,45 5,95 12,25

Pipistrellus nathusii 1 2,57 2,38 2,57 2,38 12,84 11,92

Pipistrellus pygmaeus 4 2,57 2,40 10,26 9,61 12,83 12,02

Pipistrellus kuhlii 0 2,65 2,45 0,00 0,00 13,26 12,23

Pipistrellus pipistrellus 2 3,61 3,11 7,23 6,22 18,07 15,55

Plecotus auritus 2 0,99 2,81 1,99 5,61 4,97 14,03

Plecotus austriacus 3 1,27 2,13 3,80 6,38 6,33 10,63

Plecotus sardus 3 2,45 1,09 7,36 3,26 12,26 5,43

Rhinolophus euryale 0 2,06 3,44 0,00 0,00 10,30 17,19
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Rhinolophus ferrumequinum 0 2,55 2,35 0,00 0,00 12,76 11,77

Rhinolophus hipposideros 0 2,67 2,45 0,00 0,00 13,33 12,26

Rhinolophus mehelyi 0 4,21 2,53 0,00 0,00 21,04 12,65

Tadarida teniotis 0 3,30 2,04 0,00 0,00 16,48 10,21

SUM 120,57 101,82 471,88 402,13
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Table S19 Table reporting per each species and NCP all terms used to calculate the Weighted 

sum of disturbance and of offset, adopted to evaluate the compensation. We reported the 

weights, the weighted disturbance of species’ habitat or NCP distribution and the weighted 

percentage of habitat or NCP distribution offset. Note that, contrary to the weights in Table 

S18, the weights here are those adopted in the prioritization. 

     

Species or NCP name Weight Weightened 

disturbance

Weightened 

offsetting

Barbastella barbastellus 0,0319 0,0570 0,0992

Canis lupus 0,0106 0,0283 0,0317

Crocidura sicula 0,0053 0,0360 0,0111

Dryomys nitedula 0,0053 0,0079 0,0092

Felis silvestris 0,0053 0,0240 0,0165

Hypsugo savii 0,0053 0,0135 0,0128

Hystrix cristata 0,0053 0,0222 0,0170

Lepus corsicanus 0,0053 0,0323 0,0191

Miniopterus schreibersii 0,0213 0,0562 0,0528

Muscardinus avellanarius 0,0053 0,0082 0,0184

Myotis bechsteinii 0,0319 0,0868 0,0821

Myotis blythii 0,0213 0,0788 0,0344
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Myotis capaccinii 0,0319 0,2208 0,0620

Myotis daubentonii 0,0053 0,0137 0,0129

Myotis emarginatus 0,0106 0,0402 0,0174

Myotis myotis 0,0106 0,0175 0,0344

Myotis punicus 0,0106 0,0285 0,0131

Nyctalus lasiopterus 0,0319 0,0521 0,1227

Nyctalus leisleri 0,0106 0,0265 0,0231

Nyctalus noctula 0,0213 0,0253 0,0521

Pipistrellus kuhlii 0,0106 0,0282 0,0260

Pipistrellus nathusii 0,0106 0,0273 0,0254

Pipistrellus pipistrellus 0,0053 0,0136 0,0128

Pipistrellus pygmaeus 0,0106 0,0384 0,0331

Plecotus auritus 0,0106 0,0106 0,0298

Plecotus austriacus 0,0106 0,0135 0,0226

Plecotus sardus 0,0426 0,1043 0,0462

Rhinolophus euryale 0,0213 0,0438 0,0731

Rhinolophus ferrumequinum 0,0213 0,0543 0,0501

Rhinolophus hipposideros 0,0319 0,0851 0,0783
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Rhinolophus mehelyi 0,0319 0,1343 0,0807

Tadarida teniotis 0,0053 0,0175 0,0109

Air quality 0,0556 0,0949 0,2189

Carbon sequestration 0,0556 0,1164 0,1738

FAI points and trekking trails 0,0556 0,1519 0,2373

Flood risk 0,0556 0,1366 0,1299

Heritage agriculture landscapes 0,0556 0,1841 0,1015

Heritage forest landscapes 0,0556 0,0718 0,2033

Nature tourism 0,0556 0,1399 0,1429

Pollination 0,0556 0,1614 0,1370

Wild food 0,0556 0,1423 0,1439

SUM 2,6460 2,7193
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